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Abstract

Many cell processes, such as cell growth and proliferation are regulated by active protein kinases.
These enzymes act non-selectively, which may promote tumor growth in the presence of tumor
cells. The activity of ATP-binding kinases, such as serine/threonine- or tyrosine-kinases, can
be inhibited by small molecules occupying the ATP-binding pocket. Protein kinase inhibitors
are thus interesting target molecules in pharmaceutical research.

A nity and kinetics of the interactions between protein kinases and inhibitors are important
parameters for drug development. Analytical methods providing these data ideally label-free
and with a high time-resolution are sparse, limiting their application in screening methods.

The aim of this thesis is the development of a method that can characterize the interactions
between protein kinases and possible inhibitors with the possibility to screen both, kinases and
inhibitors.

Docking simulations and microscale thermophoresis (MST) were used to simulate and proof
binding strengths between selected protein kinases and small molecules functioning as inhibitors.
Binding energies were simulated with -12 to -6 kcal/mol in a good comparison to literature data
for the inhibitor interaction. The binding a nities of the direct and competitive MST analyses

di ered, depending on the chosen pairs of protein kinases and inhibitors, but overall strong
interactions as already indicated by the simulations were determined.

With the knowledge of suitable pairs of protein kinases and inhibitors, label-free and time-
resolved optical biosensors were developed using re ectometric interference spectroscopy and
141 re ectometry for detection. Sensors were prepared by modifying the surface of glass trans-
ducers, including a biopolymer layer and a nal linkage to an inhibitor molecule. Staurosporine
(STP), a natural product and the most universal model kinase inhibitor, was used for the
method development. Kinase-inhibitor interactions were monitored in the heterogeneous phase
via direct assays and also in the homogeneous phase via binding inhibition assays with al-
ready approved drugs and other promising research inhibitors. Binding a nities as well as
the binding kinetics were calculated, corroborating results from MST. Due to the surprisingly
strong interactions between the protein kinases and inhibitors on the biosensors, preventing
successful regeneration of the sensor surfaces, various regeneration protocols were tested and
surface modi cations were investigated. With surface analytical methods of matrix assisted
laser desorption/ionization-mass spectrometry (MALDI-MS), attenuated total re ection in-
frared spectroscopy (ATR-IR) and Raman microscopy reasons for the strong interactions were
searched for.

With the optimized method of 1-1 re ectometry and the use of array-based sensors, where dif-
ferent inhibitors were simultaneously immobilized in di erent spots on one sensor, successful
screening of kinases and inhibitors was achieved.

The surface chemistry of the sensors was further transferred to magnetic nanoparticles, which
allowed to extract kinases from solution for further analytic investigation.




Zusammenfassung

Klassische Zellprozesse, wie zum Beispiel Zellwachstum und -proliferation werden von akti-
ven Proteinkinasen reguliert. Da diese Enzyme h&au g nur mit geriner Selektivitat arbeiten,
unterstiitzen sie in Gegenwart von Tumorzellen auch das Tumorwachstum. Die Aktivitat von
ATP-bindenden Kinasen, wie zum Beispiel Serin/Threonin- oder Tyrosin-Kinasen, kann mit
kleinen Molekule, die kompetitiv die ATP-Bindungstasche besetzen, gehemmt werden. Daher
sind Inhibitoren fur Proteinkinasen sehr interessante Zielsubstanzen in der pharmazeutischen
Forschung. Sehr wichtige Parameter fur die Medikamentenentwicklung sind die A nitat und
die Kinetik der Wechselwirkungen zwischen Proteinkinasen und Inhibitoren. Analytische Me-
thoden, die diese Daten markierungsfrei und mit hoher zeitlicher Au 6sung bereitstellen und
zusétzlich ein Screening ermdéglichen, sind sehr selten.

Das Ziel dieser Arbeit ist die Entwicklung einer analytischen Methode, die die Wechselwirkun-
gen zwischen Proteinkinasen und moglichen Inhibitoren charakterisiert und zudem ein Screening
sowohl von Kinasen als auch von Inhibitoren ermdglicht.

Mittels Docking Simulationen und der Thermophorese auf Mikroebene (MST) wurde getestet,
ob die Proteinkinasen und kleinen Molekiile als Modell-Inhibitoren, die fir diese Arbeite ausge-
wahlt wurden, ausreichende Wechselwirkungen erwarten lassen. Mit den Simulationen wurden
Bindungsenergien im Bereich von -12 bis -6 kcal/mol simuliert, die eine gute Ubereinstimmung
mit Literaturwerten zeigen. Die Bindungsa nitaten der direkten und kompetitiven MST Mes-
sungen waren hoch, unterschieden sich aber deutlich je nach Paarung von Proteinkinase mit
Inhibitor.

Unter Verwendung der Re ektometrischen Interferenzspektroskopie und der 1I- Re ektometrie
wurden markierungsfreie und zeitaufgeldste optische Biosensoren entwickelt. Zur Herstellung
der Sensoren wurde die Ober ache der Glastransducer modi ziert, woflr eine Schicht Biopoly-
mer aufgebracht und abschlieyend Inhibitormolekiile an die Sensorober ache gebunden wurden.
Die Methodenentwicklung wurde mit dem Naturprodukt Staurosporin (STP) durchgefthrt, dem
universell bekanntesten Kinaseninhibitor, der hau g als Modell-Inhibitor verwendet wird. Die
Wechselwirkungen wurden in heterogener Phase mit einem direkten Assay und in homoge-
ner Phase mit einem Bindungshemmtest mit bereits zugelassenen Medikamenten und anderen
vielversprechenden Forschungs-inhibitoren verfolgt. Bindungsa nitaten und Bindungskineti-
ken wurden fir verschiedene Paare von Proteinkinasen und Inhibitoren bestimmt. Trends der
Bindungsa nitaten, die mit den Simulationen und MST bestimmt wurden, konnten mit den
Ergebnissen der Sensormessungen bestétigt werden. Aufgrund von unerwartet starken Wechsel-
wirkungen zwischen den Proteinkinasen und Inhibitoren auf den Sensoren, welche eine erfolg-
reiche Regeneration verhinderten, wurden verschiedene Regenerationsprotokolle getestet und
weitere Ober &chenmodi kationen der Sensoren zur Optimierung eingefihrt. Der Ursprung
der starken Wechselwirkungen wurde mit Methoden zur Ober dchenanalytik wie matrix assis-
ted laser desorption/ionization-Massenspektrometrie (MALDI-MS), attenuated total re ection-
Infrarotspektroskopie (ATR-IR) und Raman Mikroskopie untersucht.

Mit der optimierten Methode der 1-1 Re ektometrie und unter Verwendung von array-basierten

X




Sensoren, auf denen verschiedene Inhibitoren gleichzeitig immobilisiert wurden, konnte ein er-
folgreiches Screening von Kinasen und Inhibitoren erreicht werden.

Die entwickelte Ober achenchemie der Sensoren wurde anschlieyend erfolgreich auf magnetische
Nanopartikel Gbertragen, die eine Extraktion von Kinasen aus Lésungen fir weitere Analytik
ermdoglichen.

Xl




"In the presence of staurosporine arose an idea: If marine bacteria can synthesize a drug that
inhibits kinases non-speci cally, then undoubtedly a team of chemists can produce a drug,
that speci cally impacts certain kinases within cells.”

paraphrased from
The Emporer of all Maladies - A Biography of Cancer
Siddharta Mukherjee



MOTIVATION

1 Motivation

In the latest "Cancer statistics", cancer is not only found to be the second most important cause
of death worldwide, but also as "the leading cause [of death] among people younger than 85
years" [1].

With the FDA having approved imatinib 2001 as anti-tumor drug, inhibiting the kinase ABL,

the investigations of the interactions between protein kinases and small molecules as possible
inhibitors are intensi ed [2]. Protein kinases promote cell processes by phosphorylation of en-
zymes using ATP. This process is often non-selective and thus, healthy cells and e.g. tumor
cells are not discriminated. Generating information on the inhibition of these enzymes by small
molecules is an analytical challenge for pharmaceutical research.

Monitoring these interactions is possible with various methods, which, however, provide dif-
ferent information: e.g. data on binding a nity and kinetics, specicity and selectivity of
inhibitors towards kinases. Not all of the available methods are applicable directly to biological
samples and only a few are high throughput methods. Especially the information on binding
kinetics is important in pharmaceutical research, but the most common analytical methods
cannot provide it. Furthermore, screening is mostly applicable for one binding partner only.
With that, the major limitations are the information on the binding kinetics and the possibility

to provide a screening for both, protein kinases and inhibitors with one method.

The most promising methods to close this gap are optical biosensors, where the speci c interac-
tion between protein kinases and small molecules has already been studied with surface plasmon
resonance, providing kinetic data. Optical bionsensors based on the interference of re ected light
have not yet been implemented for monitoring speci ¢ interactions between protein kinases and
inhibitors, but seem highly promising, given their application in other biological systems [3 5].

In order to develop this methodology for kinase research towards a comprehensive strategy,
biosensor assays with re ectometric interference spectroscopy (RIfS) and lL-re ectometry are
chosen in this thesis. The thesis focuses on di erent ATP-dependent protein kinases interacting
with the ATP-competitive staurosporine (STP) as a non-speci ¢ inhibitor, and further promis-

ing inhibitors, such as imatinib and STP-like molecules. Kinetic data of the interactions are
evaluated. This forms the basis to use 1- re ectometry in order to implement a method that

is able to screen both, protein kinases and inhibitors.




"With a faceless, meaningless surface, a protein is generally not "druggable"; at poker face
topologies make poor drug targets. If on the other hand, the protein's surface is riddled with
deep grooves and pockets, it is often attractive to binding molecules - and thus a potentially

responsive target."

paraphrased from
The Emporer of all Maladies - A Biography of Cancer
Siddharta Mukherjee



INTRODUCTION

2 Introduction

The number of patients diagnosed with cancer grows every year, making it to one of the recently
most deadly diseases. Each year, millions of deaths can be attributed to cancer. While women
mostly su er from breast cancer, prostate cancer is prevalent for males [6]. Besides reducing
cancer elicitors, the development of new treatment strategies has led to an intense decline of
cancer mortality [7]. To further expand this development, research on diagnostic methods for
the onset of cancer detection as well as new drugs needs to be extended. A promoter for canc
formation is the non-selective interaction of protein kinases with cancer-a ected cells. In general,
kinases regulate cell growth, proliferation, di erentiation and further vital cell processes. Due
to their lack of selectivity, all these cell processes are also promoted in tumor cells [6]. Therefore,
protein kinases, coded by 2.5% of the human genome, are some of the most interesting drug
targets [2, 8]. For enzymes regulated by ATP, such as serine/-threonine or tyrosine kinases,
inhibitors, competitive to ATP, are highly interesting drugs. Many studies show, that small
molecules, containing a quinazoline ring, t well into the ATP-binding site [9].

2.0.1 Inhibitors as Drug Candidates

Pharmaceutical research on ATP-competitive inhibitors focuses on selective molecular recogni-
tion in speci ¢ protein-ligand complexes with the goal to nd a speci c inhibitor for each target
protein kinase [10, 11]. As inhibitors can regulate enzymatic reactions in di erent processes,
this article will review the competitive interactions in the ATP-binding site, ignoring non-
competitive (allosteric) as well as uncompetitive inhibition [12]. Generally, for pharmaceutical
research on ATP-competitive inhibitors 1:1 interactions are assumed [13, 14]. The inhibitors
presented in the literature are mostly small molecules with a structure optimized to be taken
up in the hydrophobic back pocket of the ATP-binding site in its active state [15, 16]. To be
applicable as a drug, the inhibitor has to replace at least 90% of the ATP bound by the protein
kinase [17].

The gold standard for drug design is the small molecule staurosporine, which interacts with
many protein kinases in a 1:1 complex, providing a model inhibitor for method development
and monitoring in assays [14]. Staurosporine is a microbial alkaloid discovered in 1977 to
be a highly potent inhibitor for serine-/threonine kinases as well as for tyrosine kinases. It
is competitive to ATP but not speci c regarding di erent protein kinases [18 22]. The high
cross-reactivity and the resultant cytotoxicity of staurosporine are the main reasons for this
promising small molecule to be only deployed in laboratory experiments [20, 23]. Many stau-
rosporine analogues show much higher speci city to de ned protein kinases [23, 24]. The fact,
that staurosporine, being a much larger molecule than ATP, can enter the ATP-binding pocket
in the protein kinases, demonstrate a signi cant exibility in the protein structure and thus a
wide structured variety in suitable inhibitor molecules [25].

In 2001, the U.S. Food and Drug Administration approved the rst kinase inhibitor as drug:
imatinib, known as “Gleevec' and "Glivec' [26]. For nearly all types of chronic myeloid leukemia
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INTRODUCTION

it is a highly successful drug, demonstrating that even after 20 years of research since the ap-
proval of imatinib, the discipline has further possibility to grow [2, 6]. In the work of Cohen et.

al. and Lorenz et. al., a chronological overview over the development of ATP-competitive in-
hibitors from the rst discovery to clinical application is represented [26, 27]. Another detailed
overview over inhibitors in clinical trial, starting with fasudil approved as a drug in 1995, albeit
not for kinase inhibition, was presented by Attwood et al. They discussed, that these drugs
not only have e ects in cancer treatment but can also be used as drug for other diseases, such
as myelo brosis, dermatitis, rheumatoid arthritis and other immune diseases [28]. Currently,
over 70 compounds are FDA approved as pharmaceuticals, globally over 100 protein kinase
inhibitors are registered as drugs [28, 29].

2.0.2 Need for Screening Methods

Given the diverse types of possible inhibitors and the large variety of kinases as possible tar-
gets, e cient screening methods are required to identify drug candidates or relevant kinases
in cancer research [30]. The primary goal of analysis methods is the identi cation of kinases
interacting with a speci c inhibitor, and therefore to nd one suitable and speci c inhibitor

for one target kinase. Kinase as well as inhibitor screening can identify pharmaceutically in-
teresting compounds in a rapid and e ective way [31]. Whereas inhibitor screening provides
information on which the inhibitor is suitable for the considered target kinase, kinase screen-
ing provides information about the speci city of the possible drug. In addition, screening can
unravel susceptibility in clusters and kinase families towards speci ¢ inhibitor structures and
study cross-reactivity. The best screening methods also provide thermodynamic and kinetic
data of the speci c inhibition interaction to verify the applicability of the small molecule as
intended drug.

An example is described in the review of Gao et al. where the ndings in the overview table
over non-speci c tyrosine kinase screening assays clearly show, that some inhibitors are found
to inhibit di erent kinases, what implies that inhibitors are not absolutely selective and there-
fore, a kinase screening is as important as an inhibitor screening [30]. Most studies focus only
on one speci ¢ inhibitor-kinase pair, making it di cult to deduce general or widely applicable
information. For a broader assessment of kinase-inhibitor interactions and to better understand
cross-reactivities, screening methods have to be applied [9].

The requirement for good screening methods are:

low sample consumption, low costs

sensitivity in concentration regions reproducing biological application

preferably a label-free method to mitigate working steps, contamination and error sources
in order to prevent in uences on the kinase-inhibitor interaction

a qualitative and quantitative method which provides data on the binding a nity and
binding kinetics (time-resolved detection)
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possibility for high throughput screening to save time

possibility to be applied also in matrices such as cell lysates and cells

This introduction summarizes and presents methods providing important data regarding the
inhibition of protein kinases and thus, assays detecting interactions between protein kinases
and small molecules. It is intended to demonstrate the large variety of strategies instead of a
detailed description of every single assay. Detailed reviews of speci ¢ methods can be found in
the literature [30, 32, 33].

Due to highly promising features, a focus is set on optical biosensors in this work. While elec-
trochemical sensors were reviewed by Fathi et al. in 2022, classical methods such as radiometric
methods and ELISA, as well as some mass spectrometric and electrophoretic applications, were
summarized by Gao et al., highly focusing on protein activity [30, 32]. Considering the inhibi-
tion of kinases, detailed information on less familiar but highly promising assays are given in
our work. A summary on assays covered in this work is given in Table 2.1.

2.1 Methods

2.1.1 Basic Considerations

Research on protein kinase interactions with small molecules is conducted with a wide spectrum
of analytical methods. Most methods, from radiometric over various luminescence methods to
separation technigues combined with mass spectrometry, require either the labelling of one of
the binding partners or another compound responsible for the detected signal, where then the
binding between protein kinases and inhibitors is only recorded indirectly. This also holds true
for one of the most important assays: ELISA. Labelling has the major drawback of additional
operation steps, which can cause contamination and error sources, higher costs and workload
and longer experimental times. It also may change the molecular structure or conformation of
the inhibitor or protein or even the protein folding with regard to the tertiary and quaternary
structure. This might interrupt or alter the binding mode, so that the binding characteristics

of unlabeled compounds relevant in further clinical trials may not be described accurately.
Anyway, labeling mostly improves the sensitivity of a method. In Figure 2.1 an overview over
the most important methods known for detecting protein kinase interaction with inhibitors is
given. The methods are divided into labeled and label-free methods.

Further fundamental aspects regarding the quality of the analytical method is the performance

in the homogeneous or heterogeneous phase. Assays in the homogeneous phase demonstrate the
interactions similar to that in the pharmaceutical application. In heterogeneous assays, one of
the binding partners is linked to a surface, which is comparable to a labeling, due to changes in
the molecular structure. In the course of this review it will become apparent, that heterogeneous
methods generate kinetic data as a huge advantage. In addition, many heterogenous assays can
be converted into homogenous assays. In Figure 1, these assays are marked with half a colored
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lling.

In order to save time during the experiments, high throughput methods are of interest, not only

in drug development. Besides, information of the system beyond the interaction between protein
kinases and inhibitors, such as the identi cation of the binding partners, is a supplementary

advantage. Methods coupled to a mass spectrometric investigation can provide such data.

The fact, that many kinases show similarities in their binding pockets and also prospective
inhibitors often contain similar structure elements, data on the speci city of the kinase-inhibitor-
pairing is highly important [34]. At best, an inhibitor only interacts with one speci c protein
kinase with strongly elevated binding constants [35]. This speci city is determined by the a nity

of the particular inhibitor towards di erent kinases. It is an extremely important parameter
for a drug candidate. The sum of the interaction energies (van-der-Waals energies, electrostatic
energies between protein binding pocket and ligand as well as to the solvent) quanti es the
binding strength and de nes the binding a nity [36, 37]. Both enthalpic and entropic e ects
are relevant [10]. The binding a nity is determined by the association/a nity constant Kj,
[M 1] or the dissociation constantK 4 = K—la [M].

For comparison of the inhibition of enzymes, many studies use th¢C 5o value: the concentration
of the inhibitor at half the maximal inhibition. In contrast to the constants describing the
anity, KgaandKy, in competitive assays thel C 5 value is in uenced by the ATP concentration
used in the particular assay [38].

In addition to the binding a nity, kinetic data is important for understanding the reaction
dynamics of a drug candidate with its target. A nity and kinetics, de ned by the rate constants
for association and dissociatiorka [M s ] andkgq [s 1], are connected via the relationK 4 = E—g

. For protein-ligand pairs with similar binding a nities, the kinetic data is found to di er by a
few orders of magnitude [39].

Dissociation constantsK 4 were reported in a region of of 102-10 12 M, depending on the kinase
or inhibitor of each study [10, 40]. Association rate constants of a kinase interacting with an
inhibitor are often about 108 M s 1, increasing with larger proteins [17]. Not all developed
assays give quantitative information as output, especially some radioactive and uorescence-
based methods cannot provide a nity or kinetic data.
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lonization-Time of Flight-MS

Table 2.1: Comparison of method requirements for the detection of protein kinase inhibition. As data on the kinetic behavior of the interaction between protein kinase
and inhibitor are only given for optical biosensors (surface plasmone resonance, re ectometric interference spectroscopy, biolayer interferometry) and ITC
and data on the identi cation of the kinases is only given by mass spectrometric (MS) methods, columns for these characteristics are not given explicitly.

Method Labeling Screening HTS Cell- Binding References
based A nity
Simulations
Docking Simulation - kinases and inhibitors yes - - [41 43]
Radiometric
Radiometric yes kinases or inhibitors no no depending [20, 38, 44 46]
on assay
Luminescence
UV-Vis, Nanoparticles yes inhibitors yes no yes [47]
Fluorescence mostly kinases (+ inhibitors) yes (yes) (yes) [40, 48 50]
Quantitative Polymer Chain yes inhibitors no no yes [22, 51]
Reaction
Colorimetric, ELISA yes inhibitors (yes) no yes [52 54]
Separation Techniques - Mass Spectrometry (MS)
Capillary Electrophoresis no kinases + inhibitors yes no yes [55 57]
Capillary Electrophoresis-Light (yes) kinases + inhibitors yes yes yes [58, 59]
Induced Fluorescence
Chromatography-MS no kinases yes no yes [13, 60]
Liquid Chromatography-MS with yes kinases no yes no [61]
Kinobeads
Liquid Chromatograph-MS/MS no inhibitors no yes yes [34]
with Kinobeads
Frontal A nity yes inhibitors yes no yes [62]
Chromatography-Liquid
Chromatography-MS
Matrix Assisted Laser Desorption no inhibitors yes no no [63]
lonization-MS
Matrix Assisted Laser Desorption yes kinases yes no no [64]
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Method Labeling Screening HTS Cell- Binding References
based A nity
KiNativ yes kinases + inhibitors yes yes yes [65, 66]
Microscale Thermophoresis
Microscale Thermophoresis no kinases + inhibitors no cell lysate yes [67 72]
(depending on assay
and labeling)
Sensors
Chronocoulometry, Electrochemical no inhibitors no no yes [73]
Impedance Spectroscopy
Electrochemical Sensor no kinases + inhibitors no no yes [74 78]
Surface Acoustic Waves no inhibitors no yes no [79, 80]
Surface Plasmone Resonance no kinases + inhibitors  yes yes yes [81 84]
(no kinase screening
when bound to sensor
surface)
Re ectometric Interference no kinases + inhibitors yes yes yes in current
Spectroscopy (Single Color research, in this
Re ectometry) thesis
Biolayer Interferometry no kinases + inhibitors yes yes yes [85 88]
Other Methods
Thermal Stability Shift Assay no kinases + inhibitors yes yes no [9, 89 92]
(depending on assay)
Isothermal Titration Calorimetry no no no yes yes [93 95]
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2.1.2 Digital Libraries, Simulations

The creation of a new drug often lasts over 14 years on average with costs up to 1 billion USD,
requiring pre-screening methods and ideally an a-priori estimation of the types and strengths
of kinase-inhibitor interactions [96, 97]. Docking simulation experiments convince with low
costs, fast performance, no labelling or synthesis of molecules needed and the availability of the
energetic data [98]. Due to the fact, that proteins and ligands have many degrees of freedom,
calculating all their potential interaction sites is extremely complex. Structure-based drug
design can generate a selection of protein-ligand pairings theoretically working well and aid in
identifying lead structures, shortening the pharmaceutical development and its costs [99]. With
prior docking simulation experiments, the number of inhibitors selected for further experimental
screening can be drastically reduced [98]. Therefore, computational assistance is an important
step for fast results in drug development also allowing high throughput [100].

However, despite progress in modeling, disadvantages still appear. A large number of false-
positive calculated kinase-inhibitor pairs is a huge issue to be worked on. Binding e ciencies
may be overestimated necessitating to reduce the number of hits in subsequent screening [98].
Besides, docking simulations rely on the quality of molecular models from the libraries and
software and are highly dependent on the experience of the operator [101]. Databases of protein
structures are based on crystallographic data, which may not well re ect the protein structure

in solution. The software performance not only determines the computation time but also the
accuracy of the simulated data, e.g. the charge of the molecules, the structural exibility or the
dimensions of the hydration shell [99, 102].

Figure 2.2: Docking Simulation of the protein kinase B (AKT1) with staurosporine inside the ATP-binding
pocket of the kinase via AutodockTools and Vina. The kinase structure is from the open access
Protein Data Base, the staurosporine structure is drawn via ChemSketch. The binding energy was
simulated to -12.4 kcal/mol. A: Image of the whole protein. B: Zoomed in [42].

In the last decade, articial intelligence (Al) is increasingly implemented in docking simula-
tions. An example is Vina scoring, which still uses algorithms such as Monte Carlo search,
as an application of Al [103]. Because protein conformation can be predicted from the amino
acid sequence, access to an extended eld of protein structures, which are not yet determined
experimentally, has been created [104]. In order to reduce false positive hits and increase the
simulation accuracy, Al helped to combine information of di erent screening [105].
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Furthermore, intelligent systems for result combination of di erent screening methods are ap-
plied, in order to reduce false-positive hits and increase the simulation accuracy [105]. A short
future perspective is given in the discussion of this work.

2.2 Labeled Methods

As already described, labeling at the kinase or inhibitor structure alters the binding behavior.
Methods where labeling also occurs on another compound responsible for the detection, are com-
mon. Here, the binding behavior of kinases with inhibitors is una ected, however the detection
requires an additional process and the interactions between protein kinases and inhibitors are
monitored indirectly. Given that, every labeling increase time and costs. All methods includ-
ing a labeling, no matter on which molecule, are de ned as labeled methods in this review,
representing the summarized drawbacks of any labeling.

2.2.1 Radiometric- and Luminescence-based Methods

Due to the fact, that most radiometric- and uorescence-based methods do not provide a label-
free analysis nor screening possibilities, they are only discussed shortly in this work. Often
de ned as the gold standard, radiometric methods include a ?P- or 33P-labeled ATP, a
labeling not directly on one of the binding partners (kinases or inhibitors), but generating ra-
diometric waste. The radioactivity of kinases after phosphorylation by radio-labeled ATP is
evaluated. Inhibitor interactions can be detected in a competitive manner to the phosphoryla-
tion and binding a nities can be calculated only to some extent [34, 38, 51].

Also, quantitative polymer chain reaction methods give quantitative output of competitive
binding assays, operating in real-time. DNA-tagged protein kinases interact with a recognition
element on a surface, where a free inhibitor in solution releases the kinases into solution, by
interacting with the kinases, and the polymer chain reaction gives quantitative results via a
uorescence detection that depends on the amount of produced DNA [22, 51].

Another commonly applied method is the colorimetric based enzyme-linked immunosorbent as-
say (ELISA). The detection of the interaction between protein kinases and inhibitors requires
an adsorbance on the wells, which catches the protein kinases, plus an antibody, speci cally
binding to the protein kinase and linked to an enzyme, which emits light during the detection
reaction. Di erent applications evaluate |IC 5p values via titration experiments, that are compa-
rable to radiometric and cellular assays. However, ELISA requires several further compounds
until a detection of the binding between protein kinases and small molecules is possible, and
the screening of inhibitors needs a lot of preparation time [52 54].

In the eld of luminescence assays, several methods can be found in the literature. Due to
the uorescence of tryptophan, uorescence as analysis method for kinases can well be applied,
however, higher sensitivity can be achieved by uorescence labeling of the proteins. These as-
says often give the possibility to a high throughput screening in the homogeneous phase, for
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instance with assistance of phosphor-speci ¢ antibodies or substrates, which change their u-
orescence upon phosphorylation, providing binding a nity data [40, 49]. With the ADP-Glo
technology, generally a luminescence-based assay, kinase activity generating ADP is monitored
by the back-conversion of ADP to ATP which induces the luminescence of the luciferase reac-
tion. This technique measures inhibition by the absence of the luminescence [50]. Fluorescence
polarization is a special method, which is used in cell-based binding assays or in the cell lysate,
combined with kinobeads, where a kinase recognition element is coupled to beads, shing ki-
nases from aqueous solution. This method can be further connected to mass spectrometry (MS)
to enable quanti cation [106]. Further luminescence methods are not discussed in this work, as
a detailed review is given by Wang et al. [33].
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Figure 2.3: Dose-response curve of a microscale thermophoresis experiment with uorescently labeled stau-
rosporine in complex with focal adhesion kinase (40 nM) in competition with titrated bisindolyl-
maleimide X and an evaluated K4 value of 8.2uM. The experiments were performed with the
Monolith NT.115 device and MO.Control Software by nanotemper.

A novel technique, early from this century, to investigate the interaction between proteins and
small molecules is microscale thermophoresis (MST). It convinces with an easy handling, fast
and highly sensitive readout while low sample and reagent volumes are required [71, 107, 108].
While some publications classify the method as label- and preparation free, most reliable results
can only be observed if one of the binding partners is labeled or has a strong auto uorescence,
with which artifacts can be prevented [70, 109]. MST monitors changes in the parameters
size, charge and hydration shell upon the interaction of the binding partners, one of them
uorescently detectable. At least one of these parameters changes due to the interaction of
proteins, RNAs or aptamers with small molecules such as ATP, ligand-induced aggregation and
protein dimerization or denaturation, even in biological liquids [67 69, 71, 109]. With MST, a
precise evaluation of the dissociation constant is possible [71]. As MST is a method completely
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conducted in the homogeneous phase, it can be complementary seen to surface-based methods,
such as those using sensors, as described later.

2.3 Label-free Methods

2.3.1 Separation Techniques and Mass Spectrometry

Separation methods are often used to study kinase inhibitor interactions [55, 58, 59]. For
these methods, changes in the electrophoretic mobility or the interaction with a chromato-
graphic column, by concentration changes of the kinases and inhibitors as well as formation of
the kinase-inhibitor-complex, are required. Depending on the detection method, peak area or
height provide a quanti cation, a nity data is evaluated via titration experiments [55 59].
Capillary electrophoresis (CE) was often combined with laser induced uorescence, providing
binding a nity and 1C sg values, with the disadvantage of a protein labeling, which assured the
uorescence detection [58, 59]. Other CE-based enzyme assays are executed with the capillary
in the function of a nanoreactor. Products of the enzyme reaction are produced directly in the
capillary, where thereupon the separation via the di erences in the electrophoretic mobilities
are conducted and the reactants and products are detected by UV-detection [55 57].
Separation technigues coupled with mass spectrometry (MS) and MS/MS can identify kinases,
kinase fragments, inhibitors or even kinase-inhibitor-complexes, depending on the energy of
the ionization process. A general overview over liquid chromatography or frontal a nity chro-
matography coupled with MS to identify proteins and their targets as biopharmaceuticals are
given in the work of I. van der Broek et al, and J. Slon-Usaciewicz et al [60, 110]. A special
LC-MS method is called KiNativ and discussed further.

Mass spectrometry as stand-alone method is widely used, especially Matrix Assisted Laser
Desorption/lonization (MALDI) combined with a Time Of Flight analyzer (TOF). With very
small amounts of sample, down to subfemtomols, the kinase-inhibitor complex formation can be
shown due to an unlimited mass range, including protein as well as small molecule detection at
the same time. While the a nity can also be calculated via titration experiments, some assays
need internal standards for a qualitative and quantitative analysis [63, 111 114]. Furthermore,
MALDI methods provide the advantage of sampling cell-lysates and cells. Both, direct binding
assays (directly detecting the interaction between kinase and small molecule) as well as com-
petitive assays (detecting the interaction between kinase and small molecule in the presence
of another molecule competing for the proteins interaction site) are found in the literature,
mostly generating a nity-based data. A favored MS analysis is the heterogeneous assay via
kinobeads, to which kinase inhibitors are coupled and enzymes in demand are interacting to.
The kinases are identi ed as full proteins or after a digestion as peptide analysis where the
peptide sequences, which are phosphorylated, were identi ed. These assays can also be con-
ducted in a competitive manner, when kinobeads and ATP or other inhibitors compete against
the interaction sited of the kinases [8, 61, 115, 116]. For MS applications care has to be taken,
because the ionization process can destroy the binding between the inhibitor and the enzyme,
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hindering the detection of the binding [99].

As aforementioned, the LC-MS/MS method called KiNativ is highly successful in identi cation
and quanti cation of protein kinases. The sampling of biological samples like cells and tissues
is a great benet of the MS-based analysis. While ATP, bound to a recognition element such
as biotin or a uorophore, interacts with the ATP-binding site of the protein, the acyl phos-
phate binds selectively to a lysin of the protein. The binding takes place in the ATP-binding
pocket and after ATP releases the binding site, the protein is biotin- or uorophore-labeled. In
presence of inhibitors, less ATP molecules can nd free binding sites resulting in a decreased
labeling. The labeling in this method is not interrupting the kinase inhibitor interaction, while

it takes place after the inhibition. With the KiNativ method, several inhibitors were observed,
such as STP, imatinib, geftinib, dasatinib and others. Out of a set of 10 human cancer cell
lines, 74 protein kinases were identi ed, already. With its high sensitivity, even the precise
site of labeling at the protein can be told and furthermore, IC 5p-values are calculated with the
KiNativ method [65, 66].

2.3.2 Sensors

In drug discovery, sensors are in huge research in the last decades. Consisting of a transducer
system, where a recognition structure is linked to as sensing element and an electronical readout,
the binding of the compounds of interest, towards the recognition element is detected. There-
fore, one of the greatest advantages of sensors is the independence of any reference system [99].
Using a biosensor, the bio-sensitive element can identify a wide range of biomolecules with high
selectivity and sensitivity, depending on the key-lock principle of many strong biomolecular
interactions [117 119]. Direct detection of the kinase-inhibitor interactions requires one of the
binding partners as sensing element linked to the transducer and indirect detection is via the
phosphorylation of a phosphor-speci ¢ peptide structure on the transducer. While electrochem-
ical and gravimetrical methods predominantly use the indirect detection, a direct observation of
the interactions between protein kinases and inhibitors are given by the optical sensors. Many
sensor assays can be conducted in complex matrices, such as biological media including cell
cultures or cultures of microorganisms, without prior puri cation [36, 117, 120, 121].

Gravimetric and Electochemical Sensors

Gravimetric and electrochemical sensors provide label-free and sensitive assays. Due to the
similar assays of gravimetric and electrochemical methods, quartz crystal microbalance and
surface acoustic wave as the most common gravimetric methods, can be discussed collectively
with chronocoulometry, electrochemical impedance spectroscopy, or voltammetric applications
[79, 80, 122]. For the detection of kinase-inhibitor interactions, all methods use an immobi-
lization of a peptide recognition element on gold nanoparticles, a gold electrode or a graphene
system [73, 77, 78]. Information on the activity and inhibition of a kinase in presence of ATP is
given via the detection of the phosphorylation of the peptide structure on the sensing element,
which is achieved via the phosphorylation of the protein kinase [74, 75]. Inhibitor screening
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by titration experiments and |C sp-calculation is given, as well. It was found, that this data
is comparable to the results of radiometric assays, all in the same order of magnitude [76].
A further benet of the electrochemical methods is the reusability of the sensor surface and
the possibility of quantitative analysis in the cell lysate [78 80]. More detailed information on
electrochemical biosensors regarding protein kinase activity are given by the review of Fathi et
al. [32].

Optical Sensors

Biosensors are often applied as optical biosensors [99]. The detection is based on absorbance,
re ectance, interference, uorescence or polarization. The methods discussed in this work base
on the re ection of a light beam, that is irradiated to a transducer, and changes speci ¢ princi-
ples in the re ected light. An advantage of optical biosensors is, that direct, label-free methods
can be used, which provide a high sensitivity and to monitor in real-time. The latter aspect
gives rise to a kinetic output allowing to calculate rate constants required for de ning the
binding processes. Thus, optical biosensors can provide valuable and realistic information on
thermodynamic and kinetic values which are proven as good prognosis for the e cacy of clinical
applications [36, 39, 117, 120, 121, 123 126]. Furthermore, the lack of time-consuming prepara-
tion steps combined with a high cost-e ectiveness of the assays it selves, simplicity of operation
and speed of analysis has reached increase in their popularity for biochemical investigations,
especially in drug discovery projects. A further benet of biosensors is the possibility to con-
duct the assays also in complex matrices, such as cell cultures or lysates, without the need for
puri cation steps [120]. Another great benet of the sensors is the possibility for automation
giving rise to a higher throughput [99].

While the most important part of optical biosensors is a transducer where a recognition el-
ement is immobilized and the binding process of the dissolved analyte is detected, a major
drawback is this phase boundary. Therefore, in the association phase a di usion of the analyte
to the surface is required. Depending on the association rate constant, a mass transport lim-
itation needs to be considered when it comes to kinetic evaluation. If the association is much
faster than 1® M s 1, precise determination of thek, value becomes di cult [11, 36]. Thus,
which binding partner is immobilized on the transducer surface depends on the question of
the study, considering the in uence of the di usion by di erent sizes of the analyte molecules:
small molecule vs. protein [123, 127]. Both options evolves some drawbacks: If the inhibitor
as small molecule is bound to the sensor surface, steric hindrance during the association of the
protein must be prevented, requiring a certain distance to the surface polymer. This can be
reached by coupling the inhibitor to the transducer via an indirect immobilization e.g. with

a streptavidin-biotin sandwich [128]. In order to reduce the in uences of the di usion to the
heterogeneous phase, the protein kinase can be immobilized. This however comes with the
risk to alter the protein structure in uencing the interaction with the inhibitor, compared to
complex formation in solution, during the measurement [94]. Immobilizing the protein on the
surface limits the regeneration possibilities, as care has to be taken not to damage the protein.
Assay precision might be lower as the covalent bond formation between the kinases and the
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surface may proceed at di erent sites of the protein (e.g. primary amines), which evolves a low
surface homogeneity [81]. Independent of the molecules immobilized, the sensor surface must
be optimized to prevent nonspeci ¢ interactions, especially in samples with high matrix load
[119].

Among biosensors, surface plasmon resonance (SPR) is most often applied in pharmaceutical
studies. A sample interacting with the recognition element on the transducer, which includes

a gold layer for SPR, changes the refractive index and with that the evanescence wave in the
re ected light beam. Therefore, changes of the thickness of layers attached to the sensor are
calculated and the response is proportional to the molecular mass and concentration of the
analyte [17, 81]. In most SPR applications, the protein kinase is immobilized on the transducer
and interactions of the small molecules, such as inhibitors, with these immobilized proteins
are detected. Many di erent assays were discussed in the literature, e.g. binding assays for
over 40 protein kinases are described or kinase screening applications on arrays with enzymes
such as PKA, EGFR and PKC inhibited with H89 (an STP-similar small molecule) [82, 83].
Intracellular signal transduction was monitored with SPR, where calcium levels are dependent
on speci ¢ receptors at calcium-a ecting proteins, scaled down to a single cell level. SPR was
able to investigate the suppression of this transduction by STP [121]. Nordin et al. used SPR
to show discrimination of kinases being active (phosphorylated) or inactive: active and inactive
kinases were simultaneously immobilized on one transducer, forming an array-based sensor and
samples (inhibitors and ATP) were investigated, showing that the inhibitor similarly binds both
kinase forms [39]. Successful assays used only the catalytic subunit of kinases, inhibited e.g. by
imatinib [81]. If a good regeneration of the sensor surface is reached, high throughput screening
is possible and over 1000 samples can be measured on one single sensor [129].

Re ectometric interference spectroscopy (RIfS) is similar to SPR but uses di erent principles
for detection: Changes in the interference spectra of the re ected light on a glass sensor upon
changes in the physical thickness and the refractive index on the sensor surface, combined as
optical thickness [124]. While RIfS detection includes the change of the physical thickness on
the sensor, the smaller binding partner is immobilized on the transducer and the interactions
with the larger analyte is investigated. Compared to SPR, the use of simple glass transducers
avoids the need for gold coatings and RIfS is less sensitive to temperature uctuations.

In general, RIfS is applicable to observe biomolecular interactions in pharmacological and phys-
iological context [130]. A lot of studies regarding thrombin activity and inhibition can be found

as example for pharmaceutical screening of biological compounds in binding inhibition assays
[3, 4].

RIfS studies on interactions of protein kinases with inhibitors cannot yet been found, even if
this sensor method provides the possibility to also detect the interactions in the homogeneous
phase. This is possible when performing a binding inhibition assay, where the protein kinase
as analyte is inhibited by a small molecule and this formed complex is then used as analyte on
the sensor. Hence, the drawback of the phase boundary, which is comparable to a labeling, can
be eliminated.
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An enhancement of RIfS is the single color re ectometry (SCORE) also named 1- re ectometry.
Here, a monochromatic light is used for irradiation, combining all bene ts of RIfS but with a
compact instrumentation, which is even portable. Using a single wavelength lowers the demands
for high-end spectrometers. Adding a camera for monitoring the whole surface of the trans-
ducer, sensor arrays are accusable. Via spotting to create sensor arrays, di erent recognition
elements can be immobilized on the surface simultaneously to implement a screening technique
[5, 131]. SCORE was also proven to show good results in testing biomolecular interactions in
complex matrices, e.g. the quanti cation of anti-salmonella in serum [5]. As for RIfS, investi-
gations on protein kinase inhibition with SCORE are not published yet.

An advancement of RIfS was made by biolayer interferometry in the last 20 years. The di er-
ence to RIfS and the main benet of this method is the use of an optical ber glass bundle as
sensor. The surface modi cation of RIfS is transferred to the end of the glass bundle, which is
then immersed into the analyte solution and transporting the light and its re ection. With this,

the limitations by micro uidic devices and the dependency of the kinetic data on the di usion

is avoided [85, 132]. With BLI, not only antibody-antigen interactions [133] and also inhibitor
interactions with kinases [88] were investigated, but also virus-like particles and whole in uence
virus [87, 134, 135]. Using 96-well plates, a higher throughput can be achieved. Biological
samples such as living cells were directly accessible as well [85].

The publication record for BLI shows a steep increase in the recent years: for 2013 only 240
publications can be found, ten years later in 2023, 2150 studies were published (google scholar,
2024-03-06). The interest in BLI increases, regarding its bene ts. Comparing these publication
records to the ratio of RIfS, show inversed information: in the 2010s, for RIfS approximately
8800 papers were published, for the BLI only 5100. In the early 2020s, more studies for BLI
are found: 8000 towards 5100 for RIfS.

2.3.3 Other Methods

Isothermal Titration Calorimetry (ITC) is a further label-free method, which reveals heat change

of a solution upon binding events when analytes are titrated in a measurement cell vs a reference
cell, including biological and physiological samples. ITC draws conclusion to several binding
characteristics such as a nity, stoichiometry, entropy and enthalpy of the binding and kinetic
data e.g. for enzyme inhibition with small molecules [93 95]. The serious drawback of ITC is
the relatively large amount of sample required and that high throughput applications cannot
be realized [93].

A label-free low-cost method, which monitors the thermal denaturation of proteins dependent
on the a nity to other molecules by uorescence detection, is the thermal stability shift assay
(TSA). The method shows good performances in cellular formats and tissues and was applied
in high throughput applications [89, 90], but not yet found to be applied for protein kinases
interacting with small molecules. For example, inhibitors interacting with STAT proteins were
described in cell lysates and intact cancer cells [92]. Neither kinetic data nor binding a nities
are part of the TSA output, it only detects thermal shifts, while it requires another method
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for quanti cation of the investigated proteins to correlate the temperature date to a nity date
with e.g. a western blot, ITC or other a nity detecting methods [9, 89, 91].
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3 Experimental Section

3.1 Chemicals

Table 3.1: Overview over all the chemicals used.
Chemicals Manufacturer
acetone Merck, Darmstadt-D

acetonitrile (ACN) (99 +%) Sigma Aldrich, Steinheim-D

amino dextran (AMD) 50 % functionalization (100kDa)  Innovent, Jena-D

adenosine 5'-triphosphate disodium salt (ATP) (99 +%)  Sigma Aldrich, Steinheim-D

2-(1H-benzotriazole-1yl)-1,1,3,3-tetramethylamonium Sigma Aldrich, Steinheim-D

tetra uoroborate (98 +%)

biotin (99 +%)

Sigma Aldich, Steinheim-D

bovine serum albumin (BSA) (lyophilized powder,
96 +%)

Sigma Aldrich, Steinheim-D

diaminopolyethylene glycol (Da-PEG) (2 kDa)

Rapp Polymere, Tubingen-D

dichloromethane, anhydrous (DCM) (99.8 +%)

Sigma Aldrich, Steinheim-D

diisopropylcarbodiimide (DIC (98 +%))

Fluka, Buchs-CH

N,N -dimethylformamide (DMF) (H ,O 0.1%, 99.8 +%)

Sigma Aldrich, Steinheim-D

dimethyl sulfoxide (DMSO) (99.5 +%)

Sigma Aldrich, Steinheim-D

1-ethyl-3-(3-dimethylaminopropyl)cabodiimide (EDC)

Sigma Aldrich, Steinheim-D

glutaric anhydride (GA) (95 %)

Fluka, Buchs-CH

(3-glycidyloxypropyl) trimethoxysilane (GOPTS)
(98 +%)

Sigma Aldrich, Steinheim-D

hydroxybenzotriazole (97 +%)

Sigma Aldrich, Steinheim-D

hydrogen peroxide (H,0,) (30% wi/w)

Sigma Aldrich, Steinheim-D

magnesium chloride (MgC},) (bu er kit, 1 M)

ThermoFisher Scienti c,
Vilnius-L

2-morpholine-4-yl ethanesulfonic acid (EDC)

Sigma Aldrich, Steinheim-D

nanomag-CLD, magnetic nano particles 500 nm,
PEG-COOH

micromod Partikeltechnologie,
Rostock-D

sodium chloride (NaCl) (99.8 +%)

Sigma Aldrich, Steinheim-D

N -hydroxy succinimide (NHS) (98 +%)

Sigma Aldrich, Steinheim-D

N,N -diisopropylethylamine (99 +%)

Sigma Aldrich, Steinheim-D

polydimethylsiloxane (PDMS), Wacker Silikon
ELASTOSIL RT607 (A+B)

Rei, Reutlingen-D

polyethylene glycol 2000 (PEG) (2 kDa)

Alfa Aesar, Karlsruhe-D

potassium dihydrogen phosphate (KH,PO,)

Sigma Aldrich, Steinheim-D

potassium hydroxide (KOH) (85 +%)

Sigma Aldrich, Steinheim-D

sinapinic acid (SA) (98 +%)

Sigma Aldrich, Steinheim-D

sulfuric acid (H,S0O,) (95 +%)

VWR International LLC,
Rosny-sous-Bois-F

SuperBlock Blocking Bu er in PBS

Sigma Aldrich, Steinheim-D

tris(hydroxymethyl)aminomethane (TRIS) (99.9 +%)

Sigma Aldrich, Steinheim-D

tri uoroacetic acid (TFA) (99 +%)

Sigma Aldrich, Steinheim-D
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Table 3.2: Overview over all the protein kinases used. *Protein kinase A was found to include di erent other
proteins by Jens Baumgéartner from Merck, Darmstadt. Therefore, it is named protein mix in this

thesis.
Protein Kinase Manufacturer
focal adhesion kinase, fragment 410-689 (FAK) provided by Merck, Darmstadt-D
protein kinase B, fragment 144-445 (PKB, AKT1) provided by Merck, Darmstadt-D
protein mix*, protein kinase A from bovine heart Sigma Aldrich, Steinheim-D
(PKA) (lyophilized powder)
spleen tyrosine kinase, fragment 356-635 (SYK) provided by Merck, Darmstadt-D

transforming growth factor beta, fragment 200-503 provided by Merck, Darmstadt-D
(TGF , ALK5)

Table 3.3: Overview over all the inhibitors used.

Inhibitor Manufacturer

dasatinib Sigma Aldrich, Steinheim-D

fasudil Sigma Aldrich, Steinheim-D
fragmentl provided by Merck, Darmstadt-D
fragment2 provided by Merck, Darmstadt-D
imatinib Sigma Aldrich, Steinheim-D
bisindolylmaleimide X (BisX) Iris Biotech GmbH, Marktredwitz-D
staurosporine (STP) (99 +%) Alfa Aesar, ThermoFisher, Kandel-D
staurosporine-Red (STP-Red) Perkin ElImer, Massachusetts-USA

Table 3.4: Overview over all solutions required in protocols.

Solution Ingredients

KOH 6M in milliQ H ,O

MES bu er MES 0.5M, milliQ water, pH 6.3 (with Na ,CO5 2.5M)

PBS bu er NaCl 0.15M, KH ,PO, 10 mM, milliQ water, pH7.4

piranha etch H,SO, (concentrated), aqueous HO, (30 %), 3:2

SA7 7 mg/mL sinapinic acid in 30% ACN and 70% TFA (0.1%)
TRIS bu er 2.429g TRIS, 10mL MgCl , bu er kit 1 M, milliQ water, pH 7.4,

titration with KOH or HCI, total volume 1L
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Table 3.5:

Regeneration Media

Overview over all chemicals for regeneration solutions.

Manufacturer

acetic acid (99 +%)

Sigma Aldrich, Steinheim-D

acetonitrile (99.8 %)

Sigma Aldrich, Steinheim-D

1-butanol (99.9 %)

Sigma Aldrich, Steinheim-D

CHAPS deterent

Thermo Fisher Scienti c,
Massachusetts-USA

ethanole (EtOH) (96 %)

VWR chemicals, Leuven-B

ethanolamine (98 +%)

Sigma Aldrich, Steinheim-D

formamide (99 +%)

Sigma Aldrich, Steinheim-D

formic acid (95 +%)

Sigma Aldrich, Steinheim-D

glycine Reagent Plus™ (99 +%)

Sigma Aldrich, Steinheim-D

guanidinium chloride (GdmCI) (99 +%)

Sigma Aldrich, Steinheim-D

magnesium dichloride (MgCl,)

Sigma Aldrich, Steinheim-D

malonic acid (99 %)

Sigma Aldrich, Steinheim-D

trypsin-EDTA (0.05 %)

Gibco, Paisley-UK

oxalic acid (98 %)

Sigma Aldrich, Steinheim-D

phosphoric acid (H;PO,) (85 %)

Sigma Aldrich, Steinheim-D

piperazine (99 %)

Sigma Aldrich, Steinheim-D

polysorbate 20 (Tween20)

Thermo Fisher Scienti c,
Massachusetts-USA

polysorbate 80 (Tween80)

Thermo Fisher Scienti c,
Massachusetts-USA

potassium thiocyanate (KSCN) (96 %)

Sigma Aldrich, Steinheim-D

sodium EDTA solution (Na, EDTA) (99 +%)

Fluka, Buchs-CH

sodium acetate (NaOAc) (99 %)

Sigma Aldrich, Steinheim-D

sodium dodecyl sulfate solution (SDS) (20% in HO)

Sigma Aldrich, Steinheim-D

sodium phosphate (NgPO,) (96 %)

Sigma Aldrich, Steinheim-D

Triton X-100

Thermo Fisher Scienti c,
Massachusetts-USA

urea

Sigma Aldrich, Steinheim-D

zwittergent 3-12

Sigma Aldrich, Steinheim-D

Table 3.6:

origin 9.7.0.188

General equipment and software.

Origin 2020, OriginLab, Massachusetts-USA

pH meter inoLab pH 7110, Xylem Analytics Germany, WTW, Weinheim-D
milliQ water Purelab Classic ultrapure water processor, ELGA LabWater Veolia
processor Water Technologies, Celle-D

ultrasonic bath

Sonorex Super 10 P, Bandelin electronic, Berlin-D

vibrating table

Thermomixer compact, Eppendorf, Hamburg-D
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3.2 Methods and Equipment

3.2.1 Docking Simulation

Table 3.7: Software used for the docking simulations.

AutoDock 1.5.6 Scripps Research, La Jolla-C

AutoDock Vina 1.5.6 Scripps Research, La Jolla-C

ChemSketch, freeware version ACD/Labs, Toronto-C

Protein Data Base (PDB) wwPDB Foundation, open access database
PyMOL 3.0 DeLano Sicenti c LLC, Schradinger Inc.

Drug design is mostly aided by computational simulations of the interactions between receptor
and ligand. In order to predict preferred binding orientations with docking simulations, the
ligand (inhibitor, drug) is simulated in its tting into the receptor structure (protein) to form

a complex. Free binding energies are calculated, as well as the stability of the complex [102].
Two important open source programs for these simulations are AutoDock and AutoDock Vina.
These AutoDock tools simulate the semi-empirical free energy force eld of the protein, in
combination with the ligand, torsional degrees of freedom, while bond angles and lengths are
held constant [136, 137].

During the simulation process, enthalpic contributions are evaluated, such as dispersion and
repulsion, hydrogen bonding as well as entropic contributions like changes in conformational
mobility and solvation [136]. The evaluation provides the energy contribution of the protein
and ligand in their unbound state and in their bound state as complex. Additionally, the energy
contribution for the intramolecular interactions transitions in the bound state are calculated
separately for each molecule. Three pair-wise summands (intramolecular energids for the
bound and unbound stat of ligand L, protein P and complex) plus the entropy loss due to
the complex formation of the two molecules Scont are required for the calculation of the free
binding energy G, see Equation 1 [136].

G=(VL L VL L )+(VP P VP P )+(VP L VP L SCOhf) (1)

bound unbound bound unbound bound unbound +

Each summand evaluates the particular forces of dispersion and repulsion, hydrogen bonding
as well as electrostatic forces and desolvation [136].

The output of the docking computation are the simulated free binding energies in kcal/mol as
well as the speci c position and orientation of the ligand in the binding pocket of the protein
or at the protein surface [42].

Docking simulations are conducted with the open source programs AutoDock, AutoDock Vina,
ChemSketch and PyMOL. The 3-D structures of the proteins are searched in the Protein Data
Bank PDB (Worldwide Protein Data Bank) and saved as pdb-les. This le is opened in
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PyMOL, the de ned amino acid sequence without water molecules are extracted and saved
as new pdb-le. The new pdb- le is opened with AutoDock. Hydrogens are edited from the
molecule and the Gasteiger charges computed separately. This protein structure is saved as a
pdbqt- le, the extended version of a pdb- le [42]. Now the ligand is drawn with ChemSketch,
saved as pdb- le and opened with AutoDock. For ligands, hydrogens and charges are adapted
automatically and the structure must only be saved as pdbqgt-format. As the last preparation
step, the Grid Box is de ned as the part of the protein used to search for interactions between the
molecules. The docking simulations are performed with two di erent Grid Boxes, one included
the whole protein, the other only used the ATP-binding site. In order to reduce calculation
times, the protein structure is treated as rigid, exibility is only allowed for the ligand. Position
and size of the Grid Box are added to the txt- le as con guration protocol, as shown in Figure
3.1.

receptor = rec.pdbgt

ligand = lig.pdbgt

center x = 5

center v = 5

center z = §
size x = 208

size y = 28
size z = 208
out = out-rec.pdbgt

results.txt

log

Figure 3.1: Con guration protocol for the docking simulation. The pdbqt- les of the receptor (protein) and
ligand (inhibitor) are de ned, as well as the position of the Grid Box (here exemplarily de ned as
5) and its extension along the axis (here exemplarily de ned as 20). As output, a pdbqt- le with
the structures of the ligand and a txt- le with the computed free binding energies is obtained.

After computing, the output is saved as txt- le where the binding energies are de ned in
kcal/mol. Furthermore, a pdbqt- le is saved, including the nine ligand positions with the
highest free binding energies and their orientations at the protein structure. If the output
pdbqt- le is opend in PyMOL, together with the protein structure, all nine interactions are

displayed (see Section 4.1).

3.2.2 Microscale Thermophoresis

Table 3.8: Hard- and software used for the MST investigations.

Monolith NT.115 Nanotemper Technologies, Minchen-D
Monolith NT.115 Capillaries Nanotemper Technologies, Minchen-D
MO.Control Software Nanotemper Technologies, Minchen-D

Characterization and quanti cation of interactions between proteins and ligands or proteins
and proteins in solution is possible by thermophoresis [67]. Microscale thermophoresis (MST)
is a method to determine thermodynamic parameters by the detection of changes in charge,
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Figure 3.2: A: Fluorescence signal of a titration experiment measured with MST. At time Os the IR-laser is
switched on leading to a local change in temperature. The change in the uorescence intensity
by molecular movement out of the hot region is recorded. In this example, decreasing amounts
of ligands (1-16) bound to the protein decelerates the movement, resulting in a decrease of the
uorescence decline from black over red, yellow and green to blue and violet curves. B: Sigmoidal
dependency of an MST uorescence signal obtained when plotting the normalized uorescence at
a speci ¢ time against the logarithmic concentration of the ligand. In this example, the change in
uorescence increases with higher concentration of the ligand.

size or the hydration shell of proteins or ligands, depending on their movement in a microscopic
temperature gradient [70, 107, 108]. The theoretical basis for the thermophoresis is the Ludwig-
Soret e ect describing the thermal di usion induced by a temperature gradient. Ina uorescence
microscope, a laser radiates IR-light to a capillary lled with sample solution, heating the sample
with high precision. The temperature gradient of 2-6 K, created in the capillary, induces a
di usion of the molecules. The resulting motion is based on the interaction of the heat ow and
the mass ow. Owing to the change in temperature ( 1), di erent molecules leave the region
of elevated temperature at a di erent speed [108]. The concentrations of the biomolecules in

the hot and cold region (Chot, Ccoid) Change exponentially with the Soret Coe cient ( St) as
exponent, see Equation 2 [70].

ChOt - e ST T (2)
Ceold

The motion of molecules of the thermophoresis is followed via uorescence signal, necessitating
one of the binding partners to be uorescently labeled.

For an MST experiment, 16 capillaries are lled with sample, where the non-labeled binding
partner is titrated. Excitation for uorescence is achieved by stimulating the uorescence with
an LED in blue, green or red, dependent on the labeling. Each capillary is checked for its
uorescence quality compared to the uorescence in the other capillaries, and a baseline is
set. The IR-laser is then switched on with a wavelength of 1480 nm. The thermophoresis is
observed by detecting the uorescence decrease in the hot region in the capillary. By turning o
the laser, the molecules return to the normal distribution by back di usion and mass transport.
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In a titration experiment, the concentration of the titrated ligand is step-wise reduced by a
factor of two, while the uorescence intensities are recorded, see Figure 3.2 A. Di erences in the
uorescence intensities are displayed depending on the logarithmic concentration, which shows
a sigmoidal dependency of the uorescence intensity during an MST experiment, see Figure 3.2
B.

MST measurements are performed with Monolith NT.115 and automatically evaluated by the
MO.Control Software. For all additional evaluations the software origin is used.

Monolith NT.115 can perform serial dilutions for 16 fractions. Following the instructions for
mixing the solutions, Monolith Capillaries are lled and inserted into the device for MST.

3.2.3 Sensor Measurements: Surface Modi cation

Table 3.9: Hard- and software used for the surface modi cation of the transducer.

transducer, coated with 10 nm Ta,O5 and 330 nm SiG,,

interference glass D263 Schott, Mainz-D

borosilicate glass

MicroGrid 1l spotter, BioRobotics Inc., Massachusetts-USA

TAS Application Suite spotter software, BioRobotics Inc., Massachusetts-USA
Xtend™ Capillary capillaries, 130um diameter, LabNEXT, Wolfville-CAN

Microarray Pins

The commercial transducers for sensor investigations are composed of several layers. The glass
substrate used as base is coated with a T layer of 10 nm followed by a 330 nm thick SiQ
layer. This silica layer is modi ed to either prevent non-speci c interactions in further sensor
investigations and to covalently bind the inhibitor to the transducer surface. Detailed informa-
tion on each surface modi cation step for RIfS and 1} transducers is summarized in Table 3.10
and in Figure 3.3.

Table 3.10: Detailed information of chemicals and solutions used for each surface modi cation step for RIfS
and 1- transducers.

Surface Modi ca- Substance Transducer
tion Step

RIfS 1- |
Silanization GOPTS 10pL 100pL
Immobilization of AMD in milliQ water 7 g/mL 10uL 100 pL
Biopolymer PEG in DCM 4 mg/mL 20uL

Binding of Biotin TBTU 0.95g/mL + HOBT 5uL
0.45¢g/mL + Biotin 0.7g/mL

in DIPEA
Refunctionalization  GA in DMF 2g/mL 10 uL 100uL
Activation via. NHS 0.15g/mL + DIC 0.23mL/mL  10pL 100puL
Active-ester in DMF
Binding of In- inhibitor in DMSO 1 mg/mL 5 uL manual: 0.03uL
hibitors spotter: 1nL
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Activation

The transducers are cleaned with a 30-second incubation of 6 M KOH solution and washed
with milliQ water. For activation, the transducers are incubated with fresh piranha etch (30%
agueous hydrogen peroxide with concentrated sulfuric acid in a volume-ratio of 2:3) for 15 min
in an ultrasonic bath. The activated transducers are washed with milliQ water and dried under
a stream of nitrogen. Due to the surface's sensitivity to humidity, the activated transducers
need to be silanized immediately.

Silanization

Activated transducers are silanized in a sandwich technique witt8-glycidyl-oxypropyl)-trimethoxy
silane (GOPTS), see Figure 3.3 'Silanization. GOPTS is placed between the activated surfaces
of two transducers (sandwich technique) and incubated for one hour in a dry chamber at am-
bient temperature. The silanized transducers are washed with water-free acetone, dried under
a stream of nitrogen and further processed immediately.

Immobilization of Biopolymer

The biopolymer aminodextrane (AMD) is immobilized on the silanized transducer by a sand-
wich technique in a water vapor chamber over night at ambient temperature, see Figure 3.3
‘Immobilization of Biopolymer:

Alternatively, polyetyhlene glycol (PEG) as biopolymer is dissolved in dichloromethane (DCM),
dropped onto each silanized transducer surface and incubated at 7G over night.

Every immobilization process is nalized by washing with milliQ water and drying the surface
under a stream of nitrogen.

Transducers immobilized with biopolymer can be stored at 4C for several weeks.

Binding of Biotin

Biotin is linked directly to the amino-function of the AMD on the transducer surface. A solution

of 2-(1H-benzotriazole-1yl)-1,1,3,3-tetramethylammonium tetra uoroborate, hydroxybenzotri-

azole and biotin in N,N -diisopropylethylamine is incubated with the sandwich technique in
a chamber saturated with vapor of dimethyl formamide (DMF) at ambient temperature over
night. The transducers are cleaned with DMF and milliQ water and dried under a stream of
nitrogen. Biotin-modi ed transducers can be stored at 4°C up to several weeks until use.

Refunctionalization

Binding an inhibitor to the transducer surface requires a refunctionalization of the amino-
function of the biopolymer, see Figure 3.3 'Refunctionalization’ For this, glutaric anhydride (GA)
is incubated with the sandwich technique for six hours in a chamber saturated with vapor of
DMF at ambient temperature. After cleaning with DMF and milliQ water and drying under a
stream of nitrogen, the transducers can be stored at 4C for several weeks.
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Activation via Active-ester

The refunctionalized transducer surface is activated in a sandwich by a mixture oN -hydroxy
succinimide (NHS) and diisopropylcarbodiimide (DIC) in DMF, see Figure 3.3 'Activation (1)
and (ll). After incubation for four hours in a DMF vapor chamber at ambient temperature,
the transducers are cleaned with water-free acetone and dried under a stream of nitrogen. The
activated surface is instable and requires a prompt further processing.

Binding of Inhibitors

The activated transducer surface is now ready to bind inhibitors via their amino group see
Figure 3.3 'Binding of Inhibitor. Structures of all used inhibitors are displayed in Figure 3.4.

The activated surfaces of the RIfS transducers are covered with a solution of the inhibitor in
dimethyl sulfoxide (DMSO). The binding process is conducted in a DMSO vapor chamber while
excluding exposure by UV-light for one hour at ambient temperature and afterwards at 4C over
night. Final RIfS transducers are washed with milliQ water, dried under a stream of nitrogen
and stored at 4°C for up to several weeks until use.

staurosporine (STP) imatinib dasatinib fasudil

H SN
oN o N O~ H ° D @
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Figure 3.4: Molecular structures of all in inhibitors selected for this work.

Spotting experiments are performed with 14 re ectometry. In contrast to the method described

for 'Binding of Inhibitors’, not the whole activated surface is covered with inhibitor for further
binding. Spotting leaves parts of the activated surface free of inhibitors and thus allows several
small spots to be placed on the surface whereas inhibitor-free regions of the transducer surface
is open for signal referencing, described in Section 4.3.4. For screening applications, binding of
inhibitors to activated 1-1 transducers are conducted in two ways:

1. Manual spotting by hand (pipetting): A solution of inhibitor in DMSO is applied in up
to ve individual droplets onto the measurement region of the activated surface of the
transducer. Each droplet may contain a di erent inhibitor. The binding reaction takes
place in a DMSO vapor chamber under exclusion of UV-light for one hour at ambient
temperature and afterwards at 4°C over night. The transducers are then washed with
milliQ water and dried under a stream of nitrogen. They can be stored at 4C for several
weeks until use.
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2. Automatic spotting via spotter: Small droplets of inhibitor in DMSO are applied to
the activated transducer surface via the ceramic pin of the spotter. After drying, the
process is repeated twice to increase the surface covering of inhibitor. Transducers spotted

automatically are
use.

In Fig. 3.5, the di erent

called arrays-based and stored at 4C without further cleaning, until

spot sizes dependent on the spotting methods are visible.

1cm

Figure 3.5: Dierence images of transducer surfaces after association of kinases showing di erences in spot size
on 1- transducer depending on the spotting method for the inhibitor. A: manual spotting by hand.
B and C: automatic spotting using a spotter with di erently de ned spot sizes by the software.

3.2.4 Sensor Measurements: RIfS and 1- | re ectometry

Sensor measurements are performed with systems constructed in-house, seen in the schematic
description in Figure 3.6. The utilized hard- and software are de ned in Table 3.11.

Table 3.11: Hard- and software used for the sensor measurements.

CCD camera, Excelitas Technoloiges Corp., Waltham, Massachusetts-USA

pco.camera (Typ

1600)

IFZ evaluation of the interference spectra from Measure, in-house
software by the working group of Prof. Gauglitz, Eberhard Karls
Universitat Tubingen-D

ImageJ U.S. National Institiutes of Health, Bethesda, Maryland-USA

Measure measurements of interference spectra in RIfS, control of the
autosampler, in-house software by the working group of Prof.
Gauglitz, Eberhard Karls Universitat Tubingen-D

outlet

Hamilton-6-way-outlet, Microlab MVP, Hamilton Company, Reno
Nevada-USA

pco.camware

Excelitas Technologies Corp., Waltham, Massachussetts-USA

pump Hamilton injection uidics, Microlab 500 series, double injection
dispenser (2x 10QuL), Hamilton Company, Reno Nevada-USA

ROTOFIX 46H centrifuge for producing the ow cell, Hettich, Tuttlingen-D

spectrometer diode-array spectrophotometer, SPEKOL 1100, Analytik Jena,

Jena-D
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Measuring Setups

1-A reflectometry

1 3

buffer

LED 535 nm

Figure 3.6: Schematic description of the measuring setup of RIfS and 14 re ectometry. The general setup is
similar for both applications: 1 - pump system, 2 - valve, 3 - inlet for di erent samples, 4 - waste.
RIfS: A - light source (halogen lamp), B - y-shaped optical ber, C - ow cell with transducer, D
- spectrometer, E - computer with software. 1-1 re ectometry: a - ow cell with transducer, b &
¢ - light source (535nm) and CCD camera, d - computer with software. In 1- | re ectometry, ow
cell, light source and camera are inside a dark box.

In both setups in Figure 3.6, samples are injected via the outlet. An autosampler connected to
a pump system regulates the ow speed of the samples over the sensor. In RIfS measurements,
white light from a halogen lamp, guided via an optical ber in y-shape, irradiates the back of
the transducer, see Figure 3.6. One half of the re ected light is guided to the spectrometer, the
other half back to the light source.

Besides the di erence in the size of the transducers for RIfS and 1-re ectometry, compare
Figures 3.8 B, 11 re ectometry uses green light at a wavelength of 535 nm for irradiation. As
shown in Figure 3.6, the green light is irradiated to the back of the non-re ecting transducer that

is installed in a self-constructed ow channel, see Figure 3.8 A. The re ected light is detected
with the CCD camera. The intensity changes of the recorded images are evaluated with ImageJ.
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medium
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Nernst diffusion layer
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Figure 3.7: Schematic description of a direct assay on a sensor, where inhibitor is immobilized on the transducer
surface. Protein kinase, which is ushed over the sensor, interacts with the inhibitor on the trans-
ducer, increasing the upper layer of the transducer. Thereby, the re ection point of the irradiated
light changes, which changes the constructive interference spectrum. The resulting binding curve
is displayed in Figure 3.9.

The ow cell for 1-1 re ectometry is produced in-house using a form which can be placed in
the centrifuge. Silicone Elastosil RT 607 A and B are mixed at a ratio of 9:1 (g:g), and the
mixture is stirred for 5-10 minutes. Then, the mixture is poured into the form and centrifuged

for 15 minutes at 1500 rpm to remove remaining air bubbles. The mixture in the form is heated
to 70°C for 75 minutes. After releasing the ow cell from the form, it is washed three times for
5 minutes with water-free acetone and baked at 78C over night.

Figure 3.8: A: Silicon ow cell for 1- | re ectometry measurements. B: Picture of the transducers for 1-
| re ectometry and the smaller RIfS transducer.
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3.2.5 Sensor Measurements: Biochemical Assays and Regeneration

A short overview over the sensor measurements with an exemplary binding curve is provided
in Figure 3.9. The sensor measurements start with a ow of bu er over the sensor to record a
spectral baseline, followed by ushing with a blocking solution to saturate non-speci ¢ binding
sites on the transducer. During the association phase, kinases as sample are ushed over the
sensor surface, interacting with the inhibitors bound to the transducer, which causes an increase
in the layer thickness. A following ow of bu er de nes the dissociation phase, evolving an
equilibrium between association and dissociation of the kinases on the sensor. The sample is
regenerated from the transducer surface by ushing a regeneration medium through the system.
After the regeneration, bu er is ushed over the transducer again, and the sensor signal ideally
returns to the original baseline, indicating a complete regeneration. By ushing solutions such
as plain bu ers or protein mixtures over the transducer surface without any speci c interactions,

no changes in the sensogram should occur, reassuring the speci city of the sensor.

If not mentioned otherwise, the volume for sample and blocking solution in RIfS is 10QL, for

14 re ectometry 400 uL, the regeneration volume is 50QL for both. Due to the larger ow
cell in 14 re ectometry, the sample volume is higher. For blocking and regeneration, an excess
of solutions is used in RIfS and these volumes are adopted to the [11e ectometry to save
material and money. The pump velocity for sample solutions is 0.5L/s and 2 pL/s for RIfS
and 14 re ectometry, respectively, the regeneration velocity is 5uL/s for both methods.

Sensor measurements are performed with TRIS bu er containing 1% DMSO. To prevent gas
generation in the uidic system, the bu er was degassed beforehand.

1.8 5 g, S,
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regenaeration

optical thickness / nm
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0.0 - andline

: 1
] 204 400 GO0 GO0 1000 1200
time s

Figure 3.9: Exemplary sensogram of a RIfS measurement with specied baseline (ushing bu er), associa-
tion phase while ushing with sample, dissociation phase while ushing with bu er, regeneration
recorded while ushing with a regeneration medium and endline when ushing bu er.
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Direct Assay

Kinase solution as sample is ushed over the sensor. Due to interactions between the inhibitor
on the transducer and the kinases an increase in optical thickness is recorded, observable in
the association phase of the binding curve, see Figure 3.9. If not mentioned otherwise, kinase
solutions have a concentration of 2ug/mL.

Binding Inhibition Assay

Binding inhibition assays require a pre-incubation of the kinases with the inhibitor in the
homogeneous phase, here in TRIS bu er. The inhibitor is added at a molar excess of 1-100 to
the kinase concentration and the solution is incubated for 15 minutes while shaken at 400 rpm
at 30°C. Afterwards, the solution is ushed over the sensor, to initiate the association phase.

STP + PK k,  STP-PK
W
ks s diffusion/
T T “phase boundary ~~  kp|mass ] o
transport 5
wn

w -
vik“

sensor surface with immobilized inhibitor (STP)
glass sensor

Nernst diffusion layer

time

Figure 3.10: Schematic description of a binding inhibition assay on a sensor with the inhibitor immobilized to
the transducer surface. Protein kinase interacts with the inhibitor in solution in a pre-incubation.
Flushing this solution over the sensor surface, only native kinases without inhibitor bound can
interact with the inhibitor immobilized to the transducer. Depending on the concentration of the
free inhibitor in the pre-incubation, the sensor signal decreases.

Regeneration

Two strategies are followed to regenerate the transducer surface in RIfS after measurements.
First, classical regeneration media, such as diverse chaotropes, acids and bases, detergents and
electrolytes, are tested. All these classical regeneration media were successfully applied for
regeneration of sensors in RIfS or SPR [4, 17, 58, 125, 138]. An overview over the tested media
and their combinations is given in Figure 3.11.

To quantitatively compare the regeneration, the e ectivity Re, according to Andersson et al.
was calculated with a slight modi cation (Eq. 3) [139]. In this thesis, the e ectivity of the
regeneration is referred to the optical thickness of the last endline in the set of experiments.

If there are several regeneration cycles on one sensor, each cycle is thus evaluated separately,
referring the change in optical thickness to the endline of the cycle before. This modi cation of
evaluation should prevent an overrating of regeneration media, which are not used in the rst
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regeneration cycle while it avoids to prepare new transducers each time.

optical thickness regeneration
optical thickness last endline

Re =100 100% 3)

A graphical description of the calculation of R is shown in Section 4.3.2 in Figure 4.11.

In this study, FAK or TGF b as kinases are ushed over an AMD-STP-sensor. After the
association and dissociation phase, the regeneration is evaluated. The regenerating components
in the media are either tested alone or in repeated regeneration steps on the same sensor.
Several regeneration cycles are performed on the same sensor, until su cient regeneration.
Regeneration is de ned as su cient, when the optical thickness of the baseline, prior to any
association or dissociation, is reached. For RIfS evaluation in this work, the change in optical
thickness is expected to be regenerated to reach zero. Then, another step of kinase association
is performed, to judge any improvement or possible impairment of the sensor surface for reuse.
If the second kinase association is similar to the rst one, further regeneration is tested. If
kinase association is not successful, a new transducer is installed in the setup, and the whole
process starts again with the association phase, dissociation phase and regeneration with a new
medium.

‘chaotropic‘ ‘detergents‘ | acid/base ‘ ‘ other ‘

acetic acid

glycine

Figure 3.11: Overview on the tested combinations of classical regeneration compounds. Blue highlighted com-
pounds were tested in single and repeated regeneration steps.

With classical regeneration media, no full regeneration is reached. Thus, a cocktail strategy,
developed by Andersson et al., is tested as second strategy [139]. The cocktails are grouped into
acidic (A), basic (B), chaotropic (C), detergent (D), ionic () and non-polar water soluble (U)
compounds. The speci ¢ ingredients of all cocktails is given in Table 4.6. For measurements
with only one cocktail, the cocktail is diluted 1:2 using milliQ water. Further binary mixtures

of cocktails are all prepared with equal parts of the two cocktials and milliQ water, e.g. the
mixture of BDw consists of one part cocktail B, one part cocktail D and one part milliQ water.

Kinetic Evaluation

The binding a nity and kinetic of drugs/inhibitors (l) interacting with enzymes/proteins (P)

are described by the mass law of action (Equation 4). A logistic curve of the signal recording
the interaction plotted logarithmically against the related protein concentration is evaluated as
dose-response curve, see Figure 4.7 B [140, 141]. By the mass law of action, the binding a nity
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is de ned by the association or dissociation constant K [M 1], K4[M]), see Equation 4.

ka _ [PIT _ka_ 1
A N ORI ®)

In RIfS, the protein as sample is ushed over the sensor. These ow conditions lead to a
pseudo- rst order kinetics, with the observable rate constant kops.

(h=(eq (1 el ®)

In Equation 5, the amount of bound protein, interacting with inhibiors on the sensor surface
(surface loading at a specic time, ( t)) is de ned as the surface loading at the equilibrium
( ( eg) of the association and dissociation rate constantk, and kg and an exponential term of
kobs [119, 123, 124]. For the evaluation of the kinetic data, without consideration of the mass
transport limitations, the curved part of the association phase of a sensorgram is ttet according
Equation 5, see Figure 4.8 A. Whilekgps is de ned by k; and kg, see Equation 6, the kinetic
rate constants are calculated via a linear t of kops versus the related protein concentration[P],
see Figure 4.8 B.

Kobs = Ka [P]+ Kg (6)

3.2.6 Surface Analysis

Table 3.12: Hard- and software used for MALDI-TOF-MS, ATR-IR and Raman microscopy.

ultra eXtreme Bruker, Billerica, Massachusetts-USA
target plate MTP 384 ground Bruker, Billerica, Massachusetts-USA
steel

VIP WSO Adapter ground Bruker, Billerica, Massachusetts-USA

steel

ITO slide glass sample plates Bruker, Billerica, Massachusetts-USA

exControl 3.4 Bruker, Billerica, Massachusetts-USA

exAnalysis 3.4 Bruker, Billerica, Massachusetts-USA

mMass 3.0 Open Source Mass Spectrometry Tool, Martin Strohalm
Cary 630 FTIR Spectrometer Agilent Technologies, Santa Clara, California-USA
MicroLab FTIR Software Agilent Technologies, Santa Clara, California-USA
LabRam HR Horiba Scienti ¢, Palaiseau-France

SabSpec 6 Horiba Scienti ¢, Palaiseau-France

RIfS Transducer Preparation for Surface Analysis

Surface analysis of the transducers, is performed after RIfS analysis of kinases, but the mea-
surement protocol is stopped at di erent steps: after the dissociation or after the regeneration
phase, compare Figure 3.9. The region of the transducer, where the kinase, (FAK or the protein
mix 20 ug/mL, each) and the regeneration media (trypsin-EDTA and/or GAmCI) had contact

to the transducer surface is marked manually by scratching on the backside of the transducer),
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and the transducer is stored at £C until further analysis.

MALDI-TOF-MS Measurements
MALDI-TOF-MS measurements are performed at the working group of Prof. Martina Marchetti-
Deschmann at the Institute of Chemical Technologies and Analytics, TU Wien.

Sample Preparation on Standard MALDI Target Plate

1pL of a 0.1 mg/mL or 1 mg/mL-solution of FAK in TRIS oral pg/mL-solution of STP in TRIS
is dropped in a spot on the standard target plate and dried at ambient temperature. Afterwards,
1pL of the matrix, sinapinic acid (SA), 7 mg/mL in 30% acetonitrile and 70% tri uoroacetic
acid (0.1%) (SA7), is dropped on the spot and dried. Finally, the plate is inserted into the
MALDI-TOF instrument for analysis.

prepared sensors

copper tape for
stabilityand
conductivity

stack of three ITO slides

=

Figure 3.12: Photograph of the target plate constructed in-house for the MALDI-TOF-MS investigation of the
transducer surface. The basis target plate is an adapter onto which a stack of three ITO slides is
mounted. On top of these slides, three transducers are layed side by side and xed with conductive
copper tape.

Sample and Target Preparation for MALDI-TOF-MS Investigation of the Trans-

ducer Surface

RIfS transducers, that are only modi ed with AMD or AMD and STP, as well as the transducers
previously used in RIfS with kinases being ushed over the surface, are handled similar to the
standard target plate. A droplet of 5 L of a 0.1 mg/mL-FAK solution is placed on an AMD-
or AMD-STP-transducer and dried. Approximately 3 pL of the SA7 solution is then dropped
directly onto the dried sample on the transducer and the sample is dried. This dried-droplet
method was repeated three times: This method is named d-d3 in the following. In order to
measure STP as a sample, AMD-transducers void of STP are used.p & of a 1 ug/mL-solution
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of STP are dropped onto the transducer surface, followed by the method d-d3 after the sample
droplet has dried.

To ensure enough conductivity on the transducers during the measurements for MALDI-TOF-
MS analysis, RIfS transducers are placed on the target on a stack of three ITO glass slides and
then mounted on an adapter constructed in-house, see Figure 3.12. Three transducers are layed
side by side on top of this construction. The construct is then xed with conducting copper
adhesive tape, to assure enough stability and conductivity.

Tryptic Digestion

0.6puL of a 30uM FAK solution on an AMD-STP-transducer is dried and then tryptically di-
gested at 37C over night. The droplet with the digest solution is then dried and matrix is
added using the method d-d3. The transducer is attached to the target construct and intro-
duced into the MALDI-TOF-MS. For reference, a self-digestion of trypsin and a digestion of
the same amount of FAK as on the transducer, are prepared in solution and also incubated
at 37°C on a vibrating table at 300 rpm over night. Both blanks are dropped on the standard
target plate (1 yL), dried and overlaid with 1 pL of SA7 as matrix.

MALDI-MS Measurements

MALDI-TOF-MS-measurements are performed in a re ectron mode. The characteristics de-
pend on the sample: For FAK, the mass range is 30000-36000 m/z and a laser power of 90-100%.
The reference masses cover a range of 24-66 kDa. For STP, the mass range is 300-600 m/z with
a laser power of 50%. The reference masses cover a range of 300-590 Da. Every measurement
includes 2000 laser shots with a frequence of 2kHz, and the spectra are summarized over 16000
shots.

ATR-IR Measurements

Attenuated total re ection-Fourier transform infrared spectroscopy is conducted by Leon Bi-
esterfeld, a member of the working group of Prof. Jannika Lauth, Eberhard Karls Universitét
Tlbingen, at the Leibniz Universitat Hannover.

The transducers are placed on the ATR crystal and data recorded in the wavenumber range of
650-400cm 1. Between each measurement, the measuring tip is cleaned with isopropanol and
dried with compressed air.

Raman Microscopy

Raman microscopy on RIfS transducers is performed by Prof. Natalia Ivleva at the Technische
Universitat Minchen. Laser light is irradiated on the transducers at 785 nm with a laser lter

of 100%. The spectra are recorded with an acquisition time of 10s and 50 accumulations via
an objective with 100x augmentation.
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3.2.7 Magnetic Nanoparticles

Table 3.13: Hard- and software used for the analysis of the kinase after extraction with magnetic nanoparticles.

Cary Eclipse Fluorescence Agilent Technologies, Santa Clara, California-USA
Spectrometer

Cary Eclipse WIinFLR 1.1 (132) Agilent Technologies, Santa Clara, California-USA
SuperMag Multitube Separator Ocean NanoTech, San Diego, California-USA

Coating of Magnetic Nanopatrticles

The dextran-coating of commercial magnetic nanoparticles (see Table 3.1) is modi ed to create
a surface comparable to the senors, see Section 3.2.3. The activation of the particles follows
the protocol by the vendor: 500uL of the particle stock solution are mixed with 0.8 mg EDC
and 1.6 mg NHS in 125L MES bu er for 45 minutes on a vibrating table with 400 rpm at
ambient temperature. The particles are magnetically separated from the solution and washed
three times with PBS bu er. After activation, the particles are resuspended in 115uL PBS
and 35uL of STP solution in DMSO (1 mg/mL) and the mixture is incubated for three hours
at 400 rpm on a vibrating table at ambient temperature, see Figure 3.13. Again, the particles
are separated magnetically and washed with PBS bu er three times. Finally, the magnetic
nanoparticles coated with STP (NP-STP) are resuspended in 20QL PBS and stored at 4°C.

COOH

dextran

P — NHS + DIC > kinase
Fe;0, S ibior g :

Figure 3.13: Surface modi cation of the magnetic nanoparticles, functionalized with carboxylic acids on a
coating layer made of dextran. The refunctionalization with NHS and EDC and subsequent
covalent binding of the inhibitor via its amino group is similar to the transducer modi cation
presented in Figure 3.3. As last step, the binding of kinases to the immobilized inhibitor is
displayed.

Selective Extraction of Kinases from Aqueous Solutions using Magnetic Nanopar-

ticles with Immobilized Inhibitors

For measurements of the protein uorescence, which arises from its tryptophan moieties, the
total volume used for each measurement is 600L in TRIS bu er. FAK with a stock solution

of 1 mg/mL is incubated with NP-STP particles at a volume ratio of 1:10 (FAK:NP-STP), in-
teracting with the inhibitor on the surface, see Figure 3.13. After 15 minutes of incubation at
400 rpm at ambient temperature, the particles are separated magnetically, as shown in Figure
3.14, and the supernatant is analyzed for uorescence at 345nm. The residue is resuspended
in a solution of GAMCI (6 M) as regeneration medium and incubated for 15 minutes, 400 rpm
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at ambient temperature. The particles are removed with a magnet and the uorescence of the

supernatant is measured.
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Sktech of the kinase extraction protocol in solution with modi ed magnetic nhanoparticles.

Figure 3.14:
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RESULTS AND DISCUSSION

4 Results and Discussion

4.1 Docking Simulations: Theoretical Investigation of the Interactionss be-
tween the Chosen Model Inhibitors and Protein Kinases

Docking simulations are conducted with various protein kinases and inhibitors. Due to several
hits in the pdb-data base for one protein kinase, depending on the underlying crystal structure
of the protein, simulations are made with di erent protein structures and the average of the
simulated free binding energies are compared. The amino acid sequence of the protein kinases
available for experiments are also considered in the simulations.

In Figure 4.1, an overview over the simulated free binding energies of several inhibitors with the
binding pocket of several protein kinase structures is given. The more negative the simulated
free binding energy, the stronger are the interactions between receptor and ligand. It is al-
ready published, that protein-ligand interactions, simulated with AutoDock Vina, mostly show
binding energies between -15 and -3 kcal/mol. This well corroborates the data of this work, see
Figure 4.1 and Table 4.1, where most interactions are simulated to -12 to -6 kcal/mol [42, 43].
For data comparison in this work, only the highest binding energy for interactions in the binding
pocket is depicted. Not only is there a dierence in the energy depending on the inhibitors,
but also di erences depending on the protein kinase. Clearly, every protein kinase possesses
a speci c arrangement of the amino acids in the binding pocket, providing perfect interaction
possibilities for only a small number or even only one speci ¢ inhibitor. Based on the simu-
lations, speci c kinase-inhibitor pairings are shown to have stronger interactions than others.
Figure 4.1 shows, that fragmentl and fragment2 both show weaker interactions towards the
ATP-binding pocket of the protein kinases than STP, imatinib > dasatinib > fasudil.

Analysing the guantitative results of the docking simulations, considering the strongest simu-
lated binding in the ATP-binding pocket, it can be seen, that STP and imatinib have similar
binding energies to all kinases investigated. Both inhibitors build the strongest interactions
to the proteins' ATP-binding pockets. This nding corroborates literature studies, where STP
was found to be a good inhibitor for ATP-binding kinases [19 21, 23, 44, 46]. Cavasotto et al.
also showed high binding energies of -8.2 kcal/mol for the interaction of the catalytic subunit of
PKA with STP, as in this thesis the binding energies of -8.6 kcal/mol are calculated.

Imatinib, which is approved as a drug to inhibit the enzyme BCR-ABL, was not expected to
show only this little selectivity towards other tyrosine- or serin/threonine-kinases, as it can be
seen in Figure 4.1. Nevertheless, other studies also showed inhibition of several other kinases by
imatinib [2, 26]. Several kinases (ABL1, ABL1 (T351l), CLK1, MAPRS8, MAPK10, KIT, LCK),
which interact with both STP and imatinib, had K 4-values for STP similar to those of imatinib
[142]. As seen in Figure 4.1 and also depicted in Table 4.1, interactions of imatinib with all
investigated kinases are simulated to have free binding energies between -9.6 and -8.4 kcal/mol.
Some of the simulated binding energies are even higher with imatinib than with STP, see Table
4.1, however, the di erences in binding energies between the inhibitors STP and imatinib to all
investigated kinases were not signi cant.

43




RESULTS AND DISCUSSION

-12 4

UL 1

24

simulated free binding energy / kcal/mol
s
-
=
=

0-
FAK PKA PKB SYK TGFb

I sTP [l STP-PEG-OMe [ H89 Il dasatinib imatinib [0 fasudil [l fragment 1 fragment 2|

Figure 4.1: The simulated free binding energies of various kinase-inhibitor pairs show the speci city of the
interaction. All docking simulations are calculated with several protein kinase structures with the
inhibitors present in the protein binding pocket. Binding energies between -15 and -3 kcal/mol are
common for protein-small molecule simulations with AutoDock Vina [42, 43].

Dasatinib, also an established drug in similar pharmaceutical application as imatinib [26], shows
slightly lower binding energies than imatinib of -8.8 to -8.1 kcal/mol. The two fragments are
simulated to lower binding energies than the other inhibitors (-7.4 to -6.3 kcal/mol). This nd-
ing is common in literature, where fragments are often found to have lower binding a nities.
During the drug development process, suitable fragments are linked together, building an in-
hibitor with higher binding energies. [143 147]. This could be a reason, why fragmentl and
fragment2 are not intensively discussed in literature as molecules of pharmaceutical interest.
The two fragments were tested based on promising results in a dissertation [148].

To investigate changes in binding energies, when STP is covalently bound to the transducer su
face via a biopolymer linker (see Section 4.3.1), simulations with STP-PEG-OMe are conducted,
in addition to the unaltered inhibitors. The simulated binding energies for STP-PEG-OMe are
lowered to 64-84% of those of free STP, depending on the kinase investigated, compare also
Table 4.1. This provides evidence that the linker impairs the interaction with the protein as the
orientation of the molecule in the binding pocket might be hindered. These results are the rst
indication that modi cations of the small molecule, e.g. labeling, in uences the interactions
with the protein. Thus, a decreased interaction between STP, that is covalently bound to the
transducer surface, and the kinases investigated can be presumed.

Since all previous discussed results are from simulations in the ATP-binding pocket of the ki-
nases, by widening the simulation range, interactions of inhibitors with the whole protein are
conducted as well, showing strong interactions outside the binding pocket. In nearly all com-
binations of proteins and inhibitors, the two conformations with highest binding energies are
located in the binding pocket. Further conformations are often found for non-speci ¢ interaction
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sites with free binding energies of 84 up to 95% of the simulated a nities in the ATP-binding
pocket. In Figure 4.2, the simulation of the nine strongest binding modes are shown exemplarily
for STP as ligand simulated with the FAK fragment which is used in the experimental part
of this work. These docking simulations show, that non-speci c interactions are likely, even
though the two highest a nities are found in the ATP-binding pocket.

Figure 4.2: The output of the docking simulation of STP with the FAK fragment is shown: a and b: all nine
simulated STP positions on FAK, 1-9: simulated STP positions are shown separately, sorted from
high to lower binding strength, 1: -8.1kcal/mol, 2: -7.4 kcal/mol, 3: -7.2 kcal/mol, 4: -7.1 kcal/mol,
5: -7.1kcal/mol, 6: -7.1 kcal/mol, 7: -6.9 kcal/mol, 8: -6.9 kcal/mol, 9: -6.8 kcal/mol. The structures
in 3-7 and 9 are rotated clockwise by 90° along a vertical axis for better visualization.
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Table 4.1: All simulated free binding energies for the strongest interaction between di erent inhibitors and
protein kinases simulated over the full protein and in the binding pocket, see adjustments for the
GridBox in Section 3.2.1. For most protein kinase inhibitor pairs, the strongest binding of the whole
protein lays in the binding pocket. Simulations of the inhibitors interacting only in the SYK binding
pocket were not conducted.

Inhibitor Protein Simulated Free Binding Energy [kcal/mol]
Kinase
full protein in binding pocket
FAK -7.9 -8.1
PKA -8.7 -8.2
dasatinib PKB -8.8 -8.8
TGF -8.6 -8.7
SYK -7.9
FAK -7.4 -7.4
PKA -7.3 -7.2
fasudil PKB -7.4 -7.4
TGF -7.9 -7.9
SYK -7.2
FAK -6.4 -6.3
PKA -6.8 -6.6
fragmentl PKB -6.4 -6.4
TGF -7.4 -7.4
SYK -6.5
FAK -6.4 -6.3
PKA -6.7 -6.6
fragment2 PKB -6.2 -6.4
TGF -6.4 -7.2
SYK -5.8
FAK -6.9 -7.2
PKA -7.5 -7.6
H89 PKB -7.1 -7.2
TGF -8.1 -8.3
SYK -6.6
FAK -8.0 -9.0
PKA -8.6 -8.4
imatinib PKB -8.3 -9.3
TGF -9.4 -9.6
SYK -8.4
FAK -8.9 -8.6
PKA -9.1 -8.6
STP PKB 9.1 -9.5
TGF -11.0 -9.7
SYK -8.4
FAK -7.2 -7.2
PKA -7.3 -5.5
STP-4PEG-OH PKB -7.5 -7.5
TGF -8.3 -7.0
SYK -6.5
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4.2 Microscale Thermophoresis: Experimental Con rmation of Simulations

Results of the docking simulation in Section 4.1 are compared to MST measurements. Using
labelled STP (STP-Red) uorescence detection, direct and competitive assays are performed.
In the direct assay, the concentration of STP-Red is held constant while protein kinases are
titrated.

Because the MO.Control Software automatically chooses the set point for evaluation depending
on a quality check based on the S/N ratio, the evaluation of every experiment slightly di ers.
The set point in uences the output of the evaluation, in extreme cases by changing the direction
of the dose-response curve. Therefore, the set point is de ned manually for all experiments,
regardless of the quality check. For all evaluations, the set point is de ned at 2 seconds after the
laser was turned on. Measurements in speci ¢ capillaries are rated to be outliers, if there is a
visible inconsistency of the initial uorescence signal, which is given by the MO.Control Software
for every capillary. The evaluation is conducted using the software origin. The sigmoidal
dependency of the dose-response curve directly reveals th€ 5o-value as the in ection point.
Using the concentration of STP-Red in the assay and thelCsp-value, the K 4-value can be
calculated by a modulation of the Cheng-Pruso relationship, shown in Equation 7, where the
IC 5p-value is higher than or equal to theK 4-value [149, 150].

c(STP Red)

Kg=1Cso 5

()

Depending on the small amount of STP-Red required for the assays, there is no su cient
di erence comparing the two thermodynamic values, as can be seen in Table 4.2.

Clearly, STP-Red interacts with dierent protein kinases, which are all described as ATP-
competitive. All kinases investigated (FAK, PKA, PKB, protein mix, TGF ) strongly interact
with STP-Red, resulting in evaluable uorescence signals. By increasing the concentration of
the kinase, the uorescence signal decreases faster. From capillary 1 to 16, which are inserted in
the Monolith NT.115, the concentration of kinase is reduced by a factor of 2 in every capillary.
Exemplarily, the uorescence signal of all 16 capillaries is shown in Figure 4.3, A. STP-Red
molecules that interact with the kinases in the protein mix as target, are thus involved in a
complex with a larger size. Therefore, their Brownian motion changes, which in uences the
increase of the uorescence signal after the laser of the MST investigation was turned on. In
Figure 4.3 A, an increase of the uorescence signal with decreasing concentration of protein
mix (from capillary 1 to 16) is shown, which indicates an interaction between STP-Red an the
protein mix. Similar behavior is recorded for the other kinases.

K g-values of the direct MST measurements with STP-Red and di erent kinases, which are
calculated via the IC sp-values, de ned as the turning point in the dose-response curve in Figure
4.3 B, are shown in Table 4.2. All values are in the same order of magnitude (606 nM -1.2iM
K4), indicating similar interactions between the dierent kinases and STP-Red. This well
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Figure 4.3: A: Fluorescence curves of the MST measurements of STP-Red as labelled compound in interaction
with the protein mix. Capillary 1 is with the highest protein concentration, which is halfed every
next capillary. B: Dose-response curve of the MST measurements of STP-Red as labelled compound
in interaction with the protein mix. The coe cient of determination is 0.981. More information on
these graphs is given in Section 3.2.2.

corroborates the ndings from the docking simulations in Section 4.1, where similar binding
energies of the kinases to STP are simulated (-8.6 to -9.7 kcal/mol): As the binding energy and
the dissociation constants are connected in the Van't Ho equation (Equation 8). A stronger
binding ( G more negative) is found for higherK ; and smaller K 4-values.

,G= RT In(Ka)= RT In(Kg) 8)

Table 4.2: Dissociation constants calculated by MST measurements with STP-Red as uorophore at constant
concentration and di erent protein kinases titrated using 16 di erent capillaries. The K 4-values are
evaluated by the 1C sp-values of the dose-response curves (Equation 7) and the concentration of the
STP-Red in each assay of 40 nM.

Protein Kinase ICsg Ky

FAK 802nM 796 nM
PKA 626 nM 606 nM
PKB (AKT1) 1.28 uM 1.27uM
protein mix 793nM 788 nM
TGF 820 nM 800 nM

To not only illustrate the direct interactions with protein kinases and STP, additional com-
petitive displacement assays are conducted. For this, STP-Red and the kinase concentration
are held constant, forming an STP-Red/kinase-complex. Then, the complex is titrated with
free inhibitors BisX, fasudil and imatinib to replace STP-Red from the kinase releasing the
complex. Dierent concentration ratios to STP-Red are tested, with the concentration of free
inhibitor at 4 orders of magnitude higher than STP-Red at maximum and one order of magni-
tude lower than STP-Red at minimum. In theory, the dose-response curves should be reversed
in their direction compared to one of the direct assay, if the unlabeled free inhibitors interact
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with the kinase competitive to STP-Red, displacing the uorescent STP-Red molecules from
the protein, see Figures 4.4 A and B. This was observed for BisX, where the increase of the
BisX concentration decreases the uorescence signal. However, titrating fasudil or imatinib to
the STP-Red/kinase-complex, Figure 4.4 C and D, the contrary is observed: With increasing

concentration of the free inhibitor, the uorescence signal increases, reversing the slope of the
dose-response.
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Figure 4.4: Results of the competitive MST measurements with uorescent STP-Red and FAK in a complex
at a constant concentration (STP 40nM, FAK 40 pM). Competitive inhibitors are titrated. The
uorescence is normalized to the origin uorescence of each capillary prior to the measurements.
A: uorescence signal with BisX as free inhibitor, B: corresponding dose-response curve with a
coe cient of determination of 0.990, C: uorescence signal with imatinib as free inhibitor, D:
corresponding dose-response curve with a coe cient of determination of 0.985.

Due to the measurement setup and evaluation mode of MST, the direction of the dose-response
curve cannot provide information about the a nity between the inhibitors and kinases. Spe-

ci ¢ assay conditions such as pH-value, type of formed complex or additives also in uence the
uorescence. For instance, measurements in bu er and cell lysate may show di erent slopes of
the dose-response curves. Measurements with di erent uorescence labels and the detection of
initial tryptophan uorescence of the protein, or autocompetition with unlabeled compounds

can also in uence the slope of the dose-response curves [109] [151, 152]. No dependence of the
curve by single or multiple binding towards the protein was found in other studies, which could
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be another explanation for the shapes in the uorescence signal is given [151]:

The structure of BisX is highly similar to STP, see Figure 3.4, so it is expected to be more
competitive to the STP-binding sites of the kinases than fasudil or imatinib. In the MST mea-
surements BisX replaces STP-Red upon increasing its concentration, resulting in a disruption
of the STP-Red/kinase-complex. This release of STP-Red initiates the opposite e ect of the
uorescence signal, compared to the direct assay. Fasudil and imatinib have di erent molecu-
lar structures compared to STP and can therefore be expected to interact with the kinase in
di erent regions and likely in addition to STP-Red. With increasing concentration of fasudil
or imatinib, the STP-Red/kinase-complex will thus further increase in mass. This e ect is
comparable to the formation of the STP-Red/kinase-complex in the direct assay and similar
dose-response curves as in the direct assays are observed. This holds true for all three proteins
tested: FAK, PKA and TGF

Figure 4.5: Structure of the FAK fragment in spheres, after docking simulations with di erent inhibitors, as
already shown for STP-Red interacting with FAK in Figure 4.2 b. The nine interactions sites of
the inhibitors with the highest binding energy of each complex are depicted in each panel. a: STP
- b: BisX - c¢: fasudil - d: imatinib.

This hypothesis is con rmed by comparison with the results of the docking simulations for
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these four inhibitors with FAK. Considering the nine binding sites, shown in Figure 4.5, with
the highest simulated binding energies of BisX to FAK (Figure 4.5 b) only two regions of the
kinase are occupied. These are two regions, that are also involved in the interaction with STP,
see Figure 4.5 a. During the MST analysis, STP-Red rst becomes complexed by the kinase
and may become replaced by BisX, fasudil or imatinib when added at di erent concentrations.
If the free inhibitor had the same binding sites as STP-Red on FAK, a competitive displacement
assay would be present. This is true for BisX being in contact with FAK replacing STP-Red in
the complex. STP-Red is then present in the solution in its uncomplexed free form. However,
the other inhibitors are likely to occupy di erent binding sites on the kinase, compared to those
speci ¢ for STP, which can be expected by the Figures 4.5 ¢ and d. This holds true for the
docking simulations of fasudil and imatinib interacting with FAK.

This hypothesis however, is not in accordance with literature or supporting information pro-
vided by nanotemper [109, 151, 152], but well supported by the data and well explaining the
di erences in the slopes of the dose-response curves obtained by MST in this study, where in
constant assay conditions (pH value, additives), only the inhibitor did change.

An advantage of the competitive assays over the direct assays is the detection of the kinases
interacting with unlabeled inhibitors, which reduces in uences on the binding characteristics as
already discussed in Section 2.

As in the competitive assays, the concentration of the kinase is held constant, th& 4-values
are equal to theIC 5p-values. The results of the competitive assay are iven in Table 4.3. It can
be seen, that the constants describing the a nity, K4 and IC 5, di er dependent on the ratio
STP-Red:kinase as well as on the inhibitor added. For fasudil and imatinib, the thermodynamic
values are higher than the ones for BisX, while imatinib more stongly binds to the kinases than
fasudil.

Table 4.3: Dissociation constants calculated from MST measurements with STP-Red and di erent protein
kinases in competitive assays titrating the inhibitors BisX, fasudil or imatinib. The K 4-values are
equal to the IC5p-values of the dose-responce curves due to the low concentration of the kinase in
each assay, see Equation 7. Fasudil and imatinib were not tested against all ratios of STP-Red to
the protein kinases.

Protein Ratio Kg = ICsgo
Kinase STP-Red:Kinase

BisX fasudil imatinib
FAK 11 860 nM 125uM 32uM
FAK 1:2 43 uM
PKA 1:2 46 uM 202uM 42 uM
TGF 1:2 3uM 48 uM 27 uM
TGF 1.22 544 nM

Dierent K 4-values for the same kinase-inhibitor pairs at di erent ratios of STP-Red to kinases
show, that the thermodynamic of the interaction not only depends on the inhibitor chosen, but
also on the concentration of the kinase used in each assay. This shows, that a fair comparison
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of a nity constants to published data is di cult.

There is a lack of published a nity data for the protein kinase-inhibitor pairs investigated
here. Available data from literature are given in Table 4.4. The comparison reveals, that MST
investigations in this work result in higher thermodynamic values than those published, di ering
by up to two orders of magnitude. Di erences can, however, be expected with regard to di erent
assay types, analytical methods and data evaluation. Furthermore, the MST data are created
with labeled STP, which might further change a nities.

The comparison of the data in Table 4.4 with the results of the theoretical docking simulations
as well as the experimental investigations with MST show, that interactions of the protein
kinase-inhibitor pairs, can be expected to be su cient for a further development of RIfS assay.

Table 4.4: A nity data of di erent protein kinases and inhibitors evaluated by MST and compared to literature

data.
Protein MST Literature
Kinase
Kg/ IC50 Ky ICso Assay Type Source
fasudil
PKA 202 uM 5.7 uM SPR [153]
STP
FAK 796 nM/802nM  10-100 nM uorescence [154]
microscopy in
cells
8.2nM enzyme assay  [46]
PKA 606 nM/626 nM  2nM 1.2nM enzyme assay  [44]
5nM 15nM phosphorylation [45]
assay
TGF 800nM/820nM 50nM labeled to [155]
(TGF ) RNA,
hybridization
in cells
various inhibitors
FAK 0.07 nM- 0.6-50 nM Review [156
20uM 158]
PKA 2nM- phosphotrans- [159,
500uM ferase assay 160]
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4.3 Sensor Measurements: Transfer from Simulated and Experimentally
Proven Systems to New Methods for Kinase and Inhibitor Screening

4.3.1 Direct Assays

Direct assays on a RIfS transducer are the rst step in the development of a sensor method
to perform binding inhibition assays as well as kinase and inhibitor screening. In pre-tests a
transducer with AMD immobilized as biopolymer performed better than PEG surfaces. The
biopolymer layer not only increased the distance between the glass substrate and the inhibitor
covalently bound to the biopolymer, creating a higher exibility for sterically hindered inter-
actions with larger binding partners, but also best prevented any non-speci ¢ binding of the
protein to the sensor surface. Tests with ovalbumin, human and bovine serum albumin on an
AMD-transducer as well as on an AMD-STP-transducer did not reveal any changes in optical
thickness, see Figure 4.6. This proves, that the AMD-layer is e ective in preventing non-speci c
binding of proteins and also non-speci ¢ binding to STP bound to the transducer.

—— OVA 1 M on AMD-sensor BSA/HSA 1 M each, on AMD-Sensor
[—— OVA 1 M on AMD-STP-sensor BSA/HSA 1 M each, on AMD-STP-Sensor|

0.02 +

0.00 il

optical thickness / nm

-0.02 4

T T T T
0 500 1000 1500 2000
time/s

Figure 4.6: Diverse proteins (ovalbumin (OVA), human serum albumin (HSA), bovine serum albumin (BSA)),
are each measured in a concentration of 1M in RIfS using an AMD-transducer and an AMD-
STP-transducer. The lack of changes in optical thickness proofs the prevention of non-specic
interactions of possible matrix proteins with the sensor surfaces, see Section 3.2.5.

To calculate kinetic data of the interaction between the protein kinase and the inhibitor which

is bound to the sensor surface, a concentration series of a kinase is measured in RIfS. First,
interactions between FAK as kinase and STP as inhibitor on the transducer are analyzed, see
Section 3.2.5. Except of the highest concentration, the measurements are conducted in tripli-
cates. A clear increase in optical thickness indicates the binding of FAK to the inhibitor, see
4.7 A, however, a high endline reveals insu cient regeneration of the sensor surface. Thus,
each measurement is performed on a newly produced transducer. Strategies to overcome the
regeneration challenges are discussed in Section 4.3.2. Owing to a certain variability of the
surface of the individual transducers, prepared manually, the measured changes in optical thick-
ness slightly di er with a standard deviation between 0.001-0.147 nm. During the dissociation
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optical thickness / nm
change in optical thickness / nm

time/s concentration / nM

Figure 4.7: A: Binding curves of direct assays in RIfS using di erent FAK concentrations (from 1  pg/mL up to
100pg/mL) on AMD-STP-transducers. Each measurement is performed on a new transducer. B:
Dose-response curve of the RIfS measurements displayed in A. The coe cient of determination is
0.932.

phase, no dissociation of the FAK from the sensor is seen, which would be common for RIfS
[119, 123, 124, 161]. Reasons are discussed in Section 4.3.2.

For further kinetic evaluations, the results of triplicate measurements per concentration are av-
eraged and the change in optical thickness is plotted against the concentration in a logarithmic
scale to obtain dose-response curves. With a high coe cient of determination of 0.932, the
expected sigmoidal dependence is apparent.

A kinetic evaluation of the sensograms is reached following common protocols as described in
Section 3.2.5: The curvature of the association phase in the binding curve is tted exponentially,
as described in Section 3.2.5. An example of such a t is displayed in Figure 4.8 A. By plotting
the observable rate constantkq,s against the protein concentration, a linear dependency with
a coe cient of determination of 0.726 is obtained, see Figure 4.8 B for the association of FAK
on an AMD-STP-transducer. The low correlation coe cient can be explained by the fact, that
each measurement was performed on a new transducer, reducing the reproducibility. As ex-
plained earlier in Section 2,k and kq can be calculated by the observable rate constankgy,s and
its linear dependency on the protein concentration. In Figure 4.8 B,kqps is displayed for each
concentration of FAK. The slope of the linear regression de ningk, is 1.24L mol ! s 1, the
intercept Kq is 2.610 3s 1. The calculation of the dissociation rate constant would be possible
via the intercept here, but error-prone. More precise data could be generated by evaluating the
curvature of the dissociation phase in the sensogram [123]. However, for the kinases, no disso-
ciation is observed in RIfS, see Figure 4.7 A. Thus, the dissociation constark 4 is estimated
form Figure 4.8 B to 18.19 nM.

ka _ 0:022565s 1
ko, 0:00124L nmol 1s 1

Kg= =18:19nM 9)

Comparing the values obtained by MST vs. RIfS, a di erence of over 1.4 orders of magnitude
is present for the dissociation constantK 4 for the interaction between STP and FAK: 796 nM
(MST) vs 18.2nM (RIfS), see also Table 4.5. It seems, that the heterogeneous assay on the
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Figure 4.8: A: Example of an exponential t of the curvation of the binding curves in Figure 4.7. The t

is calculated using the average of the triplicate measurements for each protein concentration. B:
Linear t of the observable rate constant kgus from the association and dissociation rate constants.
Kops is determined by the exponential data of the curvature in A. The coe cient of determination

is 0.726. Kinetic data: ka=1:24L mol 's ! ky=2:5103s ! Kyq=18:19nM.

sensor results in a stronger interaction of the protein with the inhibitor-loaded surface, than the
direct interaction in the homogeneous assay of MST. Regardless of the data compared here from
two di erent measurement methods, more precise data are often evaluated for heterogeneous
assays, as homogeneous methods are more susceptible to, for example, matrix e ects [162]. The
strong interactions are already expected form the lack of a dissociation and the challenges in
regeneration. Similar data can be found in already published data, e.g. by Kabir et al. who
describedK y4-values from 10-100 nM evaluated via uorescence microscopy, even in cells [154].

Similar experiments with direct assays using concentration series were performed with [L1e ec-
tometry. Besides the excited light, another di erence to RIfS measurements is the output of
the data. While RIfS measures the changes in the optical thickness, lL-re ectometry records
the changes in the intensity of the recorded images. As in RIfS sensograms, inl 1lre ectometry
no dissociation is observed. The kinetic evaluation of the data is the same. Experiments are
conducted with the protein mix, consisting of various proteins, including PKA, see Section
3.1. To enable a rough estimation of the binding kinetics, the assumption is made, that all
protein in the protein mix is PKA. The transducer of the concentration series of the protein
mix is modi ed with AMD and STP and the analysis of the sensograms reveals thermodynamic
Kg4 values of 20nM by exponential evaluation. This is well corroborated by diverse studies
with autoradiography, enzyme or phosphorylation assays and uorescence polarization with
K g-values between 5 and 44 nM andC 5p-values between 1.2 and 15nM [20, 21, 44, 45]. On
other transducers, another inhibitor fragmentl is immobilized and a K 4-value of 319nM is
determined for the protein mix as titrated analyte. Clearly, the assay developed here is able to
determine di erences in the kinetic behavior depending on di erent protein-inhibitor pairings.
These results serve as a proof of principle: Kinase screening in the heterogeneous phase is
possible, using either RIfS or 1} re ectometry.

With the assumption made before, that all proteins in the protein mix are PKA, a compar-
ison to docking simulations and the results is possible. As seen in Table 4.5, the simulated
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Figure 4.9: Binding curves of a direct assay of the protein mix from analyses by 1-1 re ectometry using a
new transducer for each measurement, with two di erent inhibitors immobilized on the transducer
surface A: on an AMD-STP-transducer, B: on an AMD-fragmentl-transducer, for structures of
inhibitors see Figure 3.4. For a better visualization and comparability to RIfS sensograms, the
signals of the 14 re ectometry are inverted.

binding energies for the system STP-FAK and STP-PKA are similar with -8.9 kcal/mol and
-9.1 kcal/mol. Likewise, the K y4-values determined by the sensor assays are similar with 18 nM
for the system STP-FAK and 20nM for STP-protein mix. Furthermore, also from examining
the corresponding MST measurementsK 4-values similar for STP-FAK, STP-PKA and STP-
protein mix obtained (796 nM, 606 nM and 788 nM). In contrast, for the systems fragmentl-
PKA and fragmentl-protein mix a weaker binding energy of -6.8 kcal/mol was simulated, well
re ected by the higher K 4-value of 319 nM, determined with 11 re ectometry. Di erences be-
tween kinase-inhibitor-pairs can be determined by docking simulations, MST and the sensor
assays in RIfS and 1+ re ectometry. Absolute values dier as expected from experimental
di erences for MST and the biosensor assays.
Table 4.5: Dissociation constants determined experimentally by MST and RIfS (in blue) or 1- | re ectometry
(in purple) in direct assays compared to the simulated free binding energies of various inhibitors on

the full protein structure, see Table 4.1. Since the protein mix is evaluated, assuming all proteins
being PKA, the values are compared directly, data from puri ed PKA are highlighted in bold.

Inhibitor Protein Kg [nM] Simulated Free
Kinase Binding Energy
[kcal/mol]
MST Sensors docking simulation
fragmentl PKA , 319 -6.8
protein mix
STP FAK 796 18 -8.9
STP PKA , 606, 788 20 -9.1
protein mix

4.3.2 Regeneration

All investigations on the sensors show insu cient regeneration, regardless of the conducted as-
say and the kinase-inhibitor pair used. Therefore, each measurement requires a new transducer,

56




RESULTS AND DISCUSSION

which turns RIfS and 1- re ectometry into less sustainable methods. A further challenge is
the lower reproducibility of measurements, owing to variations of the transducer surfaces intro-
duced by the manual preparation of the transducers. In order to improve the regeneration of
the sensors, a large study on regeneration media is conducted.

As described in Section 3.2.5, two di erent strategies are investigated: rst, classical regenera-
tion media known for sensor investigations are tested primarily while second, di erent cocktails

of regeneration media are screened.

The classical regeneration media are composed of chaotropes, detergents, acids or bases, as
summarized in in Figure 3.11. Various combinations are investigated. According to Equation

3, the regeneration e ciency is determined, see Figure 4.11.

1.6 FAK
4 pg/mL

1.4 4 Tween20 SDS

4 mM

1.2 1-butanol
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Figure 4.10: RIfS sensograms of the regeneration study with micelles. After an association of FAK on the
AMD-STP-transducer and a regeneration experiment with Tween20, SDS is ushed over the sensor
with the expectation to form mixed micelles with Tween20 [163 167]. By ushing 1-butanol, the

micelles are expected to be removed from the sensor surface. TheRe of 14% shows unsuccessful
regeneration.

The best regeneration is achieved with a combination of HCI followed by an aqueous solution
of SDS, a single regeneration cycle reaches an e ciency dR¢=95% in some experiments. In
others, however, only 45% regeneration e ciency was reached. Using 5% Tween2@.-values

of 76% are reached consistently. However, the association in a second analysis of kinases on
the same sensor shows, that the sensor surface is a ected, visible in a lower increase in optical
thickness of only 24% of the original association signal. Detergents as regeneration media are
expected to disrupt intra- and intermolecular interactions of the protein, while neutral deter-
gents, such as Tween or Triton, are described to be less destructive than ionic detergents, such
as SDS [168]. Additional to the expected regeneration characteristics, Tween20 is known to
prevent adsorption of proteins such as those present on the sensor [169]. Tween20 or Tween80
are often included in MST measurements to prevent the sorption of the the protein to the
capillaries' inner surfaces. Additional washing cycles did not improve the association in further
uses of the sensor. So despite acceptable regenerations, Tween20 alone is not further considered
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as regeneration medium.

However, Tween 20 is further tried to be removed from the transducer surface. After regeme
ation with Tween20 (4 mM), an aqueous solution of SDS (20 mM) is ushed over the sensor,
since SDS is known to form micelles. The critical micellar concentration for SDS is 4-8 mM,
decreasing with addition of additives or in bu er to 2-3mM. Thus, mixed micelles with SDS
and Tween are expected to be formed [163 167]. By ushing the sensor with 1-butanol, the mi-
celles and all free detergent molecules are expected to become removed from the sensor surface.
However, this process fails to restore the original optical thickness, as seen in Figure 4.10 and
by the low Re-value of 14%.

Unfortunately, neither of the other regeneration media tested nor combinations thereof reach a
regeneration e ciency of more than 25%.

The experiments with classically known regeneration compounds and the combination of them
are performed dependent on practical experience. In the second approach, a well known strat-
egy to search suitable regeneration media is followed: using cocktails as described by Andersson
et al [139]. Each cocktail consists of several compounds with similar chemical properties, sum-
marized in Table 4.6 in Section 3.2.5. By combining the compounds in cocktails, such as formic
acid, phosphoric acid, malonic acid and oxalic acid for the acidic cocktail, see also Table 4.6,
the in uence of the regeneration media on the protein-surface interactions can be intensi ed
and the best characteristics for regeneration may be determined. Originally, the method was
applied in SPR to break antibody-antigen interactions, but is used here to establish a suitable
regeneration protocol [139].

First, each cocktail in Table 4.6 is tested separately. The acidic cocktail A and the basic cock-
tail B work based on changes in the pH value and thus ionize the side groups of the protein,
which changes its charge and breaks electrostatic forces leading to a denaturation of the protein
[170 172]. Working with glass transducers as in RIfS and 1I- re ectometry, bases can damage
the glass substrate irreversibly, so the concentration has to be kept low [139, 173]. Chaotropes
in cocktail C are expected to denature proteins by interfering with their hydrophobic environ-
ment and therefore impacting hydrogen bond formation and ionic strength. The same should
apply for non-polar, water soluble compounds as combined in cocktail U [139]. Less harmful to
the transducer substrate than the pH changes is the in uence of salts (cocktail 1, ionic) on the
coulomb interactions of the protein and the sensor surface [139, 173]. All these alterations in the
protein structure, charge or environment also in uence the interactions between the proteins
and the inhibitors, resulting in weaker binding and regeneration. Unfortunately, non of these
cocktails, each used as a regeneration medium alone, result Re>37%. Therefore, the cocktails
are mixed to combine their e ects. As de ned in Section 3.2.5, each mixture consists of three
fractions of equal volume, which are either a cocktail or milliQ water. The mixture is named
with a three-letter code, such as UDw (one part cocktail U + one part cocktail D + one part
milliQ water). Each mixture is treated as one individual regeneration medium.

The mixture of DUw, detergents mixed with non-polar water soluble solutions, shows promising
results with an e ective regeneration of 97%. However, also in the cocktail mixture, the use of
detergents for regeneration reduces the sensor capacity, visible in diminished kinase association
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in subsequent assays. The mixture BDw is second best with 75% regeneration. Again, deter-
gents are part of the mixture. The association of kinase in a second assay on the sensor after
the regeneration was, however, not impaired. The elevated pH value of the cocktail seems to
prevent the impact of detergents on the sensor surface and thus on further FAK association.
However, a regeneration e ciency of 75% is insu cient.
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Figure 4.11: RIfS binding curves of various regeneration cycles on an AMD-STP-transducer after the asso-
ciation of FAK 40 pg/mL (black signal at the beginning). Regeneration tests with the cocktail
mixtures of Cww (black, Re=7%), BCw (gold, Re=13%), ACw (red, Re=27%) and UCw (blue,
Re=61%) are displayed, all showing insu cient regeneration. Table 4.6 summarizes the composi-
tion of the cocktails.

The cocktail C of chelating compounds and also mixtures with this cocktail C, show regeneration
e ciencies lower than 40%. The goal of EDTA in cocktail C is to competitively bind metals
from proteins and therefore change the protein folding [169]. No signi cant in uence of the
regeneration with mixtures including cocktail C is observed and thus, cocktail C is not further
investigated.

The most promising cocktails U, D and B are further investigated, e.g. as the mixtures DUU,
BDU, UUw, UUU. With an Re-value of 71%, the mixture of UUw shows good regeneration in
combination with a good reproducibility. FAK association in subsequent assays is successful,
reaching an optical thickness of 85-90% of the original value. Rvalues of 75% and 71% by the
cocktail mixtures BDw and UUw for the system FAK interacting with the AMD-STP-transducer

are not su cient to increase the precision compared to single measurements, each on a new
transducer, as described in Sections 4.3.1 and 4.3.4. Other mixtures and new combinations do
not improve the regeneration.

In Table 4.7, the best mixtures for FAK regeneration are highlighted in bold. A possible
explanation for the failure of complete regeneration is, that FAK can interact with STP also
outside the ATP-binding pocket in an allosteric binding mode as already discussed in Section
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4.2 and veri ed with the docking simulations (Section 4.1). It is thus likely, that one molecule

of FAK is involved in several interaction with the STP molecules on the transducer, forming a
tightly bound protein layer on the transducer surface. This layer might be hard to disrupt by
the regeneration media, due to a limited access to the binding regions of the proteins to the
surface.

In order to avoid additional allosteric binding of the kinase to the transducer surface, self-
assembled monolayers are investigated. Instead of AMD as biopolymer layer on the transducer,
two polyethylene glycoles (PEGS) are used in a mixture, see Section 3.2.3: a short PEG with
a non-reactive end towards the aqueous phase and a long PEG providing an amino-surface
also towards the aqueous solution. The amine is used to covalently couple the inhibitor. With
di erent ratios of these two PEGs during the surface modi cation, an amount of the inhibitor,
diluted speci cally to 1/10000 per possible binding site, is reached. This transducer modi cation

is hoped to prevent several binding sites of the protein to be involved in the interactions with
the inhibitors on the surface as well as provide a binding partner to the protein, further away
from the transducer surface to interact in the ATP-binding site without steric hindrance.

All investigations with PEG instead of AMD show smaller changes in the optical thickness for
the association of protein kinases. Furthermore, the regeneration of the kinase associated on
self-assebled monolayers could not be improved. Therefore, the method with self-assembled
monolayers, is not further investigated.

For TGF b, the cocktail mixture UUw only reaches a regeneration of R=33%, compared to
Re=71% for FAK. Regeneration tests with the mixed cocktail approach with TGF b on an
AMD-STP-transducer show best results with the cocktail mixture UDw and a regeneration

e ciency of Rg=50%. In Table 4.7, the best mixtures for TGFb regeneration are highlighted

in italic.

Table 4.6: Overview on regeneration cocktails, according to [139].

Label Ingredients in Water

A - acids FA, H;PO,, malonic acid, oxalic acid - each 0.15M - pH5 (with
NaOH 1 M)

B - bases ethanolamine, glycine, NgPO,, piperazine - each 0.2M - pH9.2
(with HCI 1 M)

C - chelating Na, EDTA - 20mM

D - detergents CHAPS, Triton X-100 - each 0.3% (w/w), Tween20, Tween80,
Zwittergent 3-12 - each 0.3% (v/v)

| - ionic GdmCl (1.83 M), KSCN (0.46 M), MgCl , (1.83 M), urea (0.92 M)
U - non-polar 1-butanol, acetonitrile, DMSO, EtOH, formamide - in equal
water soluble amounts

Reasons for the regeneration di erences regarding di erent kinases are di erences in the protein
structures (primary to quarterny) with di erent interaction sites and binding energies. As seen
in the docking simulations in Section 4.1 and also in the results of the competitive assays
investigated with MST in Section 4.2, the inhibitors bind in the ATP-binding pocket, but also
nonspeci ¢ interactions outside of this region are likely. Both interaction types are di erent
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for every protein kinase resulting in a di erent number of binding sites and strengths of the
association, changing the requirements on the regeneration.

Table 4.7: Overview on tested combinations of regeneration cocktails, see Table 4.6. All cocktails are mixed
with three equal volumes of the cocktails, indicated by a three-letter code. In most experiments the
third part is milliQ water, represented with a w. Mixture abbreviations given in bold show best
regeneration for FAK, italic written mixture abbreviations show best regeneration for TGF b both
on an AMD-STP-transducer. Re-values of the best FAK regeneration are added, even though not
all are reproducible, according to [139].

A B C D I U
A Aww, - BAw, 18% ACw, 30% ADw, 67% Alw, 21% AUw, -
B BAw, 18% Bww, 17% BCw, 19% BDw, 75% BDU, 30%
BDU, 30%
C ACw, 30% BCw, 19% Cww, 4% DCw, 41% ICw, 9% UCw, 68%
D ADw, 67% BDw, 75% DCw, 41% Dww, 6% IDw, 23% DUw, 97%
BDU, 30% BDU, 30%
UDw, 19%
DUU, -
I Alw, 21% ICw, 9% IDw, 23% Iww, 20%
U AUw, - BDU, 30% UCw, 68% DUw, 97% Uww, 58%
UDw, 19% UUw, 71%
BDU, 30% UUU, 49%
DUU, -

To study the e ect of the regeneration medium on the sensor surface, a pre-incubation with the
mixture UUw is tested on an AMD-STP-transducer in RIfS, prior to kinase association on the
sensor. Astonishingly, neither the kinase association is altered compared to the association of
a kinase to a fresh transducer, nor the regeneration e ciency after the dissociation phase.
While the regeneration medium provides information on the chemical interaction between sen-
sor and associated molecules, di erent media address di erent types of interactions. Every
system would require a separate optimization of the regeneration process. Andersson et al., for
instance, found that only one of their 13 systems tested was in uenced by the cocktail UUw,
which is found as one of the best regeneration medium for FAK on the AMD-STP-transducer
in their study. In other studies, aqueous NaHCO; (100 mM, pH 8.7) was a good regeneration
medium for SPR with STP as inhibitor on a PKA wild type-sensor, but this medium failed in
our study [139, 174]. Clearly, the sensor surface is relevant for the strength of the interaction,
since the interaction between protein and STP is altered, owing to the molecule immaobilized
on the transducer.
In an expanded study, trypsin-EDTA is used to achieve a tryptic digestion of the associated pro-
tein kinase directly on the transducer surface, followed by a rinsing with common regeneration
medium, e.g. GdmCI. However, regeneration studies of associated FAK with Trypsin-EDTA
followed by GdmCI only reach e ciencies between 45 and 60%. It is likely, that trypsin have
only limited excess to the amino acid sequence given the tight protein layer on the sensor.

Since the best regeneration methods vary for di erent kinases and did not improve the precision

of the results, sensor investigations were performed as non-regenerated measurements, each as-
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say on a new transducer. The variance between these measurements, owing to the di erences
in the manually prepared transducer surfaces, had to be accepted.

Only very few studies report such severe problems with the regeneration. If this is due to the
lack on literature to publish negative data or the fact, that mostly regeneration performances
are successful, cannot be de ned here. The dense coverage of a transducer surface du¢ht®
high concentration of protein hinders the regeneration process, due to irreversible interactions
on RIfS sensors [3]. Challenges were often found, when the sensing element is a protein, e.qg.
for an antibody-antigen interaction. Suitable methods provide both, a good regeneration of the
proteins from the sensor surface and a formation of a new sensing layer afterwards [175]. In
some cases regeneration was successful but the activity of the surface su ered in subsequent
measurements [138]. In general, it is unlikely to nd a regeneration media that is suitable for
every protein and application [139, 168].

The missing regeneration raises the question of the origin of the strong interactions between
STP on the transducer and the associated protein. Assumptions are:

1. Owing to the molecular structure of the inhbitors, all containing aromatic moieties, a
stimulation by the light, irradiated on the transducer during the RIfS measurements, is
possible. This might lead to photoactivation and results in the formation of covalent
bonds between the inhibitor on the transducer and the protein. All inhibitors absorb
at wavelengths between 250 and 400 nm, well in the range of the white light irradiated
by the halogen RIfS lamp, see Figure 4.12. This absorbed energy might support the
formation of a covalent bond towards the kinase. Using 1- re ectometry, green light
with a wavelength of 535 nm is used, not within the absorption bands of the inhibitors.
Since the regeneration of assays investigated with 1L-re ectometry is incomplete as well,
covalent bond formation is unlikely.

2. As seen in the docking simulations, interactions between the inhibitors with the kinases
also occur allosterically outside the ATP-binding pocket. If proteins are in contact with
the inhibitors on the sensor surface, it is likely, that several intermolecular interactions be-
tween the inhibitors on the sensor and one kinase are formed. The overall strength of these
multiple interactions might be too strong to be completely broken during the regenera-
tion process. However, kinase association of sensors with self-assembled PEG-monolayers,
where the binding capacity is decreased signi cantly (1:10000 of possible binding sites),
could also not be completely regenerated. With these experiments, multiple binding sites
between one kinase to several inhibitors on the transducer surface are unlikely.

3. Regarding the second assumption, that one protein interacts with several inhibitor molecules
on the transducer, it seems possible, that the protein folding changes upon binding, re-
sulting in a dense monolayer of proteins on the transducer surface. In experiments of
protein folding during BSA adsorption as protein on a silica-surface with SPR, a con-
formational change towards a at protein structure, building a dense layer on the sensor
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chip was shown in other studies [176]. This might be too dense for the regenerating
compounds to act on interaction sites. Even a trypsine solution would not have access
to lysine and arginine for a digestion, not able to improve following regeneration steps.
It also seems possible, that the regeneration medium only changes the folding or charge
of the sensor-averted part of the protein, not in uencing the interactions towards the
transducer. This would change the optical thickness, as observed in the unsuccessful re-
generation investigations, even without removing any kinase molecules from the sensor.
With the explanation of the second assumption, that regeneration of kinase associated
on self-assembled PEG-monolayers is found unsuccessful, this third hypothesis has to be
considered critically.
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UV-VIS spectra of the inhibitors investigated in this study. All inhibitors show absorption between
250 and 400 nm, due to the aromatic ring systems in their molecular structure.

All assumptions are inline with binding curves in RIfS and 14 re ectometry not showing any
signal decrease during the dissociation phase, which indicates a strong a nity of the protein to
the transducer surface, see Figure 4.7 A and Figures 4.9 A and B. Intermolecular interactions
lead to an equilibrium of association and dissociation, but seemingly the equilibrium is on the
associated state. If the interaction results in a covalent bond (see Assumption 1), dissociation is
no longer possible, explaining the missing dissociation signal and the failure of all regeneration
media. If one protein molecule interacts with several inhibitor molecules on the transducer (see
Assumptions 2 and 3), the association dominates over the dissociation, due to several binding
sites, and the optical thickness does not decrease signi cantly during the dissociation phase.
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Summarizing, the interaction between the protein kinase and the inhibitor on the transducer
surface either involves covalent bonds or multiple binding sites, where several regions of one
protein molecule interact with several inhibitors on the transducer surface.

Even if these assumptions are not thus likely and more complex processes might explain the
poor regeneration, speculative interpretations are not given in this work. The surfaces of the
transducers after kinase association are further investigated by surface analytical methods, see
Section 4.4, to shed light on the type of interaction.

4.3.3 Optimization of the Sensor Surface for Referencing the Sensor Capacity

The results of the direct assays demonstrate the principal applicability of RIfS for the detection
of protein kinase interactions with inhibitors including the kinetic evaluation of the binding
process. In order to improve the comparison of the sensor signals, an intermediate step in the
RIfS protocol is added, with the aim to quantify the coverage with inhibitor on the sensor
surface. This knowledge could increase the reproducibility of the sensor surfaces by using the
quantitative stable system of the biotin-streptavidin-binding as reference.

The transducers are modi ed with AMD and biotin, instead of AMD and STP, cf. Section 3.2.3
and Figure 4.13. The inhibitor in solution is covalently linked to biotin. Then a complex with
streptavidin is formed in solution by the strong biotin-streptavidin interaction. For RIfS, this
inhibitor-biotin-streptavidin complex is then bound to the AMD-biotin transducer via further
free interaction sites of streptavidin towards biotin [177 180]. This creates the binding sites for
protein kinases. Further steps of the RIfS measurements follow the previous protocol.

U

inhibitor-biotin-streptavidin
complex

—

. biotin streptavidin inhibitor kinase

Figure 4.13: Sktech of the sensor system with biotin and streptavidin to be able to normalize assays on the
surface capacity of di erent RIfS sensors. The AMD-transducer is modi ed with biotin, see Section
3.2.3. In RIfS, the inhibitor-biotin-streptavidin complex is bound to the AMD-biotin-transducer.
Via the change of optical thickness, which is indicated by "X", mostly generated by the large
streptavidin molecule, the amount of inhibitor on the sensor surface can be de ned.
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dashed line: biotin-BisX-streptavidin
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Figure 4.14: RIfS binding curves of a direct assay using biotin-sensors. First, a complex consisting from biotin,
BisX and streptavidin is added to the transducer surface, followed by the association of FAK or
TGFb in a concentration of 50 pg/mL. A: All sensograms of the complex association and the
corresponding kinase association. B: All sensograms of the kinases, adjusted to the corresponding
surface capacity with BisX as inhibitor, created by association of the biotin-BisX-streptavidin
complex on the biotin-sensor.

The auxiliary step of adding streptavidin is anticipated to better de ne the amount of inhibitor

on the transducer surface: The streptavidin on the transducer surface evokes a speci ¢ increase
in the RIfS sensor signal, which can then be used to account for di erences in the surface ca-
pacity of di erent transducers. This specic change of the optical thickness is schematically
depicted in Figure 4.13 with the "X" and monitored in RIfS, see Figure 4.14 A. It is expected,
that the kinase association could be assessed with higher precision, by normalizing it to the
amount of streptavidin, representative for the surface coverage with inhibitor. However, the
precision in optical thickness for kinase association was already low with relative standard de-
viations between 12 and 61%, see Figure 4.14 B. Moreover, the changes in optical thickness of
the tested kinases FAK and TGFb at a concentration of 50ug/mL are smaller than expected,
from the association on AMD-STP transducers. Obviously, the auxiliary-system via biotin and
streptavidin results in a lower surface capacity of the inhibitor and furthermore, the referencing
of the signals does not improve the precision of the biosensor assays.

Advantages of this biotin-steptavidin system investigation, are the strong and speci c inter-
action between these molecules and the increased distance between the glass surface of the
transducer and the inhibitor. This should enhance the speci city of the kinase-inhibitor inter-
action due to a better access to the binding pocket by a higher exibility for the protein kinases
to locate the interaction in the sterically hindered ATP-binding pocket. In contrast, the strong
interactions between biotin and streptavidin prohibit a regeneration of the surface.

Future work may focus on di erent auxiliar systems given the high potential for normalization

in combination with better regeneration. E.g., the hybridization of DNA or RNA on the sensor
as an intermediate step (such as the biotin-streptavidin system) is already known to combine
these two requirements [181 184]. Further details of this auxiliary system are discussed in
Section 5.
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4.3.4 Binding Inhibition Assay: Proof of Principle

While the kinetic data calculated from the direct assay (see Section 4.3.1) demonstrate the
interaction in heterogeneous phase, data in homogeneous phase can be evaluated by changing
the assay type. With a binding inhibition assay, where kinase is pre-incubated with inhibitor
before being injected to the sensor, the interaction in the homogeneous phase can be analyzed.
The rst RIfS investigations of a binding inhibition assay with kinase preincubated with STP in
homogeneous phase on an AMD-STP-transducer show unexpected signals during the association
phase, see Figure 4.15. Measurements with STP as sample alone result in enhanced optical
thickness. As shown in Figure 4.15, the signal increases during the association phase depending
on the inhibitor investigated. During the dissociation phase, where bu er is ushed over the
sensor, the signal returns to the baseline. This full dissociation shows, that there are only weak
and reversible interactions of STP and all other investigated inhibitors with the transducer
surface.
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Figure 4.15: Sensor signal of various inhibitors (10 pg/mL) measured in RIfS with white light. High signals
are observed during the association phase, returning to the baseline during the dissociation phase.

The measurement protocol is similar to the investigations with kinases as sample, see Section
3.2.4.

In order to perform reliable binding inhibition assays the sensor system is changed to 1-

| re ectometry, irradiating monochromatic green light at 535 nm, instead of white light, which

is used for RIfS. Beside for the irradiation with monochromatic light, 1- re ectometry has

the benet of using a referenced signal: the signals of the regions with inhibitor bound to the
sensor surface can be referenced to the signals of the inhibitor-free sensor regions. Thus, signals
generated by a nities from non-speci ¢ binding as well as di erences in the initial re ectivity
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can be considered and no longer in uence data evaluation.

An investigation of several inhibitors as sample on an AMD-transducer with 11 re ectometry
did not show any signal increase, see Figure 4.16, thus, the biosensor is well applicable for an
binding inhibition assay.
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Figure 4.16: Signals of 11 re ectometry, ushing di erent inhibitors (10  pg/mL) over an AMD-sensor. The
measurement protocol is similar to the investigations with kinases as sample, see Section 3.2.4.
The green light of 535nm is outside of the wavelengths absorbed by the inhibitors (see Figure
4.15), resulting in undisturbed signals of the binding curves. The sharp peaks at second 200 and
420 are generated by pressure pulses due to switching the autosampler and pump direction.

Binding inhibition assays are conducted with 11 re ectometry. Because the highest binding
signals are achieved with the protein mix, the rst binding inhibition assays are performed
with this sample, inhibited in homogeneous phase with STP, which is added at di erent con-
centrations. The assay is performed on AMD-STP-transducers. The inhibition with equimolar
concentrations of STP and the protein mix is found to be ine ective. Therefore, STP is added
in excess. The pre-incubation is conducted with 5- up to 100-fold molar excess of STP to the
protein mix, whose concentration is held constant at 5qug/mL. All calculations are made, as-
suming all proteins in the protein mix to be PKA. In Figure 4.17, the binding curves proof a
successful binding inhibition assay of the protein mix with STP on an AMD-STP-transducer.
In total, three test series are conducted with di erent inhibitor concentrations and the data are
kinetically evaluated using the average of three sensor signals of each inhibitor concentration,
except of the values for the 30-fold inhibition, where air bubbles in the ow cell interrupted two
of three analyses.

The kinetic evaluation is similar to the one for the direct assay. In Figure 4.18 A, the sigmoidal
dependency of the inhibitor concentration is shown. The sensor signal at the end of the dissocia-
tion phases are used for evaluation and referenced to the signal of the non-inhibited protein mix
sample, which was set to 100%. The kinetic evaluation in Figure 4.18 B uses the exponential
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t to each binding curve, as already shown in Figure 4.8 A. The dissociation constant is calcu-
lated as K 4=31.9 uM and a 41.8-fold molar excess of the inhibitor found as the half-maximum
inhibition concentration. Compared with the data of the direct assay for the protein mix on

an AMD-STP-transducer, the dissociation constant is more than three orders of magnitudes
higher than for the direct assay: 20nM (direct assay) and 31.@M (the binding inhibition as-
say). This comparison reveals a higher a nity for the interaction in the heterogeneous phase,
compared to the interaction in homogeneous phase, which is already discussed in Section 4.3.1
when comparing data of the homogeneous assays in MST to the direct assay on the sensor in
heterogeneous phase [162]. It is important to note, that the binding inhibition assay depends
on and is limited by the a nity of the direct assay, as the detection is based on binding the
fraction of analyte to the sensor surface, which is not inhibited in solution, see Figure 3.10.
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Figure 4.17: Binding inhibition assay with STP and the protein mix on an AMD-STP-transducer recorded with
1- re ectometry. The concentration of the protein mix is constant (50 pg/mL) and inhibition with
STP is conducted with 5- up to 100-fold molar excess. For a better visualization and comparability
to RIfS sensograms, the signals of the 1} re ectometry are inverted.

To explain the a nity of the binding inhibition assay, both interaction processes have to be
considered. E.g. the dissociation constant of the binding inhibition assay is limited by the
dissociation constant of the direct assay. Furthermore, several binding modes of the inhibitor
on the protein structure, as found by the docking simulations in Section 4.1, can be expected
to in uence the kinetic data. Allosteric binding can lead to both added inhibitor binds to the
protein kinase in solution and a binding of the kinase-inhibitor complex on the surface. Thus,
the required excess of added inhibitor can be explained.

The lack of referencing the signal of each sensor to a standard, as described in Section 4.3.3,
challenges further evaluation of kinetic data for protein-inhibitor-interaction. All measurement
series of binding inhibition assays are performed with the same batch of transducers, in or-
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Figure 4.18: A: Sigmoidal dependency of the binding inhibition assay from Figure 4.17, (c(protein
mix)=50 pg/mL, STP in 5-100-fold molar excess). The sensor signal at the end of the dissocia-
tion phase was referred to the sensor signal of the non-inhibited signal of the protein mix, which
was set to 100%. The coe cient of determination is 0.986. B: Evaluation of the kinetic data of
the binding inhibition assay via the exponential t method, see Section 4.3.1. The coe cient of
determination is 0.780. Kinetic data: ka=1:37Lmmol 's % ky=0:04s 1, K4=31:9 M .

der to provide highest comparability of the sensors. Di erent transducer modi cations were
tested: AMD-transducers linked with fasudil, fragmentl, fragment2, H89 and STP; di erent
kinases: PKA and the protein mix and di erent small molecules for inhibition in solution:
fragement2, H89 and STP. Compared to the protein mix, puri ed kinases show lower signals in
1-1 re ectometry. Lower signals and the need to use a new transducer for every measurement
results in high standard deviations of the sensor signals, when puri ed kinases are used as sam-
ple. Figure 4.19 shows, that the signals of the non-inhibited samples are similar the inhibited
samples.

Figure 4.20 B shows signals of the direct assay of the protein TGE (20ug/mL) on an AMD-
STP-transducer as well as signals of the binding inhibition assay with STP in a 100-fold molar
excess recorded by 1-relfectometry. As expected, the averaged signals of these two experi-
ments show clear di erences: The averaged signal of the non-inhibited sample shows a signal
increase of 0.10% with a relative standard deviation of 24%. For the inhibited sample, the aver-
aged association signal shows an increase of 0.068% with a relative standard deviation of 11%.
Comparing the averaged signals, the inhibition results in a 31% decrease of the non-inhibited
signal. However, in the original binding curves it can be seen, that some of the non-inhibited
curves overlap with the inhibition curves. In order to improve binding inhibition assays, the
variance in the transducer manufacturing has to be reduced.

In Figure 4.20 A, binding curves of a direct assay of the protein mix with a concentration of
50ug/mL on an AMD-STP-transducer and the corresponding binding inhibition assay with STP

in 76-fold molar excess are displayed. While the averaged signal of the non-inhibited sample
shows a signal increase of 0.305% with a relative standard deviation of 10%, the corresponding
values for the averaged inhibited signals are 0.068% in signal increase and 11% relative stan-
dard deviation. The inhibition results in a 54% decrease of the non-inhibited signal, proving
the principal applicability of the system.
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Figure 4.19:

Examples for unsuccessful binding inhibition assays measured with 14 re ectometry. A: AMD-
STP-transducer, protein mix 10 pg/mL, inhibition with STP in a concentration series; B: AMD-
fragmentl1-transducer, protein mix 10 pg/mL, inhibition with STP in 70-fold molar excess or frag-
mentl in 100-fold molar excess; C: AMD-fragment2-transducer, protein mix 10 pg/mL, inhibition
with STP or fragment2 in 50-fold molar excess; D: AMD-fasudil-transducer, PKA 20 pg/mL,
inhibition with STP in 50-fold molar excess; E: AMD-H89-transducer, protein mix 50 mg/mL,
inhibition with H89 in 69-fold molar excess. For a better visualization and comparability to RIfS
sensograms, the signals of the 1- re ectometry are inverted.
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Figure 4.20: Proof of principle of the binding inhibition assay (bia) with di erent protein-inhibitor pairs and
inhibitor concentrations investigated with 1- | re ectometry. The signals of the direct assay, where
only protein is the sample, are higher (black and gray curves) than the inhibited samples (red
curves). Hence, the averages of the non-inhibited signals (gold dashed line) are higher than the
averages of the inhibited signals (blue dashed line). A: Binding inhibition assay of the protein
mix (50 pg/mL) with STP as inhibitor in 76-fold molar excess, on an AMD-STP-transducer.
X (kinase)=0.305%, RSD(kinase)=10%, X (inhibition)=0.068%, RSD(inhibition)=11%. B: Bind-
ing inhibition assay of the protein TGF b (20 ug/mL) with STP as inhibitor in 100-fold molar ex-
cess, on an AMD-STP-transducer. X (kinase)=0.10%, RSD(kinase)=24%, X (inhibition)=0.068%,
RSD(inhibition)=11%. For a better visualization and comparability to RIfS sensograms, the sig-
nals of the 1-1 re ectometry are inverted.

To summarize, binding inhibition assays cannot always be evaluated for kinetic data, due to
the regeneration challenges and the need to use a new transducer for every measurement. Data
for the protein mix and TGF b, however, show, that binding inhibition assays are principally
possible, see Figure 4.20 A and B. Currently, however, only for kinase-inhibitor pairs revealing
a high sensitivity. Interaction of protein kinases and inhibitors in the homogeneous phase are
successfully recorded on the sensor, for the protein mix and TGB. By calculating kinetic data,

di erences between the interaction of kinase and inhbitor in the homogeneous phase (direct
assay) and in the heterogeneous phase (binding inhibition assay) are shown. These kinetic data
corroborate MST results and also the results of the docking simulations. Progress can be made
by improving the regeneration (Section 4.3.2) or by a higher reproducibility in the preparation

of transducers. Furthermore, auxiliary systems, e.g. by using a DNA or RNA hybridization
should be investigated, see (Section 4.3.3 and Section 5).
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4.4 Surface Analysis: Unravelling Unexpected Strong Kinase Binding

Due to the fact, that the proteins do not dissociate from the sensor surface and thus regenera-
tions are unsuccessful, a closer look at the interaction between kinase and inhibitor bound to

the sensor surface is made, attempting to prove or disprove the hypotheses from Section 4.3.2.
Therefore, surface analysis of RIfS transducers before and after association with FAK is per-

formed with MALDI-TOF-MS, ATR-IR spectroscopy and Raman microscopy.

441 MALDI-TOF-MS Measurements

FAK is dropped and dried on a standard target plate for proteins, sinapinic acid is used as ma-
trix, as it is proved superior to cyano-4-hydroxycinnamic acid, see Section 3.2.6, and measured
by MALDI-TOF-MS. The dried droplet method is repeated twice (d-d3, see Section 3.2.6),
proved to be the best method for matrix addition. This method is also applicable for STP with
its lower mass of m/z=467.5.

In Figure 4.21, the mass spectrum of 100ng FAK on the standard protein target plate is dis-
played. The peak of the investigated FAK fragment with an average mass of 32.46 kDa is
observed. With this as basis for MALDI-TOF-MS measurements of FAK, further investiga-
tions with AMD-STP-transducers are made. For surface analysis, FAK is dropped on to the
surface of two transducers. From one, non-bound FAK is removed by washing with milliQ water
after an incubation time of 10 minutes. On both transducers, matrix is added (SA7, d-d3). The
transducers are then glued onto the ITO slides of the target plate constructed in-house with
copper band (see Figure 3.12). This experiment simulated the measurements in RIfS, where the
kinase is ushed over the surface of the AMD-STP-transducer. To investigate the applicability
of MALDI-TOF-MS results, the FAK concentration of this experiment is in the range used dur-
ing RIfS measurements, although a comparison of static experiments vs. experiments in ow is
di cult. As seen in the spectra in Figure 4.22, only when the full amount of FAK is dried on the
transducer, a small peak can be observed. When FAK is washed from the transducer surface
after the incubation, no protein can be detected by MALDI-TOF-MS. This is a rst indication,
that the amount of FAK on the transducer of RIfS measurements is too low to be detected by
MALDI-TOF-MS. And indeed, in none of the experiments with AMD-STP-FAK-transducers
prepared with RIfS protein was detected.

The washing step removes all FAK molecules not interacting with the inhibitor on the trans-
ducer surface. Therefore, the concentration of FAK is reduced. The reason for this failure
to detect FAK is surely the low FAK concentration of the transducer after the washing step
in the static experiment simulation as well as on the RIfS transducers. Kinases interacting
with the transducer surface presumably cover the transducer only with a monolayer, both in
this experiments and in RIfS. In other studies, the limit of detection for lysozyme analysis on
contact lenses with MALDI-TOF was found to be a monolayer with a density of approximately
15% [185]. The detection of a protein monolayer with MALDI-TOF-MS is possible, but highly
in uenced by the matrix chosen. The required laser power depends on the matrix. A con-
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centration gradient of matrix may be formed, which is more concentrated at the edges of the
droplets [186, 187]. With this knowledge, and the fact, that the matrix is dropped on the RIfS
transducers in the region, where the ow cell of RIfS was located, it is likely, that the ideal
concentration of matrix is not located exactly at the point of the highest concentration of FAK
on the transducer. This might decrease the ionization performance of the protein.

Figure 4.21: MALDI-TOF-MS spectrum of FAK (average mass 32.46 kDa) on the stardard protein target plate:
1yl of a 0.1ug/mL FAK aqueous solution is dried and matrix is added, see Section 3.2.6.

Figure 4.22: MALDI-TOF-MS spectra of AMD-STP-transducers incubated with 5  pL FAK solution (30 pg/mL)
in a static experiment. Red: The drop of FAK solution is dried on the transducer and matrix
is added. Black: The drop of FAK solution is incubated for 10 minutes, then the transducer is
washed with milliQ water and dried in a stream of nitrogen. Then, sinapinic acid is added as
MALDI matrix, see Section 3.2.6.

However, another reason for too high LODs is: Even if the concentration of FAK on the AMD-
STP-transducers is higher than the LOD, the conductivity of the transducer as MALDI plate
might be too low. With the target plate constructed in-house from ITO slides and copper tape,
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suitable conductivity conditions for the sample may not be reached, resulting in diminished
ionization and therefore high LODs in MALDI-TOF-MS.

A third reason for the failure of detection FAK on the transducer after RIfS investigations might
be a covalent bond formation between the FAK and the STP on the transducer surface, see
the rst hypothesis in Section 4.3.2. If this is the case, the ionization process of MALDI is not
powerful enough to break these covalent bonds. To investigate this assumption, experiments of
a tryptic digestion are made. The tryptic digestion of FAK is performed in solution to provide a
reference, and on an AMD-STP-transducer with dried FAK solution. The digestion in solution
is measured on the standard protein target plate, while the digestions on the transducers are
measured with the target plate constructed in-house. Furthermore, a self-digestion of trypsin
is performed, as a control. Comparing the mass spectra for digestion in solution vs. digestion
on the transducer in Figure 4.25 shows, that most of the peptide signals of the tryptic diges-
tion in solution are not observed in the digests on the transducer (m/z-range 300-500). Some
signals are related to the STP on the transducer, which can be seen by the comparison of the
red (digestion on the transducer) and black (STP) curves in Figure 4.25. Here, not only the
tryptic digestions are compared, but also a spectrum from an untreated AMD-STP-transducer
is shown. The peak in the black trace at 466.5 m/z stems from STP, which is covalently bound
to the transducer surface, cf. Figure 3.3. The signal is not seen in spectra of only an AMD-
transducer. STP ionizes even without MALDI matrix added. Comparing the spectrum of an
AMD-STP-transducer with matrix in Figure 4.23 with the spectrum of STP on the standard
target plate without any matrix in Figure 4.24, a high intensity of peaks at 466.5 m/z, belonging
to the full molecule signal of STP, are present in both spectra. Presumably, STP is activated
by the absorption of light at 250-370 nm (compare its UV spectrum in Figure 4.12). Matrix
molecules absorbing energy by the laser irradiation and transferring this energy towards the
analyte molecules are not required for STP. The energy transfer from the laser (app. 330 nm)
directly to the STP might be e ective enough, to break the covalent bond, so STP on an AMD-
STP-transducer is observable by MALDI-TOF-MS. This process is unlikely for kinases.

The results displayed in Figure 4.25 show, that kinase peptides from tryptic digestion on the
transducer cannot be determined by MALDI-TOF-MS. While the digestion in solution shows,
that the concentrations used are higher than the LOD, the reason for unsuccessful measure-
ments on the transducer must be the insu cient conductivity on the transducer. Likewise,
experiments with tryptic digestion on AMD-STP-transducers with associated FAK from an as-
say performed in RIfS are not successful.

While the conductivity is limiting the MALDI-TOF-MS investigations, we cannot further in-
vestigate the hypothesis of a possible covalent binding between kinase and inhbitor on the
transducer with this method.
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Figure 4.23:

Figure 4.24:

MALDI-TOF mass spectrum of an AMD-STP-transducer with the target plate created in-house
in the low m/z region. The signal at 466.5m/z belongs to intact STP. Further signals result from
the matrix compounds.

MALDI-TOF mass spectrum of STP without any matrix on a standard target plate. The intact
STP molecule is observed at 466.5m/z. Due to the ring systems in the molecular structure, a
direct ionization with MALDI is possible without any matrix.
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Figure 4.25: MALDI-TOF-MS spectra after the tryptic digestion of FAK on a transducer. Blue: Digestion
of FAK in solution, measurement on a standard target plate with the matrix method described
in Section 3.2.6. Red: Digestion of FAK dropped and dried on an AMD-STP-transducer and
measured on the target plate constructed in-house. Black: Low mass spectrum of an AMD-STP-
transducer, where signals generated by STP are present.

All MALDI-TOF-MS measurements are also performed with the system AMD-BisX-transducer
and FAK as kinase. Further protein samples are investigated with the protein mix, on both the
AMD-STP- and the AMD-BisX-transducers. Findings regarding the AMD-BisX-transducers
are similar to those for AMD-STP-transducers and not further discussed here. The same holds
true for the samples of the protein mix. While the inhibitor can be detected, the conductivity
of the target plate constructed in-house is too weak to ionize and therefore detect any protein
on the transducer surface after washing steps or the RIfS measurements.
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Figure 4.26: ATR-IR spectra of RIfS transducers in various steps of the RIfS measurement process: AMD-
transducer, AMD-STP-transducer, AMD-STP-transducer with FAK association plain or followed
by regeneration using GdmCI or trypsin-EDTA, cf. Section 3.2.6.

442 ATR-IR Measurements

As the MALDI-TOF-MS investigations of the transducers were challenged by the requirement
of building a target plate in-house, a proof of the hypothesis, that a covalent bond might have
been formed between the protein and the STP on the transducer surface, was not possible.
Further surface analysis methods are required, to at least detect the protein on the transducer
after its association.

To gain further insight into the transducer surface, ATR-IR spectroscopy is used by Leon Bi-
esterfeld, as described in Section 3.2.6. Five di erent transducers are investigated to compare
the surfaces: AMD-transducers, AMD-STP-transducers, AMD-STP-transducers measured in
RIfS with FAK association, AMD-STP-transducers measured in RIfS with FAK association
and regeneration with GdmCI or trypsin-EDTA. It is expected to see di erences in the spectra
at least between the original transducers and the transducers after RIfS measurements. For
proteins, signi cant bands, especially for the amides, are in the region of 1450-1750 crh [188
192]. In principal, their detection is possible despite the presence of amino bonds between STP
and the modi ed biopolymer on the transducer, as the IR signals should increase in the pres-
ence of proteins on the transducer. Another possible identi cation of protein in IR is a signal
at 490cm ! due to disul de bonds. However, in the investigated FAK fragment only seven
cysteine moieties are present, theoretically generating three disul de bonds at maximum, which
is too few amount to be detected with IR, assuming a protein monolayer on the transducer
[193].

An overview over the ve spectra for all experiments is given in Figure 4.26 A. Unfortunately,
no signi cant di erences between the spectra are observed. In Figure 4.26 B, spectra of the
protein-speci ¢ region of 1450-1750cm?! are enlarged, neither showing any signi cant di er-
ences. Obviously, only signals related to the AMD-surface are detected, but not covalent bonds
between the FAK and the AMD-STP-transducers. IR-spectroscopy can detect amides and other
speci ¢ functional groups, even if the molecule is covalently bound to the surface. As in the
MALDI-TOF-MS investigations, a likely reason for the dissatisfying results is the insu cient
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sensitivity of the ATR-IR spectroscopy, as protein is known to be present from RIfS assays.
Here too, the method has to detect a monolayer of the protein on the transducer. Most meth-
ods, analyzing protein monolayers with IR useed surface enhanced systems to achieve a signal
enhancement between two and ve orders of magnitude, which is not applicable here. [194 196]

4.4.3 Raman Microscopy

In addition to MALDI-MS investigations and ATR-IR spectroscopy, Raman microscopy is used

to gain insight into the chemistry on the transducer surface before and after FAK association.
The measurements are performed by Prof. Natalia Ivleva at the TU Minchen and the spectra
are shown in Figure 4.27.

Figure 4.27: Raman spectra of a plain AMD-transducer (black) and an AMD-STP-transducer after association
of FAK in RIfS (red). Amide bonds are expected in the range of 1200-1700cm *.

By comparing the Raman spectrum of the AMD-transducer (Figure 4.27 black curve) with the
AMD-STP-transducer after FAK association (Figure 4.27 red curve), no signi cant di erences
are present. Even in the wavenumber region of the Raman shift from 1200 to 1700 cm, where
the amide bands of the protein are expected, no di erences in the spectra are visible. Disul de
bonds of proteins, located at 490-510 cmt, are also not found in the spectrum of the AMD-
STP-transducer with associated FAK [192, 197 200]. Similar to the results of the ATR-IR
spectroscopy, with Raman, no FAK was detected on the transducer.

It appears, that also for Raman LODs are too high to detect FAK in a monolayer on the trans-
ducer surface.

As in IR investigations, protein in monolayers can be detected with surface enhanced methods
which can enhance the signal intensity up to six, in speci ¢ applications even up to eleven orders
of magnitude. [195, 198, 201]

78




RESULTS AND DISCUSSION

4.4.4 Discussion of the Results from Surface Analysis

None of the surface analytical methods (MALDI-MS, ATR-IR, Raman) is sensitive enough to
show di erences between a plain AMD-transducer and an AMD-STP-transducer with associated
FAK. The limit of detection of these methods is not su cient to detect the monolayer of protein
present on the transducer surface. Nevertheless, in RIfS, all sensors analysed showed a change
in optical thickness of approximately 1 nm generated by the association of FAK. This shows,
that RIfS is a highly sensitive method, which detects less than a fraction of protein monolayers,
while other methods fail. Both the direct assay as well as the binding inhibition assay show
signi cant signals in RIfS and 1-1 re ectometry when injecting the protein mix as sample as well
as for the puri ed kinases FAK and TGF b. All signals are detected based on speci c binding
as non-speci c interactions are successfully prevented, see Figure 4.6. The results regarding the
signals of the RIfS measurements are highly comparable to similar experiments with selective
association on the sensor: IgG antibodies (app. 150kDa), Ea-LDB (63 kDa) and thrombin
(70kDa) showed changes in the optical thickness of 0.2-2.5 nM, dependent on the concentration
(1-8 ug/mL), proving the limit of detection of the method [3, 4, 202].

The question on the type of interaction (physi- or chemisorption) between protein kinase and
inhibitor on the sensor, explaining the strong binding and the failure of regeneration, remains
open, yet.
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4.5 Screening: The Power of the Developed Biosensor Assay

As the good limit of detection of the biosensor assays was proven, screening methods are inves-
tigated. Owing to the poor regeneration (cf. Section 4.3.2) each measurement is performed on
a new, freshly produced transducer.

4.5.1 Spotting Methods

Inhibitor screenings on a sensor requires the immobilization of di erent inhibitors on one trans-
ducer. Therefore, the last surface modi cation step of 1} re ectometry transducers is mod-

i ed to build array-based sensors, as described in Section 3.2.3. One of the advantages of
1-1 re ectometry over RIfS is the possibility for speci cally resolved analysis of the surface
which enables to simultaneously detect interaction of one kinase on di erent inhibitor spots for
screening applications. Two spotting methods are tested in this work: manual spotting by hand
and automatic spotting with a spotting machine (spotter). A comparison of the performance
of these spotting methods uses TGB association on two AMD-STP-transducers. As seen in
Figure 4.28 A, the spotting method strongly in uences the spot size. While the minimum vol-
ume for one spot pipetted by hand is 0.03L, the capillary used for automatic spotting has an
inner diameter of only 36um enabling drop volumes of approximately 1 nL per spot. Thus, the
spot volume di ers by four orders of magnitude and the regions of interest (ROI) largely di er
(0.1 mm automatic spotting vs. 1.8 mm manual spotting) accordingly, see Figure 4.28 A.

Owing to the higher volume of inhibitor solution by the manual spotting method, a di usional
spreading of the drop occurs, which is seen in the image of the sensor in Figure 4.28 A2. The
association signal of TGH on the automatically spotted inhibitor spots is twice the signal
observed from the manually spotted inhibitor spots, see 4.28 B. The small size of the auto-
matically spotted spots leads to a higher surface coverage of the inhibitor, responsible for the
higher signal. However, Figure 4.28 B shows, that the noise in the signals recorded for the
automatically spotted sensor is higher, than for the larger spots generated by hand.

For the evaluation of 1-1 re ectometry the images recorded of the sensor surface are used. In
order to monitor the in uence of the ROI size on the noise of the sensor signal, the noise of a
baseline measurement on an AMD-STP-transducer evaluated with ROIs in di erent size, from
only 1 evaluated pixel up to over 100 evaluted pixels, is compared. Figure 4.29 shows, that
the noise in 11 re ectometry of a baseline depends on the number of pixels in the chosen ROI:
With increasing number of pixels in the ROI, the noise decreases. The number of 10 to 30
pixels is the minimum of pixels required in order to reduce the noise to a minimum. A higher
number of pixels does not provide further reduction in the signal quality. A larger ROI is thus
advantageous. As already seen in Figure 3.5 A, the large size of the spots created manually on
the transducer only tolerates three spots on one transducer.
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Figure 4.28: A: Images of a segment of two transducers. Al: Four spots automatically generated with the
spotter, approximately covering 4 pixels in the image, A2: Spots manually generated via pipetting
by hand, the regions of interest set for evaluation are marked with a circle of approximateley
121 pixels. B: 14 re ectometry binding curves of the direct assay of TGF b (10ug/mL) on an
AMD-STP-transducer, where the signal of the two spotting methods (manually by hand or auto-
matically with the spotter) are compared. For a better visualization and comparability to RIfS
sensograms, the signals of the 1- re ectometry are inverted.

Figure 4.29: Graphical display of the dark noise of the 1-1 relectometry. The noise in the baseline curves
depends on the number of pixels used in the ROI for the sensor evaluation. Reference for the
noise is the averaged sensor signal for each measurements.

For the evaluation of 14 re ectometry, a sensor is required where a segment of the sensor
surface is free from inhibitor, to de ne a reference ROI. Automatic spotting with the much
smaller spots allows a much higher number of spots on one sensor, which is a great advantage
with regard to a higher throughput for the screening. Moreover, comparing the sensor surface
visible in Figure 4.28 A for the transducer spotted manually (A2), inhomogeneities of the sensor
surface are visible, which is not the case for automatic spotting (Al), where the spots have a
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much smoother surface. However, a compromise has to be found between the larger area of the
ROI reducing the noise, the number of spots required for high-throughput screening, and the
total surface coverage as reference spots ideally accompanying inhibitor spots. Even though a
lower noise is expected for the manually spotted sensors, screening is performed with the sensors
spotted automatically. Here, a larger variety of inhibitors as spots on the surface is reached,
with a higher coverage of inhibitor on each spot resulting in better LODs.

As described in Section 3.2.3, the automatic spotting cannot be performed in a chamber lled
with DMSO vapor, opposite to the manual method, which simpli es the immobilization process.
The automatic spotting takes place under ambient conditions. Furthermore, the last cleaning
step can be omitted. This leads to a higher homogeneously surface of the sensor. With the
many advantages, the following screening is performed with sensors spotted automatically.

4.5.2 Inhibitor and Kinase Screening: Proof of Principle

For inhibitor screening, di erent inhibitors are spotted automatically onto AMD-transducers,
which were refunctionalized with glutaric anhydride and activated. The arrays are made using
fasudil, fragmentl, fragment2, imatinib and STP. Each inhibitor is immobilized in four spots

in one row, fasudil and STP with two rows each. Since the association of the protein is directly
visible in the photographs of the sensor in 1 re ectometry, the spots can be seen in Figure
4.30. In each row of spots one place is free from inhibitor, and therefore free from kinase
association, to control the spotting process and correct inhibitor immobilization, as well as to
set the reference required for evaluation. Due to small changes in the pressure pro le, generated
by short stops of solution ow while changing the sample or pump direction (see Section 3.2.4),
position of the reference ROI should be in the same region as the inhibitor spots on the sensor.
To decrease the in uence of the noise of the reference, the reference ROl is always chosamger
than the spots.

The visual control of the measurement by the images of the sensor surface, provides rst hints
on a successful inhibitor screening: Comparing the inhibitor rows with each other, di erent
color changes are visible, due to di erences in the strength of the protein association. More
intense change of the color indicates a higher a nity, resulting in more proteins bound to the
inhibitor spots on the sensor. In the image in Figure 4.30 A, the strongest signal change,
strongest change in color, and thus highest protein association is obtained for fasudil, followed
by imatinib > fragment2 > fragmentl > STP. Clearly, the signals are similar per row, for one
type of inhibitor, pointing to a good reproducibility.

Quantitative information from the inhibitor screening is given by the binding signals of the
arrays, see Figure 4.31. Here, all binding curves of the array measurements with the protein
mix (Figure 4.31 A) and FAK (Figure 4.31 B) (each 50 pg/mL) are displayed. For the sample of
the protein mix, shown in Figure 4.31 A, the spots of fasudil revealed the strongest association
with an increase of the relative signal by 1.7% on average, whereas for STP, the relative signal
increased only by 0.45% on average. The signals regarding the other inhibitors, fragmentl,
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fragment2 and imatinib show intermediate a nities. These di erences show, that the binding
strength of the protein mix is di erent among the inhibitors. This also holds true for the
measurements with FAK as sample, proving that an inhibitor screening is reached with this
method. For FAK as the kinase, a ranking for the amount bound on the particular spots of
STP > imatinib > fragment2 > fasudil > fragment1 is found.

Figure 4.30: Images of the arrays for inhibitor screening, recorded with the CCD camera of the 1-
| re ectometry, settings are de ned in Table 3.11: Inhibitors are spotted automatically on AMD-
transducers in di erent rows, as de ned in the middle. The images are taken after the association
phase of the kinases. A: 5qug/mL protein mix, ROIs for evaluating the signal on the fasudil spots
are marked with circles 1-3 (approx. 16 pixels) plus the reference ROI 4 (approx. 100 pixels).
ROI1-3 are positioned directly on a spot, 4 is the reference ROI, positioned in a region of the
sensor void of inhibitor. To decrease the in uence of the noise of the reference, the reference ROI
is chosen larger than the spots. B: 50ug/mL FAK.

All sensor signals generated by the protein mix as samples are higher compared to the signals
with FAK as the kinase sample, compare Figures 4.31 A and B. This nding is clearly seen
in the bar chart in Figure 4.32. Exemplarily, imatinib shows an increase in the relative signal
by 0.84% for the association of the protein mix, but only 0.13% for the association of FAK. A
similar comparison can be made for all other inhibitor spots. The sensor signal thus not only
depends on the inhibitor, but also on the kinase used as sample. With this comparison, the
dependency on the speci ¢ binding strength by the kinase-inhibitor-pair is demonstrated.

The overall di erences in binding signals for FAK and the protein mix, exemplary for the
imatinib spots, where the signals show a 6.4-fold di erence (0.84% for protein mix association
vs. 0.13% for FAK association) are unlikely to be due to di erences in the quality of the prepared
transducers. Only changing the transducer while all other measurement conditions, including
the sample kinases, were kept constant, is not responsible for such high signals di erences.
Both transducers were prepared in the same batch and stored for a similar time. Thus, the
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Figure 4.31: Proof of principle for inhibitor and kinase screening with 1- | re ectometry on two sensor-arrays
(AMD-transducers, spotted with di erent inhibitors). The association phases (200-1250 seconds)
of A: the protein mix and B: FAK (both 50 pg/mL) are shown. A: The ROIs for the evaluation of
fasudil and STP spots comprised 16 pixels, for the imatinib spots 36 pixels and for the fragment
spots 49 pixels. B: The ROIs for the evaluation of all other spots comprised 16 pixels. The position
of the inhibitor spots are displayed in Figure 4.30. A possible inhibitor screening as well as a kinase
screening can be seen. For a better visualization and comparability to RIfS sensograms, the signals
of the 1-I re ectometry are inverted.

high signi cant di erence are clearly expected to be mainly due to di erent a nities of di erent
kinases to the inhibitor spots. These results declare the proof of principle for kinase screening
with the developed sensor method.

Binding a nity trends from the screening investigations with FAK can mostly be compared

to the results of the docking simulations and the MST measurements: FAK binding energies
are simulated as STP > imatinib > fasudil > fragmentl = fragment2 over the full protein and
imatinib > STP > fasudil > fragmentl = fragment2 in the binding pocket. With MST a trend

of STP-Red > imatinib > fasudil is determined for FAK as kinase. However, for experiments
with the protein mix, a comparison of the results of these three methods is di cult, due to the

di erences between the protein mix, which was investigated in the screening, the puri ed PKA,
which was used in MST investigations, and the PKA structure in the simulations. For the PKA
structure the trend STP > imatinib > fasudil > fragmentl > fragment2 was simulated over

the full protein and similar inside the binding pocket, exept for fragmentl = fragment2. This
can well be compared to the MST ndings STP-Red > imatinib > fasudil. The di erence, that
STP showed the lowest a nity in the screening can be explained, as therefore, the protein mix
was investigated and not the puri ed PKA, which seems to interact di erently.

A full regeneration, tested here with trypsin-EDTA followed by GdmCI, was not reached, as
discussed previously. Nevertheless, if a better regeneration would be reached and a reusability
of the sensor arrays becomes possible, di erent kinases can be monitored sequentially on one
array interacting with all inhibitors spotted. Without this, the reproducibility of the array
manufacturing has to be investigated to ensure a good comparability between the arrays.

This array-based 14 re ectometry as introduced, is proven to be a promising tool for inhibitor
and kinase screening in one method.
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Figure 4.32:

Quantitative analysis of the sensor signals of kinase and inhibitor screening as proof of principle
in Figure 4.31. The protein mix and FAK (both 50 pg/mL) were allowed to associate on the spots
of the sensor arrays from Figure 4.30.
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4.6 Extending the Surface Chemistry: Kinase Extraction with Magnetic
Nanoparticles

To make use of the strong a nity between the protein kinases and STP on the transducer
surface, an additional strategy is followed to allow the identi cation of kinases binding on RIfS
or 1- re ectometry sensors: kinase extraction is conducted with magnetic nanoparticles, which
are modi ed on their dextran surface with carboxyl groups for further modi cation to cova-
lently bind STP (NP-STP), similar to the transducer surfaces, see Figure 3.13. As in the direct
assay on the sensor, a strong interaction between kinases and inhibitors is expected, when the
modi ed nanoparticles are added to a solution containing protein kinases. This solution might
be a bio sample or a cell culture. Kinases bound to the nanoparticles are extracted from the
solution making use of the magnetic characteristics of the nanoparticles, see Figure 3.14.

In this work, investigations are performed with NP-STP and FAK or TGF b as kinases. Quan-
titative evaluation is achieved via uorescence measurements, owing to the tryptophan uores-
cence of proteins with excitation at 280 nm and the detection of the emission at 300-400 nm.
In Figure 4.33, the uorescence intensity of several samples containing FAK are shown. Three
FAK concentrations (5, 10 and 20ug/mL) are chosen. The kinase concentration is quanti ed
in samples before and after the kinase extraction with NP-STP, by uorescence spectroscopy,
as explained in Section 3.2.6. Comparing the maximum of the uorescence intensity at 345 nm,
it is clearly shown, that the uorescence intensity of the supernatant decreases upon kinase ex-
traction. For the sample with 5 ug/mL FAK, the uorescence intensity of the unterated sample

is 1.4-fold the uorescence intensity of the supernatant after the kinase extraction. Considering
the uorescence intensities for the samples with 10 and 20lg/mL FAK, these values are 1.9-fold
and 1.6-fold, respectively.

Figure 4.33: Tryptophan uorescence intensity of samples containing FAK, before and after the extraction with
NP-STP. The uorescence intensity depends on the concentration of the protein. Fractions of the
kinases are captured by the nanoparticles and therefore extracted from the solution.
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Figure 4.34: Quantitative analysis of the kinase extraction (FAK and TGF b) with NP-STP from Figure 4.33.
A: The protein kinase concentration is plotted against the uorescence intensity of the maximum
at 345nm and the linear dependence of the uorescence intensity on the kinase concentration is
shown: dark red: FAK (coe cient of determination 0.962, slope 4.27 g::nL':i_ ), bright red: su-
pernatant of the FAK sample after extraction with NP-STP (coe cient of determination 0.956,

slope 2.239‘;‘%), dark blue: TGF b (coe cient of determination 0.999, slope 2.43 gi:%), bright
blue: supernatant of the TGF b sample after extraction with NP-STP (coe cient of determination

0.872, slope 0.149‘;‘%). B: The extraction e ciency depends on the protein concentration, with

a constant ratio of protein to NP-STP.

The uorescence intensity proves to linearly depend on the protein concentration investigated,
see Figure 4.34 A, which allows to estimate the extraction e ciency. For FAK, approximately
40% of the proteins are captured by the nanoparticles, as seen in Figure 4.34 B. For TGF, a
tendency to a higher extraction e ciency with increasing protein concentration is visible. While

at a concentration of 1ug/mL TGF b approximately 50% are captured by the nanopatrticles,
in the solution of 20ug/mL TGF b nearly 90% of the kinases are bound to the particles. By
comparing these slopes in Figure 4.34 A, two conclusions can be made: First, the slope of
the uorescence intensity of the untreated FAK sample is 1.8-fold the slope of the uorescence
intensity of the untreated TGF b sample. Thus, FAK uorescence is more sensitive to the ki-
nase concentration than TGFb. This perfectly correlates with the higher number of tryptophan
molecules, in the proteins FAK and TGFb used here, which are responsible for the protein
uorescence. The FAK investigated contains 14 tryptophan molecules, while the TGH inves-
tigated only contains eight. Thus, FAK has a 1.75-fold higher number of tryptophan molecules
than TGF b, well explaining the 1.8-fold higher sensitivity in uoresence intensity of FAK in
the untreated sample. Second, comparing the slopes of the FAK uorescence intensity before
and after the extraction of the kinases with the nanoparticles, the slope of the untreated FAK
sample is 1.9-fold the slope of the uorescence intensity of the FAK samples after the extraction
with NP-STP. For TGF b, this value is even 17.4. Therefore, the detected uorescence of the
TGF b samples after the kinase extraction shows a higher dependency on the concentration of
the protein, due to higher di erences in the linear slopes.

The data show, that a kinase extraction of FAK and TGFb with NP-STP is possible.

87




"l don't know when theorists and experimentalists became rivals, but physics is not about
competition - it's about collaboration."
Love on the Brain
Ali Hazelwood
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5 Overall Discussion and Summary

In this work a new method for kinase and inhibitor screening was developed and optimized, as
schematically depicted in Figure 5.1. Using theoretical docking simulations and experimental
methods, the interactions of the protein kinases and inhibitors, intended for this work, were
shown and the energy of the interactions was investigated. Based on this information, a novel
sensor method was developed, to detect and quantify the interactions between protein kinases
and inhibitors. The method was further optimized to combine inhibitor and kinase screening.
By transferring this analytical sensor method to applications with magnetic nanoparticles, a
kinase extraction from solution was achieved, using the same surface chemistry as on the sensors.

Figure 5.1: Schematic overview of the achievements of this thesis.

First, the interactions between protein kinases and inhibitors were investigated by docking sim-
ulations. They showed reasonable simulated binding energies for the kinase-inhibitor pairings
between -11 to -5.5 kcal/mol, which corroborate the literature data [42, 43, 142, 203]. Docking
simulations also showed, that all investigated inhibitors interact with the tested protein kinases
in but also outside of the ATP-binding pocket. Even if the strongest binding of every observed
kinase-inhibitor pair was simulated inside the binding pocket, the allosteric binding sites also
showed strong a nities, which posed challenges in further experiments, where a de ned binding
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site is required.

Via MST, simulated data were corroborated by titrating various proteins against uorescently
labeled STP. The results demonstrated interactions depending on the kinase concentration but
also provided quantitative data on the binding a nity by 1C5p values of 600-800 nM, well
comparable to the literature, see Table 4.4. By competitive displacement assays in MST, uo-
rescently labeled STP complexed by a mix of proteins, was titrated with the inhibitors BisX,
fasudil and imatinib. The slope of the resulting dose-response curve of the experiment with
BisX was inverse to the dose-response curves of the direct assays and the competitive displace-
ments assays with fasudil and imatinib. Depending on the binding sites of the small molecules
over the whole proteins, which have been theoretically simulated before, the titrated inhibitors
(fasudil and imatinib) formed a complex with STP and the kinases, whereas BisX replaced some
of the STP-Red molecules from the complex, resulting in inverse slopes of the dose-response
curves. The simulated binding sites of the kinases towards the inhibitors provided the basis
to substantiate the di erent dose-response curves in the MST competitive displacement assays.
Thus, docking simulations supported the understandings of experimental results.

Results of the docking simulations and MST investigations proved su cient a nity between

the pairs of protein kinases and inhibitors chosen for this work.

This was the basis to develop sensor methods for this set of molecules. Optical biosensor assays
for kinase-inhibitor interactions were established successfully using direct assays and binding
inhibition assays with RIfS and 1-1 re ectometry. Surface modi cation and assay conditions
were optimized and allowed to gain a deeper understanding of the interaction processes. Direct
assays on the sensors were quickly found to be successful, when protein kinases were ushed
over the sensor surface and associated to the inhibitors immobilized on the transducer surface.
The great advantage of the sensor measurements is their potential to evaluate the kinetics of the
binding process, which is important considering further pharmaceutical applications, where the
kinetics of drugs interacting with target molecules can in uence the e cacy of the drug. Only

a few other methods provide kinetic evaluation of bindings, see Table 5.1. Using exponential
ts of the binding curves, the association and dissociation rate constants were calculated and
the binding a nity determined using the dissociation and association constants, respectively.
The calculated dissociation constants were well corroborated by other studies and could well
be explained by the corresponding docking simulations and MST data, see Section 4.3.1.

With binding inhibition assays, where the protein kinases were pre-incubated with inhibitor in

the homogeneous phase followed by the sensor measurement of this complex, it was also possi-
ble, to record the kinase-inhibitor interaction in the homogenoeus phase, using the same sensor
setup. Interruptions in the sensograms, due to signals recording the association of the inhibitors

in the sample to the sensor surface, were successfully eliminated using Ire ectometry instead

of RIfS. With this change of sensor system, successful binding inhibition assays were possible,
performed with concentrations of the inhibitors up to a 100-fold molar excess relative to the
kinases. The results of the docking simulations suggested, why such high excess of inhibitor was
required for the pre-incubation with protein kinases: The simulations showed, that at minimum
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nine binding sites for the inhibitors distributed over the whole kinase molecules exist, so there
is a complex stoichiometry.

Incomplete regeneration of the kinases binding to the transducer surface was a major challenge
of the sensor methods, which could not fully be resolved despite the high humber of possible
regeneration media tested, unfortunately unsuccessful. Either the regeneration e ciency was
too low or the following kinase association on the same sensor for multiple measurement cycles
was a ected by the previous regeneration steps.

Thus, every sensor measurement required a newly prepared transducer, which reduced the ro-
bustness and reproducibility of the results of these developed sensor methods. To overcome
these challenges, in a new approach a biotin-streptavidin system was introduced on the trans-
ducer, in order to determine the sensor capacity and thus to better compare the signal obtained
using di erent transducers. However, the biotin-streptavidin system did not improve the com-
parability of the measurements as regeneration was also not achieved with this approach.
Three hypotheses were discussed to explain the failure of regeneration protocols:

1. Covalent bonds formed between the inhibitor on the transducer and the protein kinase.

2. Allosteric interactions were relevant at several parts of the kinases. This combination of
interactions leads to several binding sites for each kinase on the transducer.

3. Changes in protein folding created a dense layer of proteins tightly attached to the trans-
ducer surface and not allowing any regeneration medium to enter the interfacial layer
between the protein kinases and the inhibitor on the transducer.

With surface analytical methods (MALDI-TOF-MS, ATR-IR, Raman microscopy), these hy-
potheses were tested. Due to the insu cient conductivity of the transducers for MALDI-TOF-

MS investigations and the monolayer of kinases on the transducer, which provided an insu cient
amount of substance, limits of detection of ATR-IR or Raman microscopy were not met. Thus,

it was not possible to gain insight into the nature of the interactions built on the surface during
the sensor measurements. However, these ndings clearly highlighted the high sensitivity of the
sensor measurements, where signi cant changes in the optical thickness of 1 nm and more, were
recorded. A deeper knowledge on the type of interaction might aid in a better regeneration of
the surface in the future.

By combining the spotting of the inhibitors on the transducer surface with the internal ref-
erence system of the 1- re ectometry, the power of this methods was demonstrated with the
implementation of an array-based screening. Di erent inhibitors were spotted in rows on a
transducer, generating an array-based sensor. This enabled an inhibitor screening when ush-
ing a speci c kinase over the transducer. Dierent sensor signals on the dierent inhibitor
spots were detected, when kinases in the protein mix were investigated as sample. This clearly
con rmed the successful inhibitor screening. Flushing di erent kinases over the sensor array, as
exempli ed for the protein mix and puri ed FAK, showed, that the signals also depended on the
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kinases investigated. Not only higher signals for association of the protein mix were detected,
but also a di erent ranking of inhibitor-a nities. These ndings clearly show the possibility for

a kinase screening with the sensor arrays developed in this work.

With this proof of principle this study showed, that both inhibitor as well as kinase screening
were successfully performed with a single setup providing kinetic data.

The strong binding of the kinases to the surfaces with immobilized inhibitors was advanta-
geously used to extract the protein kinases from solutions by magnetic nanoparticles modi ed
with the same surface chemistry as the transducers. STP, covalently bound to the nanoparti-
cles similar to the transducers, was found to capture protein kinases such as FAK or TGFE in
solution. By magnetic separation, these protein kinases were extracted from the solution. The
extraction is monitored by the intrinsic protein uorescence of the tryptophan moieties. The
estimate calculation shows, that the particle surface present in one experiment was three to
four orders of magnitude higher than the sensor surface covered in the ow cell in RIfS analysis,
providing su cient capacity for the extraction.

The recovery of the kinases from the nanoparticles and sensor surfaces faced challenges, see
Section 4.3.2. However, using a tryptic digestion or a successful regeneration, the following sce-
nario could be anticipated: NP-STP are added to a solution containing ATP-dependent protein
kinases. The kinases are captured by the nanoparticles and can then be magnetically separated
from the solution. Upon a tryptic digestion or a successful regeneration, some peptides or the
whole kinases are released to be identi ed by mass spectrometry. If the regeneration process
includes a digestion of the protein, peptide ngerprinting is directly possible. This downstream
analysis can provide a complete identi cation of all kinases captured. More strategies combining
these methods to provide comprehensive information on the kinase-inhibitor interactions are
given in Section 6. Using the same surface chemistry on transducers and nanoparticles is ideal
to directly combine kinase screening of puri ed kinases, with an identi cation and a kinetic
evaluation from the biosensors.

With regard to future pharmaceutical drug design, the label-free method developed in this the-
sis provides signi cant advantages: In the direct assay, the inhibitor is covalently bound to the
sensor surface, which is comparable to a labeling in other methods such as luminescent assays
or most MST methods. The part of the small molecule involved in the chemical linkage to the
surface/to the labeling cannot take part in the interaction with the kinases. In the binding
inhibition assay, the interaction of the protein kinases with a free and unbound inhibitor is
analyzed, however, via detection of the free kinases interacting with the inhibitors bound to the
transducer surface. The possibility to record interactions in the homogeneous phase, is a great
advantage of the binding inhibition assay over the direct assay, regarding the unaltered molec-
ular structure of the inhibitor. Furthermore, binding inhibition assays provide investigations
on kinases interacting with inhibitors, that do not provide suitable functional groups for the
immobilization to the transducer surface. For this, an inhibitor with low selectivity but high
anity to a broad range of kinases, such as STP, can be immobilized on the sensor surface,
detecting binding inhibitions with di erent inhibitors in the homogeneous phase.
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The analytical method developed in this work provides a label-free and time-resolved charac-
terization of protein kinase-inhibitor interactions. Sensor investigations provide kinetic data, in
contrast to nearly all classical methods such as radiometric and luminescent assays, assays with
separation techniques and mass spectrometry or electochemical sensors. Binding rates, impor-
tant to understand the kinetic of the binding process between protein kinases and possible drug
candidates, can be evaluated. Furthermore, interactions can be observed directly in the hetero-
geneous phase but also indirectly in the homogeneous phase (direct assay vs. binding inhibition
assay). Another important advantage of the biosensor method developed here, is the possibility
for screening both kinases and inhibitors with only one method, as proven exemplarily in this
thesis. This is a great advancement over most commonly known analysis methods, where, if at
all, only one binding partner can be screened, see Table 5.1.

As often discussed, see Section 2, docking simulations provide a virtual screening of both,
kinases and inhibitors, but only calculate theoretical data, which have to be veri ed by experi-
ments. Some methods allowing kinase and inhibitor screening, such as capillary electrophoresis
or thermal stability shift assay, are only described for the screening of one target group alone
[9, 5559, 72]. MST is able to screen kinases or inhibitors, but does not provide kinetic data
compared to the sensor measurements, see Table 5.1. With SPR, as a competitive sensor to
the re ective biosensors of this work, kinase screening is di cult to be implemented given that
the kinase is immobilized on the sensor surface. In the homogeneous phase, only the method
KiNativ might provide both inhibitor and kinase screening, but this has not yet been discussed

in the literature [65, 66]. In the heterogeneous phase, electrochemical sensors might provide a
simultaneous screening of protein kinases and inhibitors, when the recognition elements can be
monitored speci cally in an array-based sensor, similar to the array-based 1- re ectometry as
displayed in Section 4.5. This is already published as single screening of kinases or inhibitors
[74, 76 78]. Only biolayer interferometry, which is also based on re ectometry, such as RIfS, can
currently provide inhibitor and kinase screening with one setup, as well as evaluating kinetic
data [85 88].

Table 5.1 clearly shows, that all requirements for a comprehensive analysis of protein kinases
interacting with inhibitors, combined with screening for both binding partners, are achieved
with the biosensor assays, developed in this work. The sensor and nanoparticle applications
developed here, bring highly applicable systems for a comprehensive analysis, when combined
with other methods, as further discussed in Section 6 on the basis of the Figures 6.2 and 6.3. In
the current development status of the sensor investigations, a coupling to further MS-based pro-
tein identi cation is only possible with MALDI-MS and classical proteomics should be possible,
as outlined in Figure 5.1.
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Table 5.1: Comparison of classic screening methods for protein kinase interactions with the methods developed in this work. Identi cation of kinases is only possible
with methods combined with a mass spectrometric analysis. The methods of optical sensors, developed in this work, are in bold. References are given more
detailed in Table 2.1 from in the Introduction (Section 2).
Method Labeling Screening HTS Cell- A nity Kinetic
based
Docking Simulation - kinases and inhibitors yes - - -
Radiometric yes kinases or inhibitors no no (yes) no
Luminescent yes kinases or inhibitors yes (yes) (yes) no
Separation techniques (-MS) (yes) kinases and/or inhibitors (yes) (yes) (yes) no
MST (yes) kinases or inhibitors no yes (cell yes no
lysate)
Electrochemical sensors no kinases and/or inhibitors no (yes) (yes) no
Optical sensors (deveolped in no kinases and/or inhibitors  yes yes yes yes
this work)
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6 Outlook

On the basis of the results of this thesis, further optimization and investigations are engaged
in order to deepen the knowledge gained on the binding processes or to further advance the
analytical methods.

6.1 Data Improvement by Further Investigation of Standard Methods

Simulations in the ATP-binding pocket can be improved by more detailed de nitions of the
GridBox used in order to better de ne the area of interest. In order to generate further theoret-
ical data, binding a nities can be simulated with protein kinase structures, that are calculated
using arti cial intelligence (Al). A comparison of the data simulated by protein structures which
were obtained by crystallographic data and the Al-based ones, can optimize the results by using
information from di erent sources.

MST experiments can be extended, for instance by reversing the competitive assay: another in-
hibitor than STP is uorescently labeled and in complex with the protein kinases and presented
at a constant concentration, while non-labeled STP is titrated. With regard to the di erent
directions of the dose-response curves of this work, it would be interesting to see the compet-
itive behavior and resulting dose-response curves of these inverted assays. As an alternative,
both the protein kinases and STP could be labeled with di erent uorophores to simultaneously
and more accurately monitor the molecular di usion and interaction of each compound in the
capillaries.

Investigations on further protein kinases and inhibitor interactions can be broadened by com-
paring the MST data with the improved docking simulations. However, with regard to the
results of this work, it must always be considered that the a nity data from MST can only
provide trends for a nities, but the dissociation constants, determined in this thesis, are higher
than previously published data.

6.2 Analyzing Allosteric Binding

The relevance of the knowledge on the presence of allosteric binding became visible in this thesis
in the binding inhibition assays conducted with 1- re ectometry as well as in the docking sim-
ulations and MST investigations. E.g. inhibition of the kinases in the homogeneous phase was
only reached, when the inhibitor was added in a large excess, which was explained by a complex
stoichiometry with multiple binding sites, see Section 4.3.4. A strategy to better quantify the
speci ¢ and allosteric bindings is proposed here, based on the assumption, that all allosteric
interactions can be detected with the sensor in the heterogeneous phase.

To shed light on allosteric interactions a combination of a binding inhibition assay on a sensor
with the covalent labeling approach of the method KiNativ [65, 66] can be conducted. The
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experiments need streptavidin to be immobilized on the transducer surface as recognition ele-
ment, expected to bind the biotin-label from the KiNativ method. This biotin-tag is previously
linked to ATP. By the specic interaction of ATP in the ATP-binding pocket of a protein,

the biotin-tag changes its binding partner from ATP to the protein: A lysine moiety of the
kinase in the binding pocket reacts with the biotin-tag to covalently label the protein with the
biotin label. As in the KiNativ approach, ATP then leaves the binding pocket. This labeling
process can be prevented by inhibitors successfully competing with ATP for the binding pocke
Combined with RIfS, the following experiment is possible:

1. Recording a sensor signal of a normal binding inhibition assay on a streptavidin-transducer,
as in Section 4.3.4: As the sample only includes protein kinases and inhibitors and due to
the lack of biotin, the sensor signal obtained here serves as a baseline, as it is expected to
remain constant, as displayed in Figure 6.1 in Curve 1.

2. Recording a sensor signal of biotin-labeled kinases on the streptavidin-transducer: While
the biotin, covalently linked to the protein binding pocket, binds to the streptavidin on
the sensor, an increase in the signal is expected, see Figure 6.1, Curve 2.

3. Recording a sensor signal of a kinase solution, that was pre-incubated with an inhibitor
and then biotin-labeled, on a streptavidin-transducer: In the pre-incubation a fraction of
protein kinases is inhibited by the inhibitors speci cally in the binding pocket. Adding
biotin-tagged ATP to the pre-incubated solution, all binding pockets blocked by the in-
hibitor are expected to remain unlabeled by the biotin-tag. Hence, for all inhibitors in-
teracting speci cally in the ATP-binding pocket of the kinases, which prevents the biotin
labeling, no binding to the streptavidin-transducer is expected. If a signal is recorded,
labeling was possible in the binding pocket and interactions of the inhibitors with the
kinases in the pre-incubation are only allosteric. Thus, it is expected to detect a lower
amount of kinases interacting with the streptaviding-transducer via the biotin-label, as
shown in Figure 6.1, Curve 3. Then, the di erence in the sensor signal of Curves 2 and 3
in Figure 6.1 reveals of direct interactions of the inhibitor in the binding pocket. Titration
experiments can provide information on the stoichiometry of the binding between protein
kinases and inhibitors in the homogeneous phase and the equilibrium between inhibitor
and ATP.

These experiments can also be adapted to direct assays on an AMD-inhibitor sensor, when
the ATP-binding pocket becomes blocked by the KiNativ labeling, only by the covalent bond
formation of the linker with the lysine in the binding pocket. The labeling with biotin on
the tag is not necessary. Performing direct assays, the covalent labeling in the binding pocket
might prevent the speci c interaction of the protein in its binding pocket with the inhibitor

on the transducer surface. Again, sensograms only show allosteric interactions, if the binding
pocket is saturated with the KiNativ tag. Comparing the sensograms of the investigations with
labeled and non-labeled proteins might provide information on the speci c interaction inside the
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binding pocket. Upon a titration of the tag, information on the binding stoichiometry between
protein kinases and their inhibitors on the sensor surface might be determined. A similar set of
sensograms should be observed as in Figure 6.1, where Curve 2 shows the signal of the label-free
and Curve 3 of the labeled protein, interacting with the sensor surface. The di erence in these
signals indicates the speci c interactions of the protein kinases in the binding pocket with the
inhibitors on the transducer surface.

Figure 6.1: Possible sensogram of RIfS investigations on a streptavidin-transducer to record the allosteric in-
teractions between protein kinases and inhibitors. 1: Normal binding inhibition assay without any
compounds interacting with streptavidin. 2: Biotin-labeled kinases (compare the KiNativ method
by Patricelli et al. [65, 66]) interacting with the streptavidin immobilized on the transducer surface,
creating a RIfS signal. 3: Inhibited kinases were labeled with biotin as in 2. Only ATP-binding
pockets void of inhibitors can be labeled and thus interact with streptavidin, evolving changes in
the optical thickness. Speci c inhibition in the ATP-binding pocket is thus visible by the di erence
in the binding curves 2 and 3.

A combination of these strategies including biosensor investigations and KiNativ labeling can be
expanded using magnetic nanoparticles immobilized with streptavidin. In the binding inhibition
assay, all protein kinases that were not inhibited in the homogeneous phase during the pre-
incubation, and were therefore labeled with the biotin-tag, can be extracted from the sample
solution with the streptavidin nanoparticles. The remaining protein kinases with inhibitors
interacting in the ATP-binding pocket can then be detected, when these complexes interact
allosterically with the inhibitor immobilized to the transducer. As the biotin-labeled kinases
are removed from the sample, the sensor signal will decrease, compared to the sensor signal
of the same experiment without prior nanoparticle-based kinase extraction, compare Figure
6.1, Curve 3 and 2. The dierence of these sensograms provides information on the specic
binding of the inhibitor to the binding pocket of the kinases and again, titration experiments
can improve the understanding of relevant processes.
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6.3 Achieving a Better Understanding of the Binding Processes

Surface Analysis

Further analysis techniques to better understand the processes on the transducer surface are
discussed shortly: As shown in Section 4.6, the intrinsic tryptophan uorescence can be used
for protein kinase detection. A uorescence signal might thus be recorded also for kinases
associated to the transducer, albeit the sensitivity of a monolayer of kinases in combination
with the development of a suitable setup will be challenging. Protein monolayers were detected
after uorescence-labeling or indirectly via uorescence correlation spectroscopy [204, 205]. In
contrast, direct detection via the native uorescence of tryptophan was not found in other
studies. Classical analysis via the light absorption of proteins with UV-Vis spectroscopy might
be impaired by the absorption of STP itself, which is bound to the transducer surface. As seen
in Figure 4.12, the absorption of STP (250-400 nm) overlays the absorption bands of proteins
at 290 nm. Also here, the monolayer of kinases on the transducer might challenge the limits of
detection of this spectroscopic technique.

The spectroscopic methods (ATR-IR and Raman) used in this thesis, were not successful in
providing information on the type of binding between protein kinases and the inhibitors on the
transducer surface. It is open, if surface enhancement in IR- or Raman investigations would
improve the results, see Section 4.4.2 and 4.4.3. These enhanced methods use a metal layer
in the sensing basis. On the one hand, this is di cult to be implemented into the transducer
and on the other hand, a metal layer would impair RIfS. Microscopy methods, such as atomic
force microscopy or scanning electron microscopy should be able to detect the di erences of
a transducer without and with associated kinases on its surface. It might even be possible to
monitor the tertiary structure of the protein on the surface to a certain extent, if there is a at
dense layer generated by the straddling of the protein or rather a cluster building of proteins on
the surface [206 211]. However, further analysis of the processes on the transducer surface for
RIfS investigations require an intense research and a high operating expense in order to gain
further information.

Other Studies

As the in uence of the light on the interaction between protein kinases and inhibitors on the
transducer was not fully understood from the results and the overall discussion, see Section 4.3.2
and 5, further experiments are planned. By the assumption that the kinases covalently bind to
STP immobilized on the transducer surface, a MALDI-TOF-MS investigation in solution might
provide the intended information: Irradiating a solution of protein kinases and STP by the
RIfS light source can simulate the possible photochemical processes on the transducer surface
in the homogeneous phase. The kinase-inhibitor-linked product generated can be analyzed by
MALDIT-TOF-MS. If free STP signals are detected in this sample, with the same intensity as
the reference sample without protein kinases, a covalent bond between the STP and the protein
kinases can be ruled out. If there are only small or even no signals found for free STP, but
instead kinase signals di ering in the mass related to the covalently linked STP, a covalent bond
between the molecules is proven.
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Since STP or fragments thereof were found to be ionized and detected by MALDI-TOF-MS
investigations without matrix, this complete experiment can even be performed without matrix.
Only unbound STP or STP involved in intermolecular interactions (but not covalently bound)
with the kinases should then be detected. If these experiments result in a conformation of the
covalent bond hypothesis, a comparison of these tests with experiments using green light as
irradiated during the 1-1 re ectometry, and with the laboratory light, present during sample
preparation, are required, in order to nd the cause for the covalent bond formation.

6.4 Optimization of the Reproducibility in Producing the Sensor Surface

A major focus for future research is the search for another auxilliary-system to enhance re-
peatability of the sensor measurements by providing a clear reference and ideally a possibil-
ity for a successful regeneration. For example, DNA hybridization can be investigated. For
the hybridization, only small DNA/RNA fragments are required, as shown for SPR and RIfS
measurements with oligonucleotides in the scale of 15 bases [181 184]. Instead of the biotin-
streptavidin system already tested in this thesis in Section 4.3.3, a single DNA or RNA strand is
covalently bound to the transducer surface as the last step of the transducer modi cation. This
process can be monitored in a rst step in the measurement protocol. Flushing a solution of
the complementary strand linked to an inhibitor over the sensor, the two strands hybridize and
by that, the inhibitor becomes laterally bound to the transducer. The changes in optical thick-
ness can be used as a reference indicating the capacity of the inhibitor on the sensor surface.
Now, analysis of the association of protein kinases, as performed in direct or binding inhibition
assays, is possible. All auxiliary-systems can also be implemented into the modi cation of the
nanoparticles to enhance kinase extraction from solutions. This referencing strategy guarantees
a high comparability between single measurements, each on a new transducer.

Regeneration may now be achieved separating the hybridized double strand by HCI, which
enables the reuse of the sensor [212, 213]. With the option to use the capacity of the sensor
surface as a reference and the re-use of sensors after successful regeneration, high throughput
analysis becomes possible at low costs.

This improvement is further combined with an expected higher reproducibility and compara-
bility of assays and precision of thermodynamic and kinetic data. With multiple measurements
using the same transducer and with the introduction of ow channels into the ow cell of 1-

| re ectrometry, the development of a high throughput method seems possible. With these
channels, dierent kinases or di erent kinase concentrations as samples can be monitored in
parallel measurements on the same sensor. This development would lead to a high-throughput
method to simultaneously conduct inhibitor and kinase screening, combined with an evaluation
of the binding a nities as well as kinetic data of the kinase-inhibitor interactions.
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6.5 Structure Modi cation of Drug Targets

Binding inhibition assays on the sensors can be performed by two strategies, depending on
the inhibitor bound to the transducer surface. In one strategy, the inhibitors immobilized to
the surface and the inhibitors for the pre-incubation in the homogeneous phase are the same.
This provides a comparison of the binding process of this speci ¢ kinase-inhibitor pair in the
homogeneous vs. the heterogeneous phase. In another strategy, a non-speci c inhibitor with
high a nity, such as STP, is immobilized to the transducer surface and di erent inhibitors are
chosen in the homogeneous phase for the binding inhibition assay. Thus, the structure of the
small molecules as drug targets can be varied slightly, e.g. by changing single functional groups.
This method provides the screening of highly promising inhibitor structures and thus enhances
drug design.

6.6 Towards Comprehensive Analytical Information: Strategies to Combine
Di erent Methods

As discussed in Section 2 and summarized in Table 5.1, methods providing information on
protein kinases interacting with inhibitors should meet following requirements:

label-free methods to monitor the binding in unaltered molecular structures of the binding
partners

evaluating a nity data to de ne the binding strength
evaluating kinetic data to de ne the binding process

screening of both, kinases and inhibitors to de ne the speci city of possible drugs and
identify new relevant drug candidates

cell-based applications to evaluate all data in pharmaceutically relevant biological envi-
ronments

high throughput to save time and quickly provide larger datasets

To meet these requirements, di erent methods have to be combined.

Regarding the successful proof of principle of a screening method with the array-based 1-
| re ectometry presented in this thesis, a broader screening for a high number of protein kinases
and inhibitors becomes possible now. Not only the search for new small molecules acting as
inhibitors is possible, including drug design, but also the screening of protein kinases, binding
to speci c inhibitors. Finally, the evaluation of the kinetics of the binding can be obtained.

In order to improve this highly promising methods, a coupling with MS analysis can enhance
the interpretation of all data. Coupling applications of biosensor measurements with MS analy-
sis have already been investigated for SPR or RIfS in combination with MALDI-MS. MS-based
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identi cation of bound proteins, glycoproteins, antibodies or enzyme inhibitors was shown.
Mostly, MALDI was applied directly to the transducer surface after matrix addition. For SPR,

the gold-layer on the transducer aids in the ionization process, while for RIfS a special trans-
ducer basis with an ITO-layer was produced [214 218].

The kinetic data from the sensor evaluations, developed in this work, can be ampli ed with
gualitative data of the kinases, such as amino acid sequences, depending on the MS applica-
tion. As MS analysis is destructive, it should always be the last step in the analytical process.
Connecting the sensor methods or nanoparticle applications with an MS-approach is possible
in three combinations:

1. Biosensor transducers are used as MALDI targets (as already tried in this thesis). By
nding a construct to improve the conductivity of the transducer, intact proteins might
be detected with MS. Screening investigations, e.g. on array-based transducers for 1-
| re ectometry, can be continued since the spatial resolution of MALDI can accurately
ionize speci c spots. However, after the MALDI application, the transducer surface is
destroyed and cannot be reused. Advantageously, MALDI investigations from this thesis
are possible without a regeneration step.

2. Considering a successful regeneration, kinases eluted from the transducer surface can be
identi ed with mass spectrometry. For this scenario, RIfS or 11 re ectometry are the sen-
sor methods of choice, as the regeneration process does not distinguish between proteins.
Thus, only one protein should be associated to the transducer surface and regenerated
for further analysis. Furthermore, the LOD of the mass spectrometric approach is more
likely to be reached with a higher amount of kinases interacting with a larger area of the
sensor surface. Regeneration with a tryptic digestion provides downstream analysis of the
proteins via peptide mapping.

3. The unsuccessful regeneration of the protein kinases from the transducer surfaces limits
the amount of kinases eluted, so the LOD of MS analysis may not be met. Thus, nanopar-
ticles can be used, instead of the biosensor applications. The modi ed nanoparticles reach
a higher coverage, thus a higher amount of kinases associated to the particles and thus a
higher amount of kinases can be captured and possibly be eluted. Hence, protein iden-
ti cation is more likely than in strategy 2. Auxiliary-systems, such as described for the
transducer, can be adapted to the nanopatrticles, improving the regeneration process.

6.6.1 From Simulations to Sensor Arrays Developed in this Thesis: Broad Screen-
ing

Combining simulation methods with experimental assays can reduce costs and time. Using this
strategy with the biosensors, developed in this work, broad analytical information is obtained,
displayed in the scheme in Figure 6.2.

With docking simulations a larger number of protein kinases and inhibitors can theoretically be
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screened for their binding energies. The best pairs of kinases interacting with inhibitors can be
chosen for further experimental studies, hence, the number of compounds to be further wes-
tigated is reduced. With biosensor assays, introduced as screening with I1¥e ectometry and
inhibitors spotted on the transducer surface, the interactions of these speci ¢ kinase-inhibitor
pairs can be determined. The sensor assays provide additional data on the binding a nity
(thermodynamic) and on the binding kinetics and de nes the speci city of the tested kinases
and inhibitors, nding the matches with the highest binding a nity.

Figure 6.2: Docking simulations are combined with the biosensor assay from 14 re ectometry, developed in
this thesis. Via docking simulations, protein kinases and inhibitors with best binding energy can
be determined and then further analyzed with biosensor assays in a screening with an evaluation
of thermodynamic and kinetic data.

6.6.2 Generating Comprehensive Analytical Information from Biological Samples

To become fully comprehensive, kinases (or inhibitors) have to be identi ed, which can only be
accomplished using mass spectrometry. A strategy including kinase identi cation is shown in
Figure 6.3. The single steps of this strategy are highlighted in color. Combining all of these
combinations provides a comprehensive analytical platform for the screening of kinase-inhibitor
interactions including kinase identi cation.

1. (green box) Puri ed kinases are investigated with regard to their binding behavior with
inhibitors via an array-based biosensor assay, similar to Figure 6.2. This screening method
provides rst information on the types of kinases and their interactions with inhibitors,
as well as thermodynamic and kinetic information on the binding process. Regarding
the inhibitors immobilized on the transducer surface, a general a nity towards a non-
speci ¢ inhibitor, such as STP, or the a nity to speci ¢ inhibitors can be determined.

As discussed in Section 6.5, di erent binding inhibition assays provide di erent informa-
tion regarding the interaction in the homogeneous or heterogeneous phase. This method
provides thermodynamic and kinetic data of the binding process and aids in de ning the
speci city of the binding pairs.

2. (green and blue box) The screening method from Step 1 can also be performed with a
biological sample, such as a cell lysate. Here, a comparison of the thermodynamic and
kinetic data from puri ed kinases vs. kinases in the cell lysate provides information on
in uences on the kinase-inhibitor interactions by compounds in the cell lysate.

3. (green, blue and yellow box) Due to the similarity of the transducer surface and the sur-
face of the magnetic nanoparticles, promising inhibitors can be immobilized on the particle
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surface. This enables the extraction of kinases interacting with a speci ¢ inhibitor in a bio-
logical sample, such as a cell lysate. Using nanopatrticles, this step provides a puri cation
of these kinases from the cell lysate, possibly aided by chromatographic fractionation.
Then, in-depth characterization of their binding kinetics and thermodynamic with the
sensor array in Step 1 is possible.

4. (dark red box) Extracted kinases can be identi ed with MS application on a molecular
level.

These combinations consider all advantages of the sensor measurements and thus provide a
complete thermodynamic, kinetic and proteomic investigation of protein kinases interacting
with inhibitors.

Figure 6.3: Scheme of a comprehensive platform for protein kinases interacting with inhibitors, also in biological
samples. With the array-based screening, thermodynamic and kinetic data and the speci ¢ binding
of the kinase-inhibitor pairs is determined from puri ed kinases (green box) and kinases in a cell
lysate (green and blue box). Dierent binding inhibition assays can be performed. With this
knowledge, all kinases, binding to a speci c inhibitor immobilized on the nanoparticles, can be
extracted from biological samples (e.g. cell lysate). Kinase-inhibitor interactions of these puri ed
kinases can be further investigated with the biosensor array (green, blue and yellow box) and
additionally, a kinase identi cation is provided by proteomics using MS analysis (wine red box).
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