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Casus ubique valet: semper tibi pendeat hamus;

Quo minime credis gurgite, piscis erit.

Chance is always powerful. Let your hook be always cast;

in the pool where you least expect it, there will be a fish.

Ovid
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Summary

In the past few years, High Throughput Screening (HTS) has become one of the

most successful techniques to deliver new entry points for drug discovery. The

most common libraries used in HTS are natural products, combinatorial chemistry
libraries and the products produced over decades in the pharmaceutical industry
with classical synthesis. However, despite all these technologies, the introduction

of new drugs to the market has decreased in the past years. Especially combina¬

torial chemistry could not meet the expectations, and a large demand for libraries

with a great chemical diversity remains. The aim ofthe present thesis was the eval¬

uation of gamma ray synthesis to produce such chemical libraries.

Gamma irradiation of organic compounds in solution leads to the formation of

a large variety of new products. Besides degradation products, many dimers and

solvent adducts of the irradiation educt are formed.

Oncogenic tyrosine kinases are known to be a molecular cause for several forms

of cancers. The success of imatinib, a selective inhibitor of the ableson kinase, for

the treatment of chronic myeloid leukemia showed that inhibition of an oncogenic

tyrosine kinase can be an effective antinepolastic treatment. The development of

resistance toward imatinib and the many other known tyrosine kinases associated

with malignancies leave a large demand for the development ofnew tyrosine kinase

inhibitors. The library in this work was therefore designed with the aim to produce
such inhibitors.

After an introduction in chapter 1, chapter 2 deals with the optimization of differ¬

ent assays to monitor the pharmacological activity of the formed products, namely
a cytotoxicity assay, a nonspecific and an ableson kinase specific ELISA for mon¬

itoring substrate phosphorylation and an immunoblot assay for monitoring auto-

phosphorylation of tyrosine kinases. All three assay types are well known, but had

to be optimized for the use in our lab. Imatinib and the non-selective tyrosine ki¬

nase inhibitor staurosporin were used as controls for the development ofthe assays.

After optimization, all assays delivered reliable results.

In chapters 3 through 5, the evaluation of gamma ray synthesis for the production
of new lead compounds is described. A substructure of imatinib served as a tem¬

plate for the design of the library. Four analogs of this substructure were chosen,

dissolved in 4 different solvents each and irradiated with a dose of 500 kGy. HPLC

analysis of the irradiated solutions showed that a large variety ofnew products was

formed, however only in very low amounts. The process is reproducible and could

easily be scaled up. All 16 solutions are cytotoxic, and 3 of them show a complete
inhibition of tyrosine kinase activity at 25 jig/ml in the unspecific ELISA.
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Two solutions were chosen for fürther characterization and isolation of some ofthe

components. Both ofthem had 4-phenylpyrimidine as the educt, solved in toluene

for solution 5 and in a methanol/water mixture for solution 6. Three compounds
could be isolated, and their structure was identified. Two more compounds were

purified in a mixture, and their structures could be elucidated. The identified com¬

pounds are two dimers and three solvent adducts of 4-phenylpyrimidine. Dimers

were found after irradiation in methanol/water, after irradiation in toluene solvent

adducts were found. The first dimer does not have any pharmacological activity.
The second one has a moderate cytotoxicity and a low activity in the ELISA. The

toluene adducts are inactive in the unspecific tyrosine kinase inhibition ELISA, but

inhibit ableson and ALK kinase in a specific assay with ICso-values between 40

and 90 jiM. All isolated compounds have not been described in the literature so

far. The fractions obtained from solution 5 were fürther analyzed by on line LC-

NMR and LC-MS/MS. Four more toluene adducts could be identified this way.

Even if the isolation procedure is time consuming and yields are low, interesting
new compounds were identified, and it can be concluded that gamma ray synthesis
is a feasible method for the delivery ofnew lead compounds in drug discovery.

Zusammenfassung

High Throughput Screening (HTS) war in den letzten Jahren eine der erfolgreichs¬
ten Methoden zur Bereitstellung neuer Ausgangsstoffe in der pharmazeutischen

Forschung. Die am häufigsten gebrauchten Ausgangssubstanzen für HTS beinhal¬

ten Naturstoffe, Substanzen, die mit kombinatorischer Chemie synthetisiert wurden

und die Produkte, die in der pharmazeutischen Industrie seit Jahrzehnten mittels

klassischer Synthese hergestellt wurden. Trotz all dieser innovativen Techniken hat

sich die Anzahl neuer Medikamente, die auf den Markt gebracht wurden, in den

letzen Jahren verringert. Vor allem die kombinatorische Chemie konnte die hohen

Erwartungen nicht erfüllen, und es besteht immer noch eine grosse Nachfrage für

Substanzbibliotheken mit hoher chemischer Vielfalt.

In der vorliegenden Dissertation wird untersucht, ob Gammastrahl-Synthese zur

Produktion eben solcher chemischen Bibliotheken von Nutzen sein kann.

Gamma-Bestrahlung von organischen Verbindungen in Lösung führt zur Bildung
einer grossen Vielfalt neuer Produkte. Neben Abbauprodukten werden verschiede¬

ne Dimere und Lösungsmitteladdukte der Ausgangssubstanz gebildet.

Onkogene Tyrosinkinasen sind bekannt als eine molekulare Ursache verschiedener



IX

Krebserkrankungen. Der Erfolg von Imatinib, einem Tyrosinkinase-Inhibitor mit

Selektivität für die Ableson Kinase als Therapeutikum für chronisch myeloide

Leukämie, bewies, dass die Hemmung onkogener Tyrosinkinasen eine erfolgreiche

Krebstherapie sein kann. Das Auftreten von Resistenzen gegenüber Imatinib und

die zahlreichen weiteren Tyrosinkinasen, die mit diversen anderen Krebsformen

in Verbindung gebracht werden, zeigen, dass ein grosser Bedarf für die Entwick¬

lung neuer Tyrosinkinase-Inhibitoren vorhanden ist. Daher wurde die Bibliothek

in dieser Arbeit mit dem Ziel konzipiert, neue Tyrosinkinase-Inhibitoren zu pro¬

duzieren.

Nach einer Einleitung in Kapitel 1 befasst sich Kapitel 2 mit der Optimierung ver¬

schiedener Assay-Systeme, die zur Bestimmung der pharmakologischen Aktivität

der synthetisierten Verbindungen verwendet werden können. Dabei handelt es sich

um einen Zytotoxizitätstest, einen unspezifischen und einen ableson-spezifischen
ELISA zur Überwachung der Substratphosphorylierung und einen Immunoblot-

Assay zur Überwachung der Eigenphosphorylierung von Tyrosinkinasen. Alle As¬

says sind in der Literatur beschrieben, mussten aber für den Gebrauch in unserem

Labor optimiert werden. Imatinib sowie der unselektive Tyrosinkinase Inhibitor

Staurosporin wurden als Kontrollsubstanzen für die Entwicklung der Assays ver¬

wendet. Nach der Optimierung lieferten alle Assays verlässliche Resultate.

Kapitel 3 bis 5 beschreiben die Evaluation von Gammastrahl-Synthese als Technik

für die Herstellung neuer Leitstrukturen. Eine Substruktur von Imatinib diente als

Vorlage für die Entwicklung der Bibliothek. Vier verschiedene Analoga dieser Sub¬

struktur wurden ausgewählt, inje vier Lösungsmitteln gelöst und bestrahlt mit einer

Dosis von 500 kGy. Eine HPLC-Analyse der bestrahlten Lösungen zeigte, dass

eine Vielzahl neuer Produkte gebildet wurde, auch wenn die erreichte Ausbeute

sehr gering ist. Die Reaktionen sind reproduzierbar, und eine Vergrösserung des

Ansatzes ist problemlos. Alle 16 Lösungen sind zytotoxisch, drei davon bewirken

zusätzlich eine vollständige Hemmung der Tyrosinkinase-Aktivität bei einer Kon¬

zentration von 25 jlg/ml im unspezifischen ELISA.

Zwei von diesen Lösungen wurden ausgewählt für eine umfassendere Charakteri¬

sierung und für die Isolierung einzelner Verbindungen. In beiden Fällen war 4-Phe-

nylpyrimidin das Bestrahlungsedukt, einmal gelöst in Toluol (Lösung 5) und ein¬

mal in Methanol/Wasser (Lösung 6). Drei Substanzen konnten isoliert und ihre

Struktur aufgeklärt werden. Zwei weitere Produkte wurden als Gemisch aufgerei¬

nigt und ihre Struktur identifiziert. Bei den identifizierten Produkten handelt es

sich um drei Lösungsmitteladdukte und zwei Dimere von 4-Phenylpyrimidin. Die

Dimere wurden gebildet nach Bestrahlung in Methanol/Wasser, die Lösungsmit¬
teladdukte nach Bestrahlung in Toluol. Das erste Dimer hat keinerlei pharmakolo-
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gische Aktivität. Das zweite ist leicht zytotoxisch und hat eine schwache Aktivität

im ELISA. Die Toluoladdukte sind inaktiv im unspezifischen ELISA, zeigen je¬
doch eine Hemmung der Ableson-Kinase im spezifischen Test mit einem IC50-

Wert zwischen 40 und 90 jlM. Alle isolierten Verbindungen wurden bis jetzt in der

Literatur nicht beschrieben.

Die Fraktionen, die bei der Aufarbeitung von Lösung 5 entstanden, wurden weiter

mit online LC-NMR und LC-MS/MS analysiert. Dadurch konnten vier weitere To¬

luoladdukte identifiziert werden.

Auch wenn das Isolierungsprozedere zeitaufwendig war und die Ausbeuten gering

sind, wurden interessante neue Verbindungen gefunden, und es kann abschliessend

gesagt werden, dass Gammastrahlsynthese eine nützliche Methode in der Wirk-

stoffentwicklung für die Produktion von neuen Leitstrukturen ist.
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Chapter 1

Introduction

1.1 Sources for New Lead Compounds in Drug Discovery

The large progress in molecular and cell biology as well as genetic sciences in

the past years make it possible to understand diseases at their molecular level.

The complete sequencing of the human genome opens up possibilities for func¬

tional genomics approaches, which will give access to even more potential drug

targets [1, 2]. In parallel, knowledge of the genomes of different pathogens per¬

mits the identification of proteins essential for their survival, which may again
be used as drug targets. Development of protein based and cell based assays also

progresses quickly, giving good in vitro models for diseases [3]. Even whole or¬

ganisms such as C. elegans or zebra fish (D. rerio) have been used for first large
scale toxicology screens. These assays in automated and miniaturized forms with

a fluorescent/colorimetric/luminescent or a radiometric readout are the bases for

high throughput screening (HTS) facilities, which allow for testing of thousands

of compounds per day [4]. HTS is presently the most widely applicable technol¬

ogy delivering lead compounds for drug discovery programs, and several drugs

coming out of high throughput screens are now in clinical trials or already on the

market [4-6].
The screening of huge amounts of different compounds on a specific target leads

to the discovery of a small amount of so called hits. Several definitions ofthe term

"hit" can be found in the literature, but they all say essentially the same [3, 5, 7]:
A hit comes out of a primary screen, where only binding or enzyme inhibition is

of interest. A hit binds to the target, or inhibits an enzyme, often with moderate

activity, but other than that, it often has have too unfavorable properties to become

a drug.
Further optimization and testing in secondary screens results in the development of

1
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leads out of hits. Besides improved binding to the target, a lead compound needs

to have drug-like properties including a good pharmacokinetic profile with respect

to toxicity, solubility, metabolism etc. [3, 7]. Further more, it needs to be active

in a pharmacologically relevant screen, where not only binding is measured [5].

Many ofthe leads which are reported for recently launched drugs have only minor

differences to the actual drug, often the leads are already known drugs [8].

Oprea et al. [9] analyzed the structural properties of 96 lead-drug pairs. They con¬

cluded that a good lead should display the following properties: relatively simple
chemical features, amenable for optimization, membership of a well-established

SAR series, favorable patent situation and good ADME (absorption, distribution,

metabolism and excretion) properties.
Since most drugs are administered orally, good pharmacokinetic (ADME) proper¬

ties are indispensable for the majority of compounds that make it into drugs [10].
These properties may be predicted by looking at the physico-chemical properties
of the drug compound. A simple but quite reliable approach to predict the drug
likeness of a compound are the Lipinski rules of five [11]: These rules predict poor

solubility and permeability of a drug if there are more than 5 H-bond donors (ex¬

pressed as the sum ofOHs and NHs), the MWT is over 500, the Log P is over 5 and

there are more than 10 H-bond acceptors (expressed as the sum ofNs and Os). In¬

creasing costs during the drug development process from hit generation to clinical

trials, necessitate the elimination of unsuccessful compounds as early as possible.

Improving ADME properties of an already fully optimized lead as far as activity
and selectivity are concerned is difficult and often not feasible because changes in

structure usually mean a loss in activity. Therefore, it is often easier to optimize
ADME properties early on, before going for the best binder [5, 7, 12].
Until HTS became available, testing the synthesized compounds was often the most

time consuming procedure in drug discovery. After introduction of HTS, the dis¬

covery of new hits [6] has become the bottle neck. The introduction of combina¬

torial chemistry and other techniques have multiplied the discovery of new hits.

However, the introduction of new drugs to the market has rather slowed down,

than increased, or in other words the bottleneck has been shifted from hit- to lead

discovery [5]. Therefore, a trend away from screening as many compounds as pos¬

sible, toward the use of focused libraries which are more likely to result in a high
hit rate right from the beginning, can be observed.

Compound libraries for use in high throughput screening usually consist of natural

products, compounds synthesized over years in different drug discovery programs,

combinatorial chemistry libraries, and purchased libraries.
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1.1.1 Natural Products

Natural products often show strong and also specific pharmacological activity.
Plants or plant extracts were for centuries the almost only known drugs [13]. Whole

plants or extracts are still in use, but more often, the active principles are isolated,

identified and used as pure compound. Many of such natural compounds have been

used successfully for years in different therapeutic areas. Examples for successful

natural products are morphine, digoxin, penicillin, taxol and many others. Besides

using natural products as they are, they often serve as templates for the develop¬
ment ofmore active or less toxic derivatives [14]. The importance of natural prod¬
ucts as lead compounds has decreased in the past years, however, they are still a

major source for new drugs. Large scale screens of plant extracts against different

tumor cell lines are for example carried out by the NCI, leading among others to

the discovery of paclitaxel [15]. Of all new chemical entities registered between

1981 and 2002, 28 % were natural products or derivatives thereof [16]. Another

15 % were biological products such as antibodies or peptides and vaccines. These

numbers are even higher for some therapeutic areas such as anti-cancer agents or

anti-infectives. Besides higher plants, other organisms such as bacteria or molds

are used as sources for new lead structures.

Classical drug discovery is carried out by pharmacological screening of crude ex¬

tracts, followed by activity guided fractionation, isolation of pure compounds and

structure elucidation. The isolated compound can then be used for pharmacologi¬
cal experiments and in some cases also for clinical trials. For broad use as a drug,
natural products usually cannot be isolated from plants in sufficient amounts, and

a synthetic or semi-synthetic approach is required. However, total synthesis is of¬

ten difficult and requires many steps, making very potent drugs difficult to use and

expensive [17]. On the other hand, synthesis opens up the possibility of variation

of the original compound.
The immense amount of different organisms require a good system for selection of

organisms worth to be screened. One approach to preselect the plants for analysis
is ethnopharmacology [18]. Research is focused on plants which are used by in¬

digenous people in their traditional medicine. By analyzing these plants, treatment

in traditional medicine can often be improved. At the same time, this may lead to

the discovery of new lead compounds which can be used by the pharmaceutical

industry.
Besides rain forests as a major source for new natural products, marine organisms
have been exploited in the past years to provide new compounds [19]. Oceans have

a huge biodiversity with many organisms producing pharmacologically interesting
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compounds. Many of the marine compounds isolated so far were found to be of

microbial origin. Promising compounds isolated from marine organisms include

the protein kinase C inhibitor Bryostatin, or the DNA interfering agent ET743.

With the introduction of High Throughput Screening and combinatorial chemistry,
the importance of natural products as leads for drugs has decreased, since nat¬

ural product research is time consuming and expensive. Morover, a scale up of

production, either by total synthesis or isolation of large compounds, is often not

trivial [20]. In the past few years, however, it was observed that combinatorial

chemistry did not meet the expectations. In fact, the introduction of new chemical

entities to the market has decreased [3, 21]. On the other side, nature has already
delivered many successful and potent drugs, and natural products often have good

drug-like and pharmacological properties without further optimization. This might

again shift the attention back toward the use ofnatural products as a source for new

lead compounds [6, 17] .

1.1.2 Combinatorial Chemistry

Combinatorial chemistry can be defined as the simultaneous chemical synthesis of

large numbers of compounds using a variety of starting materials [22]. It was first

developed for the synthesis of large peptide and oligonucleotide libraries. In the

1990s the focus changed to the synthesis of drug-like, small organic compounds

[23]. The first successful libraries consisted of a variety of benzodiazepines [24].
In the beginning, most libraries were synthesized on solid phase, with the scaf¬

fold coupled to a resin bead. Lateron, combinatorial synthesis in solutions became

popular as well.

Solid phase synthesis opens up the possibility for easy purification by filtration,

and reactions can easily be driven toward completion by adding a large excess of

reactants. Mix and split synthesis, which should allow for an easy encoding of the

library, is possible only on solid phase. On the other side, possible reactions are lim¬

ited and often slower than in solution phase synthesis, and successful approaches
are often dependent on amide bond formation. Furtheron, encoding strategies in

mix and split synthesis are often unreliable as far as the outcome of bio assays are

concerned [25].
In solution phase, types of possible reactions are less limited. However, cleaning

up is much more difficult, and synthesis is more often carried out in parallel. Phase

trafficking methods open up new possibilities for solution phase synthesis. With

phase trafficking methods, reagents, byproducts or products are directed toward a

different phase, making isolation of products easier [23]. Progress in purification
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methods and automation ofthe clean-up procedure (usually by preparative LC-MS)
make solution phase synthesis again more attractive [26, 27]. In the early days of

combinatorial chemistry, reactions were easy, and the diversity of the generated

compounds was limited. The focus was on creating as many compounds as possi¬
ble. This approach did not lead to the expected success. Nowadays, more complex
reactions can be used, and the focus is on creating libraries with the highest possi¬
ble chemical diversity [28], as can be seen in the yearly summaries ofnew libraries

by Dolle [29]. Of the 120 biologically active libraries published 2003, 79 % had

less than 500 members.

The most common approach in combinatorial chemistry is to "decorate" a scaffold

with building blocks on different functional groups. As a consequence, the prod¬
ucts all have the same core and therefore a limited chemical diversity. However

it is also possible to use building blocks with a common skeleton and transform

them into a products with different skeletons by a set of common reactions. These

steps produce diversity in the scaffold. Derivatization ofthe scaffold with different

building blocks can occur before the reaction on the scaffold, leading to even a

greater variety ofproducts [30].
In the past years, it has become more common to use natural products as tem¬

plates for the synthesis of combinatorial libraries, often leading to relatively small

libraries with high hit rates [31]. This goal can be achieved either by using a natural

product as scaffold and decorating it with different ligands on solid phase [32], or

by total synthesis on solid phase [33, 34] or in solution [35].

1.1.3 Other Methods

In addition to the already mentioned sources for new drugs, several other methods

to get new leads have been described lately.
Combinatorial biosynthesis relies on the knowledge of genes encoding for proteins
associated to the biochemical synthesis pathway of a certain product class [36].
This genes can be cloned into an easy to handle microorganism, facilitating the

fermentation ofthe desired product. Manipulation of some ofthese genes, or com¬

binations of genes of different organisms or synthesis pathways in one host can

lead to the production ofnew "natural products" [37].
Small fragments are used for screening instead of larger compounds in fragment
based lead discovery techniques such as SAR by NMR [38]. Small fragments bind¬

ing weakly to the target are identified, and lateron optimized into a larger molecule

with improved affinity [39]. Small molecules that bind to a 15N labeled target pro¬

tein can be identified by changes in 15N or *H chemical shifts in two dimensional



6 Introduction

N, H HSQC spectra. If two fragments binding to neighboring pockets in an en¬

zyme are joined by a linker, this can result in a new molecule with high affinity.
In X-ray crystallographic screening, crystals of the target enzyme are soaked with

mixtures ofpotential ligands. Differences in the electron density maps ofthe crystal
before and after soaking allow the identification of binders [40]. If the compounds
in the mixture are different enough in shape, the difference in the density maps

directly delivers the structure ofthe ligand.
In addition to experimental approaches, computer aided drug design plays an im¬

portant role in drug discovery. Computational chemistry consists of a large variety
of methods used for ligand design [5]. In virtual screening approaches even larger
libraries than used in HTS can be screened for different properties. The easiest ap¬

proach is to filter for drug-likeness, for example by employing the Lipinski rules

of five [11]. There are also filters which can predict toxicology based on structural

analysis or different pharmacokinetic parameters. If a three dimensional structure

of the target is known, compounds can be docked virtually into the active site. By
this method, binders can be predicted out of a large library of molecules. Experi¬
mental confirmation of the hits in a a bioassay is however indispensable.
If the target structure is not known, but inhibitors are, construction of a pharma¬

cophore model can help selecting promising candidates out of a large library.
Structure based drug design allows for a rational optimization of lead compounds,
or even de novo design of inhibitors on the computer, and has contributed to nu¬

merous drug approvals [41].

1.2 Radiation Chemistry

The wide field of radiation chemistry was initiated by the discovery of X-rays by

Roentgen, radioactivity by Becquerel and the particle nature of electrons by Thom¬

son at the end of 19th century as well as the discovery that hydrogen and oxygen

are formed after the irradiation of water at the beginning of the 20th century [42].
Later on radiation chemistry was defined as the science of the chemical effects

brought about by the absorption of ionizing radiation on matter [43]. Irradiation

with high energy photons usually results in the ejection of an electron from the

matter leading to the formation of radicals. Three ways for energy transfer pro¬

cesses for high energy photons are known: the photoelectric effect, the Compton
effect and pair production. In the photoelectric effect, a photon is absorbed and

an electron (usually from an inner shell) is produced with kinetic energy equal
to the difference between the photon energy and the binding energy of the elec-
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tron. In the Compton effect, absorption of a photon is followed by ejection of the

most loosely bound electron and of a photon with lower energy. In pair production,
a nuclear interaction with annihilation of the photon takes place, followed by the

production ofan electron-positron pair. With increased energy the mainly observed

phenomenon changes from photoelectric effect over compton effect to pair produc¬
tion [44]. For the y rays of 60Cobalt nuclei, the most commonly used photons in

radiation chemistry, with an energy of approximately 1.2 MeV, the predominant ef¬

fect is Compton absorption. All three phenomena lead to the production ofradicals

and solvated electrons as primary irradiation products, which can then react further

with other solvent molecules or solutes. Due to the normally low concentration of

solutes, most primary reactions occur with solvent molecules. In section 1.2.1 the

events that occur after irradiation of aqueous solutions are described. In sections

1.2.2 and 1.2.3 the processes taking place after irradiation of organic compounds
in aqueous or organic solution in general and of aromatic compounds in particular
are presented.

1.2.1 Radiation Chemistry of Aqueous Solutions

After irradiation of an aqueous solution most of the energy is absorbed by water

itself. In a first step, a water molecule absorbs energy and is transformed into an

exited state or an electron is ejected and a water ion is formed as shown in reactions

1.1 and 1.2 [44-46].

H2O^H20* (1.1)

H2O^H20++ e" (1.2)

These species are immediately transformed into radical and ionic primary irradi¬

ation products. The most abundant primary products are solvated electrons, hy-

droxyl radicals and hydrogen atoms [47]. Free electrons are transformed into sol¬

vated electrons (reaction 1.3), excited state water degrades into a hydrogen and a

hydroxyl radical (reaction 1.4) and water radicals are converted into a hydroxyl
radical and a proton (reaction 1.5)

e -^eaa (1.3)
\*

H20"^H +OH (1.4)

H20+^H+ + OH* (1.5)

Further primary products such as H202, H2 or HsO+ are formed as well, however

in lower yields.
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All these reactive products can then further react with solutes in the water via rad¬

ical reactions and in this way form the observed secondary irradiation products. A

wide variety of reaction rate constants and products of different organic and inor¬

ganic compounds are listed in the literature [48, 49].

Appropriate additives make it possible to create solutions that contain mainly one

single radical species such as OH
,
e" or H [42]. For example, solutions con¬

taining mainly solvated electrons are formed through the addition of 2-methyl-2-

propanol to N2- saturated solutions. Under these conditions OH is removed via

the formation of water and a 2-hydroxy-2,2-dimethylethyl radical. This radical re¬

acts very slowly compared to the hydroxyl radical, making it possible to study the

reactivity of the solvated electron. At a lower pH the solvated electron reacts with

a proton to form hydrogen radicals as major product.
Solvated electrons react mainly as reducing agents, whereas hydrogen atoms can

react as reducing agents, e.g. via addition to double bonds, or as oxidizing agents

via abstraction of hydrogen atoms from saturated bonds. The hydroxyl radicals

reacts as oxidizing agent via abstraction of electrons or hydrogen atoms or via

addition to unsaturated bonds. Hydrogen abstraction occurs for example in alcohols

as shown in reaction 1.6, in alkanes hydrogen abstraction or breaking ofC-C bonds

are observed [44].

OH'+CH3OH^H20+'CH3OH (1.6)

With the formation ofthe products, often new radicals are formed, leading to chain

reactions and more efficient use of deposed energy, as shown in the bromination of

ethene in reactions 1.7 - 1.9

HBr^H'+Br' (1.7)

Br' + CH2=CH2 -»• 'CH2-CH2Br (1.8)

'CH2-CH2Br + HBr -»• CH3CH2Br + Br' (1.9)

1.2.2 Radiation Chemistry of Organic Compounds

Irradiation of organic compounds in aqueous or organic solution leads to the for¬

mation of organic radicals either through direct ionization or via the primary radi-

olysis products of water. The reactivity of different functional groups and products
formed from several compounds in aqueous solution are listed in reference [50].
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Large differences in the formed products are observed between oxygen saturated

and oxygen free systems. Formation of dimers and addition products are more

likely to take place in oxygen free systems. The formed radicals react in the same

way as radicals formed by other means. During irradiation in the gas phase, cleav¬

age of bonds and migration of protons and other groups can occur. Fragmentation

patterns are often similar to those observed in El-mass spectrometry. In solution,

fragmentation is much lower. Radiation induced fragmentation occurs at a number

of sites in an organic molecule, but is generally greatest in the vicinity offunctional

groups containing hetero atoms and unsaruration. In contrary, photochemical initi¬

ation runs through similar mechanisms, but is much more specific. After irradiation

of aqueous solutions containing only one sort oforganic compounds the most com¬

mon products are dimers.

In the following the most common types of radical reactions are listed [50]:

• Radical rearrangement

By migration of a group within the molecule, more stable radicals can be

formed. Aromatic nuclei and halogens are the most frequent groups to mi¬

grate, although other groups can also change position. An example for migra¬
tion is shown in reaction 1.10

Ph3C-CH2'^Ph2C*-CH2Ph (1.10)

• Radical dissociation

A radical can dissociate into a smaller radical and an unsaturated compound,
as shown in reaction 1.11

Br2-CH-CH*Br^Br'+BrCH=CHBr (1.11)

• Addition reactions

Addition of radicals to unsaturated compounds is the reverse process of dis¬

sociation reactions as shown in reaction 1.12

Br'+R-CH=CH2^R-CH'-CH2Br (1.12)

• Abstraction

Radicals can abstract a hydrogen or halogen, producing a new, generally
more stable radical. For example OH can abstract one of the a -protons of
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methanol. Abstraction is the most common reaction in saturated compounds,
and may compete with addition in the case of unsaturated compounds.

• Radical combination

Two radicals can combine to form a larger molecule. An example is shown in

equation 1.13

CH3*^C2H6 (1.13)

The formed product can again dissociate into different radicals from the orig¬
inal ones.

• Disproportionate

Instead of a combination of two radicals, a hydrogen atom can be transferred

from one radical to the other, giving two stable molecules, one of which is

unsaturated, as shown in reaction 1.14

2C2H5*^C2H6 + C2H4 (1.14)

• Electron transfer

Finally, radicals may be stabilized by transfer of an electron to another mole¬

cule, for example, an electron can be transferred from a metal ion to OH
.

1.2.3 Radiation Chemistry of Aromatic Compounds

Irradiation of aromatic compounds in water leads to addition ofprimary water radi-

olysis products to double bonds, forming cyclohexadienyl and hydroxycyclohexa-

dienyl radicals. [50, 51]. These organic radicals combine and disproportionate to

give a complex mixture of products, such as phenol, biphenyl, cyclohexadiene,

phenylcyclohexadienes, dicyclohexadienes and others [52, 53].
Direct radiolysis of aromatic compounds leads to the formation of aromatic radical

cations by abstraction of an electron. Yields after irradiation of water free aro¬

matic solutions are quiet low, because the energy states of the molecules allow

for efficient degradation of excitation energy without any chemical change. The

most abundant products after irradiation of benzene are dimeric compounds such

as biphenyl, phenylcyclohexadiene, phenylcyclohexene and non-aromatic bi-cyclic

compounds or compounds with a higher molecular weight (three or more rings) but

with an equivalent composition. The average molecular weight increases with the
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absorbed dose [54]. Direct irradiation of toluene leads to the formation of gaseous

products, mainly hydrogen and methane and a so called polymer fraction [55].
The polymer fraction consists of dimers and higher oligomers of toluene [56, 57].
The most abundant product is bibenzyl, formed through a dimerization of two

molecules oftoluene via their methylene groups. The other possible addition prod¬
ucts formed through an addition via methyl group to benzene ring, or between two

benzene rings are formed as well, besides products with saturated bonds.

1.2.4 Applications of Radiation Chemistry

In radiation synthesis radiation energy is used to produce free radicals, which can

then be used as intermediates for chemical reactions. Most of the processes can

also be brought about by thermal or photochemical means. Advantages of using
radiation chemistry are that reactions can be carried out at lower temperatures and

without any catalysts or initiators. The main disadvantages are costs, safety and

concerns over long-term effects of irradiation [44].
Various industrial pilot plants and full-scale operations for radiation synthesis with

production rates of 50 to 1000 tons per year have been reported. The radiation

source is usually a 60Co facility. Considering the high costs of irradiation facilities,

irradiation synthesis is usually only cost effective, if chain reactions are induced

by the produced radicals, and therefore the yield per energy used is very high.
Some of the most common applications are oxidation of hydrocarbons or benzene

to higher alcohols, fatty acids or phenol, chlorination of hydrocarbons, toluene

or various polymers, synthesis of bromoethan and other halogenation reactions,

sulfoxidation and polymerization reactions. Most of the above applications were

carried out only in pilot-plant scales, or production was stopped due to lack of

demand, environmental or safety considerations.

The low selectivity of the processes is one of the problems of radiation synthesis.

Usually mixtures ofmore then one product are formed and destructions ofproducts
was observed in some cases.

Other, non synthetic applications of radiation technologies are dosimetry, irradia¬

tion sterilization ofmedical equipments, treatment of exhaust gases from coal fired

power stations for the reduction ofN- and S-oxides, waste water treatment or food

irradiation.
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1.3 Oncogenic Tyrosine Kinases as Drug Targets

Deregulated cell growth can occur as a result ofperturbed signal transduction. As a

consequence of the disturbed signal transduction, the critical balance between the

rate of cell-cycle progression and cell growth on one hand and apoptosis on the

other hand is disturbed, resulting in uncontrolled cell proliferation and finally can¬

cer development. Mutations in over 290 different genes (more than 1% ofthe total

genome) have been found to be implicated in oncogenesis [58]. Many of these

genes encode for tyrosine kinases (TK). In the human genome, over 90 tyrosine
kinases could be found [59]. They are subdivided into receptor and non receptor

tyrosine kinases. TKs play a key role in the signalling pathways in cellular pro¬

cesses such as proliferation, migration, metabolism, differentiation and survival as

well as intercellular communication during development [60]. They are activated

through extra- or intracellular ligands such as growth hormones and can stimulate

cell cycle progression through several steps. After ligand binding, receptor tyrosine
kinases oligomerize and are autophosphorylated. TK domains are activated, and

serve as binding sites for down stream signal transducers. Different signal trans¬

duction pathways are activated which end in the transcription of target genes.

These activities are usually under strict control through auto inhibition and other

mechanisms. However, due to mutations, overexpression, genomic rearrangements,

deregulation ofkinase activity by activation ofoncogenes, loss oftumor suppressor

functions or ectopic expression of growth factors this tight control can be lost,

turning tyrosine kinases into oncogenes [58, 61, 62]. Over 50 % ofreceptor tyrosine
kinases have been found to be associated with solid tumors. Prominent examples
are deregulated forms ofEGF or VEGF receptors.

Inhibition of the unregulated tyrosine kinase activity should therefore be a possi¬

bility for cancer treatment. Several approaches of targeting tyrosine kinases have

been investigated. Targeting of either the ligand binding- or substrate binding site

by small molecular compounds has turned out to be very difficult [62]. The most

successful approach for inhibiting TKs by small molecular inhibitors proved to be

targeting of the ATP binding site. Even though this part of the enzyme is highly
conserved among different kinases, development of relatively selective inhibitors

turned out to be possible [63]. This is probably due to the fact, that even though the

kinases are very similar in their active state, there are some distinct differences in

the inactive state. Therefore inhibitors that target the inactive state of a kinase can

be selective [64]. The first prove of principle was done with imatinib targeting the

ableson kinase. This success story is discussed in detail in chapter 1.4.

Several inhibitors for other kinases are now in late state clinical trials or have re-
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Table 1.1: Approved anticancer drugs targeting tyrosine kinases

Active principle Name molecule type target approved for

Cetuximab Erbirux® antibody EGFR colorectal cancer

Trastucumab Herceptin® antibody Her-2/neu breast cancer

Erlotinib Tarceva® small mol. EGFR NSCLC

Geftinib Iressa® small mol. EGFR NSCLC

Imatinib Glivec® small mol. BCR-abl CML

cently been approved. Some approved tyrosine kinase inhibitors are listed in table

1.1. Besides small molecular inhibitors, targeting of tyrosine kinases is also possi¬
ble by monoclonal antibodies. This concept was first proven by Trastuzumab, an

antibody against Her-2/neu (or Erb B-2), a receptor tyrosine kinase of the EGF

receptor family [65]. Her-2/neu is over expressed in about 30 % of breast cancer

patients. Trastuzumab is approved for the treatment of Her-2/neu over express¬

ing breast cancer. Examples for therapeutic antibodies are as well listed in table

1.1. Antibodies can act through different mechanisms such as blockade of ligand

binding, prevention of receptor dimerization, enhanced receptor degradation and

recruitment of immune effector cells [64].
Success of mono therapies can only be expected, if the oncogenic transformation

of the cells depends on the targeted kinase. Several animal models could show,

that deactivation of a single oncogene can lead to tumor suppression, even if more

than one oncogene could be found in the tumor [66]. The evidence gained in the

animal studies are supported by good success in the clinic of some TK inhibitors

and antibodies. However, tumors often depend on more than one oncogene, or they
can get independent from the oncogene that initially caused the transformation,

because the transformed cells show a high genetic instability and acquire further

mutations. Clinical studies with several tyrosine kinase inhibitors other than ima¬

tinib failed to give the expected results. Monitoring of activity of inhibitors is dif¬

ficult in patients and nearly always depends on tumor biopsies. Often the right

analysis for the study endpoint is not known at the beginning, making monitoring
and explanation why some patients respond where as others don't difficult. This

is illustrated in the development of Gefitinib, an inhibitor of EGFR kinase. The

drug was approved after a successful phase II trial as third line treatment in non

small cell lung cancer [67]. In a large post approval phase III trial, the drug didn't

show any statistically significant benefit anymore, even though a few patients de-
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veloped an impressive response. Response was most often observed in Japanese,

women, non smokers and patients with adenocarcinoma. Analysis of tumor biop¬
sies of different patients showed, that these patient groups often had mutations in

the EGFR [68, 69]. When samples of patients treated with geftinib were analyzed,
it turned out, that a large majority ofresponding patients did have mutations in the

EGFR, whereas non responders did not. It seems that even though the tumor cells

in these patients are still over expressing EGFR, they could escape dependence on

EGFR, for example by activating alternative pathways. If these facts were consid¬

ered before the design of the trial, the right patients for the drug could have been

selected.

Phase I clinical trials usually have the goal to find the maximum tolerated dose

for safe administration and the response rate, but typically molecular targets are

not evaluated in the tumor tissue [64]. However, treatment of not evaluated patient

groups will lead to too low responder rates and can, in the worst case even be

reason for a failure of a compound, showing that patient selection and planning of

the clinical trial are of imminent importance.
The successes of different tyrosine kinase inhibitors in the clinic could show that

tyrosine kinases are relevant drug targets, if the deregulation of the activity of the

targeted kinase is causatively linked to the disease, and the transformation of the

kinase is the first event in the development ofthe cancer.

1.4 Targeting of the BCR-Ableson Kinase in Chronic Mye¬

loid Leukemia

1.4.1 Pathophysiology of Chronic Myeloid Leukemia

Chronic Myeloid Leukemia (CML) is a myeloproliferative disease originating in a

hematopoietic stem cell, that comprises of about 20 % of all leukemias.

The peak incidence is between 40 and 60 years and the life expectancy of patients
used to be about 4 years. First symptoms are mild such as fatigue and bleeding,
and diagnosis is often made at routine blood controls, where a raised leukocyte
count is found [70]. After about 1-4 years, the disease usually progresses into an

accelerated phase and finally turns into blast crisis. Once the disease has progressed
to blast crisis, the expected survival time of patients is only about 18 weeks.

The classical treatment of CML consisted of different approaches [70]. Patients in

chronic phase CML were usually treated with classical chemotherapeutic agents,

such as hydroxy-urea and busulfan. By this treatment, leukocyte numbers are read-
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ily reduced, however, blast crisis cannot be prevented, but delayed a bit. Applica¬
tion of more aggressive chemotherapy does not result in prolonged over all sur¬

vival.

As an alternative to chemotherapy, interferon alpha was used in the treatment of

CML. Under this treatment, up to 73 % of patients achieve a hematologic remis¬

sion, and up to 18 % of patients show a complete cytogenetic remission and sur¬

vival in responding patients is clearly prolonged. However up to 20 % of patients
do not tolerate Interferon alpha due to its high toxicity. The treatment of choice

used to be allogeneic bone marrow transplantation with an HLA-identical sibling.
After transplantation, leukemia free survival at 10 years is observed in 30 % - 80 %

of patients [71]. However, only a minority of patients is eligible for bone marrow

transplantation due to a lack of an HLA-identical donor [72].

Therapy of CML has drastically changed with the approval of imatinib (Glivec®),
an ableson kinase selective inhibitor (see below).

1.4.2 Molecular Origin of CML

In 1960 a chromosomal abnormality was discovered in blood samples of different

CML-patients [73], the abnormal chromosome was named Philadelphia chromo¬

some. It turned out to be present in 90 % of all CML cases and in about 15 to 30 %

of acute lymphoblastic leukemia (ALL) as well as some cases of acute myeloid
leukemia (AML). Later, it could be shown, that this abnormal chromosome was

formed through a reciprocal translocation between the long arms of chromosomes

9 and 22 t(9;22)-(q34;qll) [74]. Through this translocation, a part of the c-abl

gene of chromosome 9 is translocated to chromosome 22 [75]. The breakpoint on

chromosome 22 is within the BCR gene [76]. This way, a 210 kDa fusion protein

consisting of the first 13 or 14 exons of the BCR gene and exons 2 through 11 of

the ableson gene is formed [77, 78]. Since there are several breakpoints in the BCR

gene, a 190 kDa (mainly in ALL patients) and 230 kDa (associated with chronic

neutrophilic leukemia) fusion proteins are found as well [79].
The c-abl gene is the the human homologue of the oncogenic sequence of v-abl in

the Ableson murine leukemia virus (A-MuLV). The protein encoded by A-MuLV

is identical with one expressed by Moloney Leukemia Virus (M-MuLV), but has

an additional 3.6 kB fragment of cellular origin [80, 81]. Both c-abl and v-abl were

shown to have tyrosine kinase activity.
c-abl encodes for a 145 kDa non receptor tyrosine kinase. It is ubiquitously ex¬

pressed with highest mRNA levels in spleen, thymus and testis. There are two

splice forms of c-abl, la and lb. la is mainly found in the nucleus whereas lb is
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mostly found in the cytoplasm [70, 79]. Despite the myristoylation of form lb, it

is not bound to the plasma membrane [82]. Besides the tyrosine kinase domain,

several other domains are found in the protein: an SH3 domain (binds to proline
rich stretches), an SH2 domain (binds to phosphotyrosine in other proteins) three

proline rich stretches (binding ofother SH3 domains), a nuclear localization signal,
a stretch of acidic residues (binding to DNA) and an actin binding site, c-abl has a

function in cell cycle regulation, in the cellular response to genotoxic stress, in the

transmission of information about the cellular environment as well as in neuronal

development [79, 83]. Over expression of c-Abl results in cell cycle arrest, and not

in malignancy, and c-abl is probably a negative regulator of cell growth,
c-abl is strictly regulated in normal cells. Pluk et al. could show, that this regulation
is due to the N-terminal cap of the protein, which forms intra-molecular interac¬

tions to several points within the protein, and keeps it in its inactive state [84]. This

N-terminal cap is missing in BCR-ableson, which could be a driving force toward

loss of regulation, besides the dimerization domain ofBCR (see below).
The BCR gene encodes for a protein of 160 kDa, ubiquitously expressed in all tis¬

sues. Its function is not yet clear, it might participate in signal transduction, BCR

knock out mice are viable, the involved signaling pathways are probably redun¬

dant [79]. BCR consists of a dimerization domain, followed by a SH2 binding

domain, a region with serine/threonine kinase activity, a region with homology to

Rho guanine-nucleotide exchange factors, a region probably involved in calcium-

dependent lipid binding and a region which is implicated with Rac-GTPase acti¬

vating protein function.

The dimerization domain ofBCR promotes dimerization ofthe fusion protein, fol¬

lowed by cross phosphorylation of the two monomers, creating the binding sites

for SH2-domains of other proteins [79]. Several substrates are bound and phos-

phorylated and different signal transduction pathways are activated, such as the

RAS/MAPK, Jak-Stat, PI3 kinase and Myc pathway. Many ofthese signaling path¬

ways are normally activated by hematopoietic growth factors [85]. In the end they
all induce cell proliferation or reduce apoptosis. Besides increased signaling ac¬

tivity, BCR-ableson positive cells show also altered adhesion to stroma cells and

extracellular matrix. Several other mechanisms are under discussion. Before turn¬

ing into blast crisis, cells seem to become more genetically instable, and blast cri¬

sis cells usually have more than one cytogenetic abnormality, as well as mutations

in other proteins such as tumor suppressor genes. After transfection with BCR-

Ableson fusion protein, mice develop a CML-like disease, proving that the fusion

protein is really the cause of CML.

The fact that an overactive ableson kinase induces the development ofCML led to
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the hypothesis, that inhibition of ableson could be an effective treatment for this

disease.

1.4.3 Development and Therapeutic Evaluation of Imatinib (Glivec®)

The first compounds discovered that showed inhibition of v-abl kinase were a se¬

ries ofbenzopyranones and benzothiopyranones [86]. A series oftyrphostins were

found to be inhibitors of BCR-abl in CML derived cells a little later on [87, 88].
Some ofthem inhibited v-abl at jlM compared to > lOOjiM for EGFR.

In a high throughput screen for kinase inhibitors, 2-phenylaminopyrimidine was

identified as lead compound with low activity and selectivity [72]. A series of

phenylaminopyrimidine compounds was then synthesized and screened for inhi¬

bitory activity against a panel oftyrosine kinases. Out of this series a dual inhibitor

of PKC-oc and PDGFR was identified [89]. Introduction of a methyl group in po¬

sition 6 of the phenyl-ring (CGP 53716) led to selectivity toward PDGF receptor

tyrosine kinase [90] with an IC50 of 0.1 jiM. The structures of CGP53716 and its

precursor are shown in figure 1.1. It did not inhibit Protein kinase C and other Ser¬

ine/Threonine kinases. From the tyrosine kinases tested, no inhibition was seen for

EGFR kinase, members of the Src kinase family, Csk and TPK-IIB. In contrary

v-abl was shown to be inhibited with an IC50 of 0.6 jiM.

Figure 1.1: Structures of CGP 53716 (a) and the not methylated dual PDGFR/PKC-alpha
inhibitor (b)

Further optimization of CGP 53716 by introduction of a piperazine moiety led to

the formation of CGP 57148 [91, 92]. The compound was later named STI 571 or

imatinib and is registered as Gleevec® in the United States and as Glivec® in the

rest of the world. A structure of imatinib is shown in figurel.2.
Imatinib inhibits purified v-ableson kinase with an IC50 of about 40 nM and c-abl
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Figure 1.2: Structure of imatinib (Glivec®)

as well as BCR-abl with an IC50 of 25 nM [93]. Inhibitory activity against EGFR

and Src family kinases was weak or not visible. However, PDGFR was inhibited as

well with a similar potency. Inhibitory activity could also been shown toward auto-

phosphorylation and cell growth of v-abl and BCR-abl transfected cells as well as

human BCR-abl positive cell lines from CML patients such as K562. Further on,

imatinib had significant inhibition oftumor growth in AMuLV and BCR-abl trans¬

formed tumors in mice and inhibited colony formation of bone marrow samples
from CML patients [94, 95]. Besides abl and PDGFR, imatinib could be shown to

inhibit c-Kit and ARG tyrosine kinases.

Figure 1.3 a shows the crystal structure by Schindler et al of abl kinase in complex
with CGP 53716 [96]. In the inactive conformation with the activation loop not

phosphorylated, ableson kinase differs from other closely related kinases, whereas

the structure ofthe active forms are quiet similar. This is illustrated in figure 1.3 b,

where an overlay of the structures of the inactive forms of insulin receptor kinase

and ables kinase are shown [96]. Imatinib binds selectively to the ATP-binding site

of the inactive form of the ableson kinase.

In a first phase I study with CML patients that had failed Interferon a therapy, ima¬

tinib showed significant therapeutic effect [97]. 53 out of 54 patients treated daily
with 300 mg imatinib or more showed complete hematologic response, cytogenetic

response was seen in 29 ofthe 54 patients. No maximum tolerated dose was found,

and side effects were usually low or moderate. It also proved to be moderately ac¬

tive in accelerated and blast crisis CML as well as in ALL patients, even though
not as many patients responded, and relapses were frequent [98]. The high activity
of Imatinib could be confirmed in a phase II study, also after interferon-oc failure

in late chronic phase [99, 100]. Hematologic response was seen in 95 % and cyto¬

genetic response in 60 % of chronic phase patients with only 9 % relapsing after

18 months. Further studies with accelerated phase [101] and blast crisis [102, 103]

patients also showed good results. These impressing results let to accelerated FDA
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Figure 1.3: (a): Ribbon representation of the three-dimensional structure of Abl kinase

in complex with CGP 53716. The catalytic segment of the kinase is shown in green, the

activation loop in magenta (b): Superimposition of ableson kinase (magenta) and insulin

receptor tyrosine kinase (IRK, light pink) in the vicinity of tyr 393. The peptide substrate

of IRK is shown in green. Figures were taken from [96].

approval.
In a multi-center phase III study, imatinib was compared to the classical combina¬

tion therapy oflow dose cytarabine and interferon alpha for newly diagnosed CML

patients. Imatinib turned out to be superior in terms of hematologic and cytoge¬

netic response, tolerability and the likelihood of progression to accelerated-phase
or blast crisis CML [104]. The most common side effects in the imatinib group

were edema, nausea, muscle cramps and rashes, most ofthem were grade 1 (mild)
or grade 2 (moderate), grade 3 or 4 side effects were rare. 95 % of patients in the

imatinib group reached a complete hematologic response compared to 55.5 % in

the combination therapy group. A major cytogenetic response was seen in 85.2 %

of the imatinib group versus 22.1 % in the combination therapy group. No disease

progression was seen in 92.1 % in the imatinib group compared to 73.5 % in the

combination therapy group. Patients treated with imatinib also had a significantly
better quality of life [105].
Besides inhibition of ableson kinase, imatinib also inhibits PDGFR and c-kit. Ac¬

tivation mutations of c-kit are found in several forms of gastrointestinal stromal

tumors (GIST). A clinical trial with GIST patients showed response rates of 60 %
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and led to the approval for imatinib in GIST as a second indication.

Mutated and over activated c-kit and PDGFR are found in several other malig¬
nancies. However, there does not seem to be only one single defect leading to

malignant transformation as seen in CML. Anyhow, imatinib could be a useful

therapeutic, maybe in combination, in some ofthese diseases, and several trials are

ongoing. Since most cancers have multiple genetic defects, it may not be as easy as

in the case of CML to cure the disease by inhibition of one single tyrosine kinase

with a specific inhibitor. However the successes of imatinib in GIST and blast cri¬

sis CML, which generally have multiple genetic defects raise hope, that at least in

some patients, good therapeutic effects could be visible even with a single kinase

inhibitor.

Resistance toward imatinib is often observed after some time of administration,

when a prior observed cytogenetic or hematologic response is lost [106]. It is seen

in over 70 % of patients with an acute leukemia (blast-crisis CML or ALL) and

rare in chronic phase CML patients. Resistance can also be induced in Philadelphia

positive leukemic cell lines after exposure to low concentrations of imatinib [107,

108]. Several mechanisms ofresistance have been discussed [109].

Activity of ableson kinase can be restored by enhanced levels ofBCR-ableson pro¬

tein through over expression or amplification ofthe BCR-ableson gene [107], or by
mutations within the gene [106]. Mutations that make ableson insensitive toward

imatinib can occur in different positions within the kinase domain: Mutations can

be found in the binding site for imatinib such as the T3151 mutation, which causes

loss of one hydrogen bond and sterical hindrance of imatinib binding, in the phos¬

phate binding loop for ATP (P-loop), in the activation loop and close to the hinge

region or in the C-terminal lobe of the protein, at some distance of the imatinib

binding site [110].
Several new abl-inhibitors are in development, with the hope that some ofthem will

be active also in cases where resistance toward imatinib occurred. The structures

of the discussed compounds are shown in figure 1.4.

SKI-606 is a dual inhibitor of Src and Abl kinases, and therefore attacks several

pathways involved in CML [111]. The ableson kinase inhibitor PD180970 could

be shown to be active against imatinib resistant mutated forms of BCR-ableson

[112, 113]. BMS-354825 inhibits ableson kinase with enhanced potency compared
to imatinib, and also inhibits 14 out of 15 clinically relevant mutated forms ofBCR

ableson [114].
Besides other ableson inhibitors, several strategies were proposed to circumvent

imatinib resistance:

Imatinib treatment might be started at higher doses (600 or 800 mg instead of
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Figure 1.4: Structures of compounds described as alternative growth-inhibitors of CML-

cells if resistance toward imatinib occurs: (a): SKI-606, dual src/abl inhibitor [111], (b):
PD 180970 abl-inhibitor [112, 113], (c): BMS-354825, abl inhibitor [114], (d): Tyrphostm
AG 1024, Akt/PI3K inhibitor, down regulates BCR-abl expression [115], (e): PP2, src in¬

hibitor [116, 117], (f): geldanamycin, increases BCR-abl degradation [118], (g): 17-AAG

(17-Allylamino-17-demethoxygeldanamycin), increases BCR-abl degradation [118]



22 Introduction

400 mg), or it might be combined with classical chemotherapeutic agents such as

cytarabine or with interferon alpha.
The Akt/PI3K inhibitor Tyrphostin AG1024 could be shown to down regulate the

expression of BCR-ableson in cell lines [115]. A growth inhibitory activity of Tyr¬

phostin AG1024 could be observed on imatinib resistant BCR-ableson positive
cells. Inhibition of Src kinases by PP2 or A-419259 also results in decreased pro¬

liferation of BCR-ableson positive cell, while the phosphorylation status of BCR-

ableson itself is left unchanged [116]. Geldanamycin and its analogue 17-AAG

were shown to increase BCR-ableson degradation in the proteasome, probably by
increased cytochrome c accumulation in the cytosol and a decreased association of

BCR-Abl with Heat Shock protein 90 [118]. Other possibilities to decrease BCR-

ableson levels in cells are treatment with arsenic trioxide, antisense therapy or treat¬

ment with ribozymes directed against BCR-ableson [119].
Discussions whether all patients should be offered initial therapy with imatinib or

whether allogeneic stem cell transplantation should be the treatment of choice for

a defined group ofpatients are ongoing [109].

1.5 Hematologic Malignancies Involving NPM ALK

Besides BCR-ableson induced CML, other hematologic malignancies caused by
chromosomal translocations are known. Such an examples are anaplastic large
cell lymphomas (ALCL) with a t(2;5) translocation. In these cells, a fusion pro¬

tein formed by the genes encoding for Nucleophosmin (NPM) and anaplastic lym¬

phoma kinase (ALK), a receptor tyrosine kinase, can be found. ALK-positive lym¬

phomas are of cytotoxic T-cell or null phenotype, they tend to occur in children and

young adults and are associated with a good prognosis [120]. Besides NPM-ALK

several other fusion proteins with ALK can be found. In some malignancies, an ex¬

pression of full length ALK can be observed. NPM (nucleophosmin) is an ubiqui¬

tously expressed protein, engaged in cytoplasm/nuclear trafficking and might play
an active role in the cell cycle [121]. Besides NPM-ALK, NPM is also involved

in other oncogenic fusion proteins. ALK is a receptor tyrosine kinase with a large
extracellular domain. It belongs to the family of insulin receptor tyrosine kinases.

Only the intracellular tyrosine kinase domain is fused to NPM in NPM-ALK posi¬
tive lymphomas. In adult tissue ALK is only expressed in some isolated cells in the

brain. ALK is most probably involved in neuronal development. However, ALK

knock out mice have a normal life span and show no evident abnormalities.

The fusion partners ofALK are all widely expressed, and therefore the expression
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of the fusion protein is promoted. Further on, they contain dimerization domains,

leading to the auto activation of ALK kinase. The constitutive activation of down¬

stream signaling pathways is believed to be the reason for malignant transforma¬

tion. Some ofthe signaling pathways which might be involved in ALK transforma¬

tion are the RAS, PLC-gamma, PI-3 or STAT pathway. Growth ofNPM-ALK pos¬

itive cells can be inhibited by non specific tyrosine kinase inhibitors. This causes

the hope, that analog to imatinib in CML, selective inhibition of ALK might be

an effective treatment for ALK positive lymphomas [122]. No specific inhibitors

for ALK have been identified so far. In a screen of tyrphostins, 3 compounds with

moderate ALK inhibitory activity could be identified [123].

1.6 Aim of this Work

Natural products, classical synthetic chemical libraries and combinatorial chem¬

istry are powerful sources for the production of new lead compounds, which can

be used for High Throughput Screening. Yet despite all these powerful sources,

the rate of introduction of new chemical entities has slowed down in the past

years [3, 21]. Especially combinatorial chemistry could meet up only partly with

the expectations that were raised at the beginning. The synthesis of huge amounts

ofnew compounds did not deliver libraries with the desired diversity and hit rates,

and a large demand for sources ofnew lead compounds remains.

Several applications of radiation chemistry on an industrial scale have been de¬

scribed [44]. Due to various problems most of the described applications were

carried out on pilot scale only, or production was stopped later on. One of the

problems in the development of industrial applications of radiation chemistry was

the low selectivity of the process. The high energy involved usually allows for dif¬

ferent possible reactions, resulting in more than one product. Irradiation ofbenzene

for example, leads to the formation of a large product mixture of different dimers

and oligomers [54].
The unspecificity of radiation chemistry may be used as an advantage in the pro¬

duction ofchemical libraries. The irradiation of small organic molecules in solution

should lead to the formation of a variety of new products. With appropriate selec¬

tion of the starting molecules and irradiation conditions, it might be possible to

synthesize pharmacologically interesting new molecules in this way. The irradia¬

tion inevitably leads to the formation of compound mixtures. The reproducibility
of the reactions as well as the feasibility to isolate interesting compounds out of

these mixtures in large enough amounts will have to be shown.



24 Introduction

The method was already evaluated in a previous thesis [124, 125]. This thesis fo¬

cused on the production of thymidine kinase inhibitors out of nucleotides. It could

be shown, that irradiation of binary mixtures of nucleotide bases in alcohols leads

to the formation oflarge variety ofnew compounds. Two substrates ofHerpes sim¬

plex virus type 1 thymidine kinase could be isolated and identified, one of them

being a new chemical entity.
The aim ofthe present work is to extend this application to other classes of chemi¬

cal compounds, and at the same time investigate product formation under different

irradiation conditions, in order to gain more insight into the reactions that take

place during irradiation.

The target chosen for this study are tyrosine kinase (TK) domains in oncogenic fu¬

sion proteins. The success of Imatinib in the therapy of chronic myeloid leukemia

could show, that targeting of oncogenic tyrosine kinases by small molecular in¬

hibitors can be an effective treatment approach. The observed resistance toward

imatinib, and the many other cancers influenced by tyrosine kinases, for which no

inhibitors are known up to date, leave a large demand for new TK inhibitors.



Chapter 2

Development of Assays for Monitoring

Activity of Tyrosine Kinase Inhibitors

2.1 Abstract

In this chapter, the optimization of different assays to monitor activity of tyrosine
kinase inhibitors is described. A cytotoxicity assay based on the conversion of the

tetrazolium salt XTT into a red formazan product, an ELISA where phosphorylated

tyrosine in kinase substrates on solid phase is measured, and an immunoblot assay,

to detect kinase autophosphorylation in cell lysates, all described in the literature,

were optimized for the use in our lab. After optimization, all assays delivered re¬

liable results. To test for the selectivity of the assay, the unspecific tyrosine kinase

inhibitor staurosporin as well as the ableson-kinase selective imatinib were used

as controls. In all three assays, the two compounds behaved as described in the

literature.

2.2 Introduction

In the past years, great efforts have been undertaken in pharmaceutical research to

develop targeted drugs for cancers. One of the most successful approaches in this

field is the development of tyrosine kinase inhibitors. Mutated or over expressed

tyrosine kinases are known to be a cause for oncogenic transformation [60, 64]. In¬

hibition ofthese constitutively active tyrosine kinases by small molecular inhibitors

or antibodies has been shown to be an effective antineoplastic treatment [63]. This

concept was first proven by the development of imatinib, an inhibitor of the able-

son kinase in the BCR-ableson fusion protein, for the treatment of chronic myeloid
leukemia [91, 92, 104].

25
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During the development of imatinib and other tyrosine kinase inhibitors, several in

vitro assays were used to monitor the activity of the newly discovered compounds.
Different assays on enzyme level as well as cellular assays and animal models

were applied to monitor the following properties ofthe drug candidates: inhibitory

activity of substrate and auto-phosphorylation [90, 92] induction of apoptosis and

cell cycle arrest [95], colony formation ability of bone marrow samples [93, 95] or

cell growth [93-95]. To test the in vivo activity of the compounds, several animal

models were developed [90, 93].
The first assays for monitoring auto-phosphorylation and substrate phosphoryla¬
tion were based on the use of radioactive ATP. For cell growth assays, uptake of

radioactive thymidine was used as a standard method. In the past years, a trend to

replace radioactive assays by immunological and other methods could be observed.

The availability of antibodies, which can distinguish between phosphotyrosine and

tyrosine, made the development of immunological assays to monitor tyrosine ki¬

nase activity possible. Solid phase assays for high throughput testing of tyrosine
kinase substrate-phosphorylation as well as immunological assays for monitoring

auto-phosphorylation were developed [126, 127].
Tetrazolium substrates, which are converted by living cells into colored formazan

metabolites, and can then be measured photometrically, are used to monitor cell

growth as an alternative to the thymidine uptake assay. One of the first such sub¬

strates was MTT, which is metabolized by living cells into a purple, water insoluble

formazan product [128]. Precipitation ofthe product leads to death ofthe cells and

solubilization before detection is required. XTT, a further development ofMTT is a

tetrazolium salt which is metabolized into a red, water soluble product [129-131].
This allows for absorbance reading without cell lysis, and for longer incubation of

cells if necessary.

All these assays are used on a routine base by different research groups. However,

no standard protocols which can be used without adaption were available. There¬

fore, a substrate phosphorylation ELISA, an immunoblot auto-phosphorylation as¬

say and the XTT-cell proliferation assay were optimized for use in our laboratory.

Staurosporin is a tyrosine kinase inhibitor, which unselectively inhibits a large

panel of tyrosine kinases [132]. The unspecific activity of staurosporin also causes

unselective toxicity toward various cell lines.

Imatinib (Glivec®) is a selective inhibitor of the ableson tyrosine kinase [91, 92].
In vitro experiments could show, that it selectively inhibits ableson tyrosine kinase

activity as well as the growth of different BCR-ableson positive cell lines or cell

samples derived from CML or ALL patients [94, 95]. Clinical studies could show,

that imatinib is a very effective treatment for chronic myeloid leukemia patients

[97, 99, 100, 104].



2.3 Cell Lines and Reagents 27

In the following chapter, the optimization of the XTT assay, ELISA and immuno-

blot assay is described. Staurosporine and Imatinib were used as controls during
the development.

2.3 Cell Lines and Reagents

2.3.1 Cell Lines and Cell Culture

LAMA 84 cells were purchased from the German Collection of Microorganisms
and Cell Cultures (DSMZ). They were established from the peripheral blood of a

29 year old woman with CML in blast crisis and carry the BCR-ableson fusion

protein. They were described to have megakaryocyte, erythroid and granulocytic
markers [133].
K562 cells were bought from ATCC. The cell line was derived from the bone mar¬

row of a CML patient in blast crisis [134], and they carry the BCR-ableson fusion

protein. They are highly undifferentiated and carry markers ofgranulocytic, mono¬

cytic and erythrocytic series [135].
U 937 cells were from ATCC. The cell line was derived from malignant cells ob¬

tained from the pleural effusion ofa patient with a histiocytic lymphoma [136]. Dif¬

ferentiation into monocytes can be induced. They do not contain the BCR-ableson

fusion protein.
CCRF CEM cells were purchased from ATCC. They were derived from the pe¬

ripheral blood of a four year old acute lymphoblastic leukemia patient [137]. It is a

T-lymphoblastic cell line. CCRF-CEM cells do not carry the BCR-ableson fusion

protein.
MG 63 cells were bought from ATCC. They are fibroblasts derived from a 14 year

old patient with an osteosarcoma. They are BCR-ableson negative [138].
Cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with 10 %

fetal calf serum (BioConcept), 100 IU/ml penicillin (BioConcept) and 100 jig/ml

streptomycin (BioConcept) at 37 °C and 5 % CO2. Cells were subculrured every 2

to 3 days. Cells growing in suspension (LAMA 44, K562, U 937 and CCRF CEM)
were diluted with fresh medium. MG 63 cells were washed with PBS, trypsinized,
diluted with fresh medium and transferred into a new cell culture flask.

2.3.2 Reagents

Chemicals XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)car-

bonyl]-2H-tetrazolium hydroxide) and Staurosporine were purchased from Sigma.
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Imatinib was kindly provided by Prof. C. Gambacorti-Passerini (Istiruto Nazionale

Tumori, Milan, Italy). Random PolyGluTyr was from Sigma. Peptide substrates

for ableson and ALK specific assays were kindly provided by Arianna Donella

(University of Padova, Italy). Prestained broad range SDS-Page Marker was from

Biorad.

Antibodies Antiphosphotyrosine antibody clone 4G10 and anti-ß-actin antibody

(clone AC-15) were purchased from Sigma, anti ableson antibody (Ab-3) was from

oncogene. As secondary antibody, a goat anti-mouse antibody from KPL and sheep
anti-mouse antibody from Amersham Pharmacia Biotech, both coupled to Horse

radish peroxidase were used.

Peroxidase substrates Tetramethylbenzidine was from Roche (BM Blue POD Sub¬

strate) or Endogen (TMB substrate solution). ECL plus western Blotting Detection

System was purchased from Amersham Biosciences.

Further material Bio Trace Nitrocellulose transfer membrane was from Pall

Life sciences. Biomax ML films were from Kodak. A Versa"20* Microplate reader

from Molecular Devices was used to measure the absorption of the XTT assay

and ELISA. For blotting, a semidry blocking chamber EPS 600 from Pharmacia

Biotech was used.

2.4 Cell Proliferation Assay

The XTT based cell proliferation assay is used to monitor cell growth. The tetra¬

zolium salt XTT is metabolized by living cells into a red, water-soluble formazan

product [129-131]. The number of living cells is proportional to the absorption
measured at 450 nm. Generally, cells are seeded into 96 well microtiter plates,
treated with potential cell growth inhibitors and cultivated for several days. Then

an XTT solution is added, cells are again incubated for a view hours, and the ab¬

sorbance is measured. Cells treated with cell culture medium only are used as a

reference for 100 % cell growth. Menadion (vitamin K) is added to catalyze the

metabolization. To prevent crystallization of the metabolite in the cells at a too

high pH, Hepes buffer is further added.

The metabolization of the XTT and the growth rate of the cells are very much

dependent on the cell line. Therefore an optimization of different parameters is

necessary for every new cell line used. The absorbance needs to be read in the

linear range ofXTT conversion. Further on, cell growth should be detected, before

cells have grown to confluency.
XTT is metabolized in the mitochondria of living cells. Compounds which inhibit
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the activity of mitochondria would also result in reduced conversion. Therefore,

cells need to be examined carefully under the microscope before detection, and the

results observed in the microscope should be compared to the results obtained with

XTT.

To exclude a non enzymatic conversion ofXTT catalyzed by the tested compounds,
a further control (conversion control) is necessary. For this control, the highest con¬

centration of inhibitor is incubated with cell culture medium only. The measured

absorption should be comparable to the absorption measured in the blank wells.

2.4.1 Methods

100 jil of cell suspensions at the indicated concentrations were seeded into 96 well

microtiter plates. The concentration ofthe cell solution was optimized for each cell

line. Blank wells and wells for conversion control were filled with medium instead

of cell suspension. Cells were allowed to attach for about three hours. Stock solu¬

tions of staurosporine solved in DMSO and Imatinib solved in water were diluted

in cell culture medium to twice the final concentration and then 100 jil were added

in triplicates to the corresponding wells. To reference wells (100 % cell growth)
100 jil of cell culture medium were added. Solvent controls were treated with the

concentration of solvent corresponding to the highest inhibitor concentration. For

conversion control, wells containing no cells were treated with the highest inhibitor

concentration. For determination of optimal cell concentration and linearity of the

assay, 100 jil of cell culture medium instead of inhibitor solutions were added to

each well. Cells were incubated for 5 days (or shorter during optimization). After

incubation, plates were carefully examined under the microscope and the lowest

concentration where inhibition of cell growth was observed, was noted.

For detection, 50 jll of XTT solution in RPMI 1640 (1 mg/ml) medium contain¬

ing 0.24 M HEPES buffer and 10 jll/ml of a menadion solution (1.72 mg/ml in

acetone) were added to each well. Plates were incubated until color developed and

absorption was measured at 450 nm using a VERSA"20* microplate reader (Molec¬
ular Devices) with a reference at 750 nm. Absorption ofblank wells was subtracted

from each value. Reference values were set to 100 % cell growth. Cell growth in

wells treated with inhibitors was calculated as percentage of reference wells. Sol¬

vent controls were compared to reference wells. To rule out an effect of the solvent

on cell growth, no difference must be seen. Conversion control wells were com¬

pared to blank wells.

The obtained results were compared to the inhibition observed in the microscopic

investigation.
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2.4.2 Results

The linearity of the assay was tested by pipetting cell suspensions of different

known concentrations into a 96 well plate, followed by immediate detection with

XTT. The results ofthese experiments for U937 and K562 cells are shown in figure
2.1a.

10000 20000

cells per well

30000 3 4 5

incubation time [days]

Figure 2.1: (a): Linearity ofXTT-assay after seeding of 1000, 3000, 9000 and 27000 cells

per well of K562 (o, R2 =0.9982) and U937 (D, R2 =0.9919) cells, with direct detection

after seeding, (b): XTT assay for U937 cells for 1500 (o) and 2500 () cells per well with

detection after 3, 4 and 5 days of incubation.

The concentration of the cell suspension used for seeding was optimized for each

cell line. In figure 2.1 (b) the influence of the cell density on absorption for U937

cells is shown. With a cell density of2500 cells per well, after 4 days ofincubation,

a plateau for the absorption is reached. For an original cell density of 1500 cells,

absorption is still increasing. Therefore, for further experiments, U937 cells were

seeded in a concentration of 1500 cells per well.

The following concentrations were used for each cell line:

MG-63:

CCRF-CEM:

LAMA 84:

U937:

K562:

1500 cells per well

2500 cells per well

3000 cells per well

1500 cells per well

2000 cells per well

Staurosporine and imatinib were used to test the selectivity of the assay. Imatinib

was toxic against LAMA 84 (IC50 30 nm) and K562 (IC50 70 nm) cells, but had no

effect on the other cell lines at a concentration of 10 jlM. In contrary, staurosporine
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was toxic for all cell lines. The effects of staurosporine and imatinib on LAMA 84

and CCRF-CEM cells are shown in figure 2.2.

Results from the detection with XTT corresponded well with those observed under

the microscope.
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Figure 2.2: Cytotoxic effect of staurosporine (dashed lines) and imatinib (solid lines) on

LAMA 84 (o) and CCRF-CEM (D) cells

2.5 ELISA

Inhibition of substrate phosphorylation of irradiated mixtures can be monitored

with an ELISA [126, 127]. The assay is based on the following principle: 96-well

immunoplates are coated with a tyrosine kinase substrate. An enzyme/ATP solu¬

tion is added and the phosphorylation reaction is carried out on the solid phase.

Enzyme is removed by washing, and detection is carried out by using a primary

anti-phosphotyrosine antibody, a horse radish peroxidase coupled secondary anti¬

body and a peroxidase substrate, which is converted into a colored product.
In this work, both an unspecific assay, and assays specific for ableson and ALK

kinase inhibitors were used. For the specific assays, purified recombinant kinases

were used. Additionally, specific peptides were presented as substrates [123]. For

the unspecific assay, the soluble fraction of a whole cell lysate of LAMA 84 cells

with random poly-glu-tyr as substrate was used. The following parameters were

optimized for the unspecific assay: concentration of cell lysate, incubation time,

concentration and incubation time of antibodies, as well as composition of the in¬

cubation buffer.

10 100 1000

concentration nM
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2.5.1 Methods

Preparation of Cell Lysates

Cell lysates were prepared according to reference [139]. Cells were suspended in

10 mM Tris buffer pH 7.5 containing MgCl2 1 mM, EDTA 1 mM, DTT 1 mM and

Sucrose 250 mM at a concentration of 2 x 107 cells/ml. Protease inhibitor (PMSF)
was added just before use. Cells were homogenized on ice using a dounce homog-
enizer. Homogenates were centrifuged at 1000 G and 4°C for 10 min to remove

the nuclear fraction and broken cells. Supernatants were then centrifuged at 1.05

x 105 G for 1 hour at 4°C using a Beckmann TL-100 Ultracentrifuge. The protein
concentration in the supernatant was measured using the method ofBradford [140].

2.5.2 Protein Expression and Purification

Ableson Kinase

ABL sequence encoding amino acid residues 230 - 517 (ABL-HUMAN, isoform

la NP-005148) was amplified from the pcDNA3-BCR/ABL vector, using spe¬

cific primers (ABL-F, forward primer, 5-TGTGGTACCCAACTACGACAAGTG-

3 and ABL-R, reverse primer, 5-TGTTCTAGATCCCACGGACGCCTTGTTT-3).
The amplified fragment was cloned into the baculovirus transfer vector, pHispA
derived from pBlueBac4.5 (Invitrogen) using Kpnl and Xbal enzymes. A histidine

tag derived from pBlueBacHis2C (MaxBac®2.0 baculovirus expression system, In¬

vitrogen) was added. The sequence of the insert was verified by DNA sequencing.
Generation of recombinant baculovirus and production of high titer viral stocks

was performed following manufacturers instructions (Invitrogen). For protein pro¬

duction, Sf9 insect cells grown in suspension at a density of 2xl06 cells/ml, were

infected with recombinant baculovirus at a multiplicity ofinfection of 5. After 72 h

incubation at 27°C cells were collected by centrifugation, washed once in ice-cold

PBS and stored at -80°C. Typically, frozen pellets corresponding to 2xl09 cells

were thawed slowly on ice and lysed in 60 ml of hypotonic buffer (buffer A: 50

mM Tris-HCl pH 8, 20 mM NaCl, protease inhibitors) for 1 hour on ice. The lysate
was clarified by centrifugation and then purified using an anion exchange DEAE-

Sepharose column (Sigma-Aldrich Biotech) in conjunction with an AKTA FPLC

system (Amersham-Pharmacia Biotech). Proteins were eluted in a linear gradient
of NaCl (20mM - 2M) and fractions containing abl were pooled and loaded onto

a 15 ml ProBond-nickel affinity column (Invitrogen) in the presence of 30 mM

imidazole and 20 mM ß-mercaptoethanol at a flow rate of 1 ml/min. The column
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was washed with buffer B (50 mM Tris-HCl pH 8, 0.25 M NaCl, 200 mM im¬

idazole, 20 mM ß-mercaptoethanol, protease inhibitor) and proteins were eluted

using a step gradient at 50 mM of imidazole, followed by a linear gradient of imi¬

dazole (50 - 200 mM). Fractions were analyzed for the presence and purity of abl

protein by SDS-PAGE and silver staining. Protein concentration was determined

using the BioRad reagent. Purified protein was aliquoted and stored in 10 % gly¬
cerol at -80 °C.

ALK Kinase

ALK sequence encoding amino acid residues Leu133 - Ala519 (NPM/ALK-HU¬

MAN, Genbank Accession Code: U04946) was cloned as a PstI fragment, derived

from pcDNA3-NPM/ALK, into the baculovirus transfer vector, pBlueBacHis2C

(MaxBac® 2.0, Invitrogen) and verified by DNA sequencing. Generation of re¬

combinant baculovirus and production ofhigh titer viral stocks was performed fol¬

lowing manufacturers instructions (Invitrogen). For protein production, Sf9 insect

cells grown in suspension to a density of2x106 cells/ml, were infected with recom¬

binant baculovirus at a multiplicity of infection of 5 and cultured for 72 h at 27 °C.

Cells were harvested, washed once in ice-cold PBS and stored at -80 °C. To purify
recombinant ALK (rALK) protein, frozen pellets were thawed on ice and lysed in

buffer A (50 mM Tris-HCl pH 8, 20 mM NaCl, protease inhibitors) for 30 min on

ice. The lysate was clarified by centrifugation and purified using a Q-sepharose
Fast Flow anion exchange column (Amersham-Pharmacia Biotech) in conjunc¬
tion with an AKTA FPLC system (Amersham-Pharmacia Biotech). Proteins were

eluted with a linear NaCl gradient (20 - 200 mM). Fractions containing rALK were

pooled and loaded onto a HiTrap-nickel affinity column (Amersham-Pharmacia

Biotech) in the presence of 50 mM imidazole and 20 mM ß-mercaptoethanol. The

column was washed with buffer B (50 mM Tris-HCl pH 8, 0.5 M NaCl, 50 mM im¬

idazole, 20 mM ß-mercaptoethanol, protease inhibitors) and proteins were eluted

using a linear imidazole gradient (50 - 200 mM). Protein concentration was deter¬

mined using the BioRad reagent and the quality of purified rALK was assessed by
10 % SDS-PAGE electrophoresis and silver staining. Purified protein was aliquoted
and stored in 10 % glycerol at -80 °C.

Ret Kinase

A hybrid Baculovirus transfer vector (pHisE) was obtained by importing an Eco-

RV-Kpnl fragment ofpBlueBacHis2 (Invitrogen), containing a 6-Histidine tag, into
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the pBlueBac4.5 plasmid (Invitrogen) that has a SV40 polyA signal for mRNA sta¬

bilization. RET kinase domain cDNA (nucleotide 2293-3255 of transcript variant

1; GeneBank accession no. NM-000323) was PCR-amplified with specific primers,
RET-F (GGTACCTATGGAGAACCAGGTCTCC) and RET-R (TACTTGGACCT-

TGCGGCGGTCTAGA) and cloned into the pHisE vector in KpnI/Xbal sites. Gen¬

eration of recombinant baculovirus and production of high titer viral stocks was

performed following manufacturers instructions (Invitrogen). For protein produc¬

tion, Sf9 insect cells grown in suspension to a density of 2xl06 cells/ml, were in¬

fected with recombinant baculovirus at a multiplicity of infection of 5 and cultured

for 72 h at 27 °C. Cells were harvested and washed once in ice-cold PBS then stored

at -80 °C. Frozen pellets were thawed on ice and lysed in buffer A (50 mM Tris-

HCl pH 6.5, 20 mM NaCl, protease inhibitors: Leupeptin, Aprotinin and Pepstatin

A, Sigma-Aldrich) for 30 min on ice and purified by affinity chromatography. All

chromatographic steps were controlled by the AKTA-FPLC system (Amersham)
and carried out at 4 °C. Total cell lysate was loaded on a 120 ml anion-exchange
column (DEAE-sepharose Fast Flow resin, packed in a XK-16 column [Amer¬

sham]). The equilibration buffer corresponded to Buffer A. Bound proteins were

eluted with a linear gradient of Buffer B (50 mM Tris-HCl pH 6.5, 2 M NaCl,

protease inhibitors) and collected. RET-positive fractions were then pooled and

ß-mercaptoethanol and imidazole were added to a final concentration of 20 mM

and 30 mM, respectively. The pH was adjusted to 8.0 and the sample was loaded

on a Pro-Bond (Invitrogen) nickel ion affinity resin (15 ml) equilibrated in Buffer

C (50 mM Tris-HCl, pH 8, 250 mM NaCl, 20 mM ß-mercaptoethanol, 30 mM

imidazole). After washing, RET was eluted with a linear gradient of Buffer D (cor¬

responding to buffer C with 200 mM imidazole). Positive fractions were pooled,
frozen in liquid nitrogen and stored at -80 °C.

Peptide Synthesis

Peptides were synthesized by automatic solid phase synthesis using 9-fluorenylme-

thoxycarbonyl (Fmoc) chemistry with an Applied Biosystems Model 431A synthe¬
sizer on 4-hydroxymethyl-copolystyrene-l% divinylbenzene-resin (0.95 mmol/g,
0.05 mmol). Fmoc amino acids (0.5 mmol) were activated by 2-(lH-benzotriazol-

l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate (HBTU) (1 eq) and 1-hy-

droxybenzotriazole (HOBt) (1 eq) in the presence of DIPEA (2 eq). Peptidyl-
resins (100 mg) were cleaved and deprotected in a mixture containing 5 ml of

trifluoroacetic acid, 0.375 g of phenol, 0.125 jil of 1,2-ethanedithiol, 0.250 jil of

thioanisole, and 0.25 jil of water for 2 h. The reaction mixture was filtered onto a
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tube containing ethyl ether cooled at 0 °C. Precipitated peptides were separated by

centrifugation and washed with fresh ether. Crude peptides (50-100 mg in 10 ml

of water) were pumped onto a preparative RP-column (prepNova-Pak HR Cl8,

6 (im, 25x10 mm, Waters) and eluted with a linear gradient of 10% - 45% acetoni-

trile at 12 ml/min. The purity of peptides was >90% as judged by analytical RP-

HPLC on a 5 jlm, C18 Symmetry300 column, 4.6x250 mm (Waters) using a linear

gradient of acetonitrile in 0.1% trifluoroacetic acid at 1 ml/min. Peptide molec¬

ular weights were confirmed by mass spectrometry using a matrix-assisted laser-

desorption ionisation time-of-flight (MALDI-Tof) spectrometer (Maldi-1 ; Kratos-

Schimadzu, Manchester, UK).

Unspecific Assay

Ifnot indicated differently, the assay was carried out as follows: For coating, 110 jil
of coating solution (PolyGluTyr 4:1 0.5 mg/ml in PBS) were pipetted into wells of

a 96-well microtiter plate. For blanks, 4 wells were filled with PBS only. Plates

were incubated at 4°C over night. Plates were washed once with PBS-tween (0.1%
of tween20 in PBS) and blocked with BSA 5% in PBS for one hour. Plates were

washed four times with PBS-tween and dried for 2 hours at 37°C. Stock solu¬

tions of Inhibitors were diluted in incubation buffer at pH 7.5 (Tris HCl 50 mM,

Mg(CH3COO)2 20 mM, NaF 5 mM, Na3V04 30 jiM, EGTA 0.8 mM, EDTA

0.2 mM and DTT 1 mM). 25 jil of the desired dilutions (at 4 times final con¬

centration), or during optimization 25 jll of incubation buffer, were pipetted into

the corresponding wells. LAMA 84 cell lysate was diluted with incubation buffer

to 8 jig/ml protein content, and 25 jil were added to each well. Plates were incu¬

bated at room temperature for 5 minutes, then the reaction was started by addition

of 50 jil of a 600 jiM ATP solution in incubation buffer. Plates were incubated for

30 minutes or as indicated at room temperature and the reaction was stopped by

washing the plates 5 times with PBS-tween. For detection of phosphorylated tyro¬

sine, 100 jil of antiphosphotyrosine antibody diluted 1:2000 in BSA 4 % in PBS

were added to each well. Plates were incubated for 30 minutes at room temperature

and washed 5 times with PBS-tween. 100 jil of a secondary peroxidase coupled oc-

mouse antibody (KPL) diluted 1:1000 in BSA 4 % in PBS were added to each

well, plates were incubated for 1 hour at room temperature, washed three times

with PBS-tween and twice with PBS. 100 jil of tetramethylbenzidine (BM Blue

POD Substrate) were added to each well. Plates were incubated at room tempera¬

ture in the dark for 5 - 10 minutes, until a blue color developed. The color reaction

was stopped by addition of 60 jil of 1 M H2SO4 and absorption was measured at
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450 nm with a reference at 650 nm on a VersaOTax plate reader. Wells treated with

buffer only were used as a reference for 100 % activity, if inhibitors were tested.

For solvent controls, the highest observed concentration of solvent diluted in in¬

cubation buffer was used instead of inhibitor solution. The measured absorbance

should not be lower than the reference value. Wells where enzyme or antibodies

were replaced by buffer were used as negative controls. Values ofblanks were sub¬

tracted from each well.

Enzyme Specific Assay

The procedure was essentially the same as for the unspecific assay, except for the

following differences: Plates were coated with peptide substrate (ARDIYRASF-

FRKGGCAMLPVK) at various concentrations in 125 jil PBS by incubation over¬

night at 37°C. Purified enzyme was preincubated with inhibitor or solvent control

for 10 minutes at room temperature in a standard 96-well plate before transferring
to the ELISA plate. The kinase buffer contained of 25 mM Hepes pH 7.0, 1 mM

MnCl2 (abl and Ret) or 5mM MnCl2 (ALK), 5 mM MgCl2, and final ATP concen¬

tration was 30 jiM not 600 jiM. Plates were incubated for 15 instead of 30 minutes.

As a secondary antibody an anti-mouse IgG-HRP linked antibody from Amersham

Pharmacia Biotech diluted 1:1000 in PBS + 4 % BSA was used, and for detection

tetramethylbenzidine TMB substrate solution from Endogen and a 0.18 M H2SO4

stop solution were used. Plates were read at 450 nm using a Microplate®Reader
from BioRad.

Purification of ableson and ALK kinase, as well as the enzyme specific ELISA

experiments were performed by the group of Prof. C. Gambacorti-Passerini, at the

Istituto Nazionale Tumori in Milano, Italy. The development of the ALK specific

assay is described in [123].

Test for Peptide Detachment

If compounds cause a detachment of the coated substrate from the ELISA plate,
or interfere with the assay detection in some other way, in the assay set up de¬

scribed above, this compounds would be detected as false positives. Therefore the

following test was developed for the detection of false positive results:

Plates were coated and washed as described. The phosphorylation reaction was

carried out in two subsequent rounds in three parallel series of experiments: In the

first round enzyme and test compounds were replaced by incubation buffer for se¬

ries a, for series b test compounds were replaced by buffer and for series c enzyme
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Table 2.1: Scheme for pipetting the ELISA control assay for peptide detachment

series a b c

first round enzyme - yes -

first round inhibitor - - yes

second round enzyme yes - yes

second round inhibitor yes yes -

inactive compds 100% absorption 100% abs. 100% abs.

false positives reduced absorption reduced abs. reduced abs.

true hits reduced absorption 100% abs. 100% abs.

was replaced by buffer. The pipetting schemes for the 3 series are shown in table

2.1. The reactions were started with ATP, plates were incubated and washed as de¬

scribed and dried for one hour. In the second round ofphosphorylation reaction, for

series a, enzyme and test compounds were added according to the normal protocol.
For series b, enzyme was replaced by buffer and for series c, test compounds were

replaced by buffer. For all three series, plates were washed and detection carried

out as described. Since enzyme and inhibitor are present at the same time only in

series a, an inhibition of phosphorylation can occur only there. If positive results

are observed for series b and c as well, the tested compounds should be treated as

false positive.

2.5.3 Results

Concentration and Incubation Time of the Primary Antibody

Plates were coated and phosphorylation reaction was carried out as described. The

cell lysate was diluted to a final protein content of 5 jig/ml. The first antibody was

diluted 1:500, 1:750, 1:1000 and 1:2000. The absorption reached with the different

dilutions ofthe first antibody are shown in figure 2.3 (a). To determine the optimal
incubation time of the first antibody, the first antibody was diluted 1:1000 and

incubated for 30, 40, 50 and 60 minutes. The results are shown in figure 2.3 (b).
As can be seen, dilution ofthe first antibody and the incubation time do not have an

influence on the measured absorption. For further experiments, a dilution of 1:2000

of the primary antibody and an incubation time of 30 minutes were chosen.
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Figure 2.3: Influence of the concentration (a) and incubation time (b) of the primary

antibody on the absorption

Concentration and Incubation Time of the Secondary Antibody

The assay was basically carried out as described. Cell lysates were diluted to a fi¬

nal concentration of2.5 jig/ml. The secondary antibody was diluted 1:500, 1:1000,

1:2000. 1: 4000, 1:6000 and 1:8000. The results are shown in figure 2.4. To deter¬

mine the optimal incubation time of the secondary antibody, a dilution of 1:1000

and incubation times of 30, 40, 50, 60, 75 and 90 minutes were applied. The results

are shown in figure 2.4.

2500 5000 7500
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10000
30 60 90 120

incubation time [min]

Figure 2.4: Influence of concentration (a) and incubation time (b) of the secondary anti¬

body on the absorption.

This results indicate that for both the highest antibody concentration and the longest
incubation time, no plateau for the absorption was reached. Nevertheless, further
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experiments were performed with a dilution of 1:1000 and an incubation time of

60 minutes. As can bee seen in figure 2.6, a linear relationship between absorption
and amount of phosphorylated tyrosine can be reached this way.

Influence of the Incubation Buffer

The influence of the bivalent cation in the incubation buffer was further tested.

Incubation buffers containing magnesium (20 mM), manganese (20 mM), both

cations (20 mM each) and no bivalent cation were prepared. The assay was per¬

formed under standard conditions. The results are shown in figure 2.5 (a).
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Figure 2.5: Influence of the divalent cation (a) and ATP concentration (b) on the absorp¬
tion.

These results indicate that the presence ofmagnesium is essential, and the presence

of manganese leads to no detectable signal. For further experiments, buffers with

magnesium as divalent cation (20 mM) were used.

Influence of ATP Concentration

The influence of the ATP concentration was investigated by performing the assay

with a final concentration of 25, 50, 100, 200 and 300 jiM ATP. The results of the

experiment are shown in figure 2.5 (b).
The graph shows that the plateau is almost reached at 300 jiM. For further exper¬

iments, a final concentration of 300 jiM of ATP was used, representing at least

10 times the K^-concentration.
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Linearity

The linearity of the assay was tested both with variation of protein concentration

and incubation time of the cell lysate. In both cases, a linear relationship between

the amount of present phosphotyrosine and absorption could be observed. The re¬

sults of the linearity tests are shown in figure 2.6 (a) (time) and (b) (protein con¬

centration).
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0 12 3 4

concentration cell lysate [jug/ml]

Figure 2.6: Linearity of the ELISA with variation of incubation time of cell extract (a,
R2 = 0.9859) or concentration of cell extract (b, R2 = 0.9979).

Both experiments resulted in a good linear correlation with an R2 of 0.9859 for the

time and 0.9979 for the concentration.

Inhibitor Testing

To test the selectivity of the assay, the experiment was performed with staurospo¬

rine and imatinib as inhibitors. As can be seen in figure 2.7, staurosporine clearly
inhibits the tyrosine kinase activity of the cell extract, where as imatinib has no

influence.

2.6 Immunoblot Assay

Inhibition ofAbl kinase auto-phosphorylation was monitored using an immunoblot

assay [90, 141]. The assay is based on the following principle: LAMA 84 cells are

treated with inhibitor and lysed. Proteins are separated by SDS page, blotted on a

nitrocellulose membrane and immunostained with a primary anti phosphotyrosine

antibody. To monitor expression of BCR-ableson fusion protein, a second blot is
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Figure 2.7: Inhibitory effect of staurosporine (dashed lines) and imatinib (solid lines) on

the tyrosine kinase activity of the LAMA 84 cell extract

stained with a primary antibody against ableson kinase, for monitoring overall pro¬

tein expression, a third blot is stained with a primary antibody against ß-actin as a

house keeping gene.

2.6.1 Methods

The assay was performed using the following procedure, or as indicated during op¬

timization: 500 jil of a suspension ofLAMA 84 cells at a concentration of 4 times

105 cells/ml were inoculated into 24 well plates. 500 jil of inhibitor concentration

or solvent control, at twice the final concentration, were added and cells were in¬

cubated for 6 hours. Cell suspensions were centrifuged for 5 minutes at 13000 rpm

and 4 °C, supernatants were discarded, cells were resuspended in PBS, and cen¬

trifuged again. Supernatants were discarded and cells were lysed by heating to

95°C in Laemmli buffer [142], followed by sonication for 30 seconds. 15 jil of

cell lysate (corresponding to 3 x 104 cells per lane) were loaded onto a 6 % Poly¬

acrylamide gel and proteins were separated by SDS-PAGE. For detection with anti

ß-actin antibody, a 12 % gel was used. After electrophoresis, proteins were blot¬

ted onto a nitrocellulose membrane by semidry blotting using a three buffer sys¬

tem [143]: Two blotting papers the size of the gel soaked in anode buffer I (Tris
HCl 0.3 M, pH 10.4, methanol 10%) were put onto the anode of a semidry blocking

chamber, followed by 1 blotting paper soaked in anode buffer II (Tris HCl 25 mM,

pH 10.4, methanol 10%). The nitrocellulose membrane was soaked in anode buffer

II and put on top of the 3 blotting papers. The gel was equilibrated for 15 min-
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utes in cathode buffer (Tris HCl 25 mM, pH 9.4 glycine 40 mM, methanol 10%)
and stacked on top of the membrane, followed by 3 blotting papers in cathode

buffer. The aparatus was closed, and the gel was blotted for 90 minutes at 19 V and

2.5 mA/cm2. After blotting, membranes were blocked with 5% dry milk in PBS at

room temperature for one hour and washed 4 times for 5 minutes with PBS plus
0.1 % BSA. Membranes were incubated while shaking with 4 ml of primary anti¬

body solution over night at 4 °C. oc-phosphotyrosine antibody was diluted 1:2000

in BSA 3% in PBS, oc-ableson antibody was diluted 1:1000 and oc-ß-actin antibody
was diluted 1:5000. Membranes were washed as before, and incubated with 3 ml of

secondary peroxidase coupled a- mouse antibody at a dilution of 1:10000 for one

hour at room temperature. Blots were washed twice with PBS plus 0.1% BSA and

twice with PBS. Bound antibodies were detected by enhanced chemiluminescence

using an ECL plus western Blotting Detection System (Amersham) as indicated by
the manufacturer.

2.6.2 Results

Due to its high molecular weight of210 kDa the BCR-ableson fusion protein turned

out to be difficult to blot. For first experiments, 8 % gels were used instead of 6 %

gels. Membranes were blocked over night at 4°C, and primary antibodies were

incubated at room temperature for 1 hour. Also 1 x 105 or more cells per lane were

used. For these blots, the band for the BCR-ableson fusion protein was hardly

visible, and the reproducibility was bad. In order to achieve better results, several

attempts for optimization were made. SDS was omitted in the cathode buffer, and

methanol content for all buffers was reduced to 0 and 5 %. This did not lead to

an improvement of the blots. The same was true, if blotting was carried out with

constant voltage (with maximum current possible). The use of PVDF instead of

a nitrocellulose membrane resulted in all black films. Addition of tween to the

blocking and washing solutions, and for the solution used for antibody dilution

strongly increased the background, as can be seen in figure 2.8.

The use of 6 % gels let to a slight improvement of the blotting performance, the

same could be observed for incubation of the primary antibody over night at 4 °C.

The largest improvement could be achieved, when the number of cells per band

was reduced. This is shown in figure 2.9.

Optimized conditions for blotting were therefore the use of a 6 % gel for blots

detected with antibodies against phosphotyrosine and ableson kinase, incubation

of first antibody over night at 4°C and the use of 3 x 104 cells per lane.

With these conditions, immunoblots of cell lysates of the different cell lines de-
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(a) (b)

Figure 2.8: Non optimized immunoblots detected with antibodies against phosphotyro¬
sine (a) and ableson kinase (b) after addition of tween-20 to solutions used for blocking,

washing and dilution of antibodies.

Figure 2.9: immunoblots with 3 x 105 (lanes a and b), 1 x 105 (lanes c and d), 3 x 104

(lanes e and f) and 1 x 104 (lanes g and h) cells per lane. Blots were detected with a

primary antibody against ableson kinase.

scribed in section 2.3.1 were prepared. The blots for LAMA 84, K562 and U937

cells are shown in figure 2.10. As expected, all 3 cell lines have a clear ß-actin
band with a molecular weight of about 42 kDa. The BCR-ableson positive cell

lines K562 and LAMA 84 have a clear band at about 210 kDa when detected with

anti-ableson antibody. The same band is also visible in the blots detected with anti-

phosphotyrosine antibody. This band is missing in the blots of the BCR-ableson

negative U 937 cells. A weaker second band is visible above the 120 kDa marker

in the blots of K562 cells detected with anti ableson antibody. This band proba¬

bly corresponds to the cellular form of ableson kinase with a molecular weight of

140 kDa. Besides the BCR-ableson band, blots of LAMA 84 and K562 cells de¬

tected with antiphosphotyrosine antibody show several other strong bands. These

bands belong to different phosphorylated proteins, further downstream of BCR-

ableson in signaling pathways. In U 937 cells no such bands can be detected.
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Figure 2.10: Optimized immunoblots of cell lysates of LAMA 84 (lane 1), K562 (lane

2) and U 937 cells (lane 3) with primary antibodies against phosphotyrosine (a), ableson

kinase (b) and ß-actin (c). The expected bands for BCR ableson fusion protein are marked

in solid lines, the bands for ß-actin and c-ableson are marked in dashed lines.

In figure 2.11 (b) immunoblots ofLAMA 84 cells treated with cell culture medium

or imatinib (final concentration 4 jlM) are shown. It can be seen, that the intensity
ofthe bands of ß-actin and BCR-ableson fusion protein detected with anti-ableson

antibody remain constant, whereas the amount of phosphorylated proteins is re¬

duced after treatment of the cells with imatinib.
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Figure 2.11: immunoblots ofLAMA 84 cell lysates, after treatment of cells with imatinib

4 jlM (lane 1) or cell culture medium (lane 2). Blots were detected with antibodies against

phosphotyrosine (a), ableson kinase (b) or ß-actin (c). The bands for the BCR-ableson

fusion protein are marked with solid lines, the bands for ß-actin with dashed lines.

The blots in figures 2.10 and 2.11 show that under the used conditions, a selective

detection of ableson kinase (cellular or in BCR-ableson) as well as of phosphory¬
lated proteins (BCR-ableson and others) is possible. The blots of LAMA 84 cells

treated with imatinib clearly demonstrate the ability of imatinib to inhibit tyrosine
kinase activity of BCR-ableson and the usefulness of this assay to detect it.
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2.7 Discussion

In this chapter, the development of three different assay systems, a cytotoxicity as¬

say, a tyrosine kinase inhibition ELISA and an immunoblot assay for monitoring

tyrosine kinase inhibiting activity of compounds produced after gamma irradia¬

tion is described. All three assays are widely used for the development of tyrosine
kinase inhibitors, and have been described in detail [126, 127, 130, 131].

Nevertheless, no standard protocols which could be used without further adaption
were available, making an adaption of the methods for the use in our lab nec¬

essary. All three assay systems delivered reliable results after optimization. This

could be shown in the linear relationship between amount of cells/phosphorylated

tyrosine and the measured absorption for cytotoxicity assay and ELISA as well

as the detected signals for the different cell lines for the immunoblot assay. The

activity of staurosporine [132], a nonspecific tyrosine kinase inhibitor, and ima¬

tinib [91, 92, 104], an inhibitor selective for ableson kinase demonstrated the speci¬

ficity of the different assays.

The cytotoxicity assay measures the cytotoxic effect of the tested compounds on

the different cell lines. This assay by itself is not specific for tyrosine kinase in¬

hibitors. Compounds which are cytotoxic due to different mechanisms show the

same effect. However, with the used cell lines, a distinction between inhibitors

specific for ableson kinase, and other compounds is possible. This is seen in the

different effects of staurosporine, which is unselectively cytotoxic towards all five

cell lines compared to imatinib, which is toxic only for the two BCR-ableson pos¬

itive cell lines LAMA 84 and K562.

The ELISA indicates inhibitors oftyrosine kinase substrate phosphorylation. In the

described unspecific assay, a mixture of different tyrosine kinases in a LAMA 84

cell lysate in combination with an unspecific substrate is used. In this assay, only

compounds, which inhibit different tyrosine kinases with no selectivity are found

as actives, as is shown for staurosporine. In comparison, the ableson selective in¬

hibitor imatinib doesn't have any effect. Even if the ableson kinase present in the

cell lysate is completely inhibited, phosphorylation of tyrosine is still carried out

by other tyrosine kinases.

In comparison, the use of recombinant kinases and a specific substrate allow for

the detection of specific tyrosine kinase inhibitors.

In the immunoblot assay, the inhibitory effect of new compounds on the auto-

phosphorylation activity of ableson kinase is monitored. The parallel detection of

the blots with antibodies against ableson kinase and phosphotyrosine, allows for a

distinction between compounds, that reduce the expression of BCR-ableson fusion
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proteins, and compounds that reduce the amount of phosphorylated BCR-ableson

fusion protein by inhibition of auto-phosphorylation.
All three assays deliver reliable results, and will be useful tools for the analysis of

the irradiated mixtures. The combination ofthe results delivered by the three differ¬

ent assay systems allows for the reliable detection of both unspecific and ableson

specific inhibitors in the irradiated mixtures: unspecific tyrosine kinase inhibitors

are cytotoxic toward all cell lines, and show inhibitory activity in the ELISA and

immunoblot assay. Inhibitors selective for ableson kinase are only cytotoxic to¬

ward LAMA 84 and K562 cells. They are not active in the unspecific ELISA, but

inhibit ableson kinase in the specific assay and the immunoblot assay. Compounds
which are cytotoxic due to a mechanism different from tyrosine kinase inhibition,

are toxic toward some or all of the cell line, but they do not show any activity in

the ELISA or immunoblot assay.



Chapter 3

Feasibility of Gamma Ray Synthesis for

Library Production

3.1 Abstract

Most libraries used for high throughput screening are either of natural origin or

come out of combinatorial synthesis. Despite these powerful sources for new lead

compounds, there is still a great demand for libraries with large molecular diver¬

sity. To establish a new method for library design, we investigated the feasibility
of library-synthesis by gamma irradiation. Imatinib, an ableson selective tyrosine
kinase inhibitor, served as a template for the design of the library. The synthesized

compounds were screened for their activity in different tyrosine kinase inhibition

assays.

Four different analogs of a substructure of imatinib were selected. They were

solved in four different solvents each and irradiated with a dose of 500 kGy. The

formation of new products was monitored by HPLC. Large amounts of products
could be detected in the chromatogram of each solution, yields of products were

however below 1 %. Product formation was reproducible and upscalable and stron¬

gly depended on the used solvent.

Tyrosine kinase inhibition activity of the product mixtures were monitored in three

assay systems. All irradiated samples were cytotoxic on three different cancer cell

lines. Three ofthem showed also complete inhibition oftyrosine kinase activity at a

concentration of25 jig/ml in a substrate phosphorylation ELISA. For those samples

showing tyrosine kinase inhibition in the ELISA, activity could be confirmed in a

immunoblot assay.

Overall, it could be shown, that gamma ray synthesis is feasible for the synthesis
of large mixtures ofnew compounds with interesting pharmacological properties.

47
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3.2 Introduction

Understanding of diseases on molecular or gene level and construction oftarget di¬

rected assays automated in high throughput screening (HTS) systems are nowadays
standard in pharmaceutical research [3,5]. Modern screening facilities make it pos¬

sible to test thousands of compounds per day [4]. With these technologies at hand,

the creation of new lead compounds turns into one of the limiting factors in drug

discovery. The major sources for new leads are natural products, combinatorial

chemistry and the stock of compounds synthesized in pharmaceutical companies

during years of classical synthetic work.

Natural products used to be the most important source for drugs, and they still

provide a large variety of new lead compounds. 28 % of the new chemical enti¬

ties approved between 1981 and 2002 were natural products or derivatives there

of [16]. Combinatorial chemistry is now a standard method in pharmaceutical re¬

search [23]. The availability of different reactions has increased strongly, and syn¬

thesis of compound libraries with high diversity is possible [25]. Besides the rel¬

atively new combinatorial libraries, pharmaceutical companies still carry a huge
amount of compounds synthesized during decades of classical synthetic work, or

bought from other companies to enlarge library diversity.

Despite all these powerful sources for new leads, the rate of introduction of new

chemical entities to the market has slowed down in the past years [3, 21], and a

large demand for sources ofnew leads remains.

In a previous work in our group, gamma ray synthesis under the name of ran¬

dom chemistry was proposed as a new method to provide lead compounds for

HTS [124, 125]. Gamma irradiation of organic compounds leads to a large variety
of radical reactions [44, 144]. Besides degradation of the compounds many differ¬

ent dimers and solvent adducts are formed [50]. The unspecific formation of com¬

pound mixtures can be used to create new chemical libraries in one step. Folkers

and Kessler [124] showed in their work, that irradiation of binary mixtures of nu¬

cleotide bases in alcohols led to the formation of large variety ofnew compounds.
Two substrates of Herpes simplex virus 1 thymidine kinase could be isolated and

identified, one ofthem being a new chemical entity.
The aim ofthe present work is to extend this application to other classes of chemi¬

cal compounds, and at the same time investigate product formation under different

irradiation conditions.

The target chosen for this purpose are oncogenic tyrosine kinases (TK). In the hu¬

man genome, over 90 tyrosine kinases could be identified [59]. They play a key
role in different signaling pathways in cellular processes such as proliferation, mi-
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gration, metabolism, differentiation and survival [60, 61]. These processes usually
underlie very tight regulation mechanisms. However, these tight controls can be

lost through mutations, over expression ofthe tyrosine kinase or genetic rearrange¬

ments. Thus over 50 % of the human tyrosine kinases are known to be associated

with malignancies [61]. Inhibition of these over active kinases by small molecular

inhibitors or antibodies has been shown to be an effective antineoplastic treatment.

Up to date several small molecular TK inhibitors and therapeutic antibodies are

approved or in late phase clinical trials [60].
One ofthe greatest success stories in drug discovery ofthe last years is the develop¬
ment of imatinib (Glivec ) for the treatment of chronic myeloid leukemia (CML).
CML is a myeloproliferative disease originating in a hematopoietic stem cell, that

comprises of about 20 % of all leukemias [72, 109]. In over 90 % of all CML cases

a chromosomal abnormality, the so called Philadelphia chromosome is observed.

It is formed through a chromosomal translocation between chromosomes 9 and 22

((t9;22)-(q34;qll)) [73, 74]. As a consequence of this transformation, exons 2 -

11 of the c-ableson gene are fused to parts of the BCR gene. The ableson tyrosine
kinase within the formed BCR-abl fusion protein is constirutively active and was

shown to be the molecular cause for CML [71, 145]. Out ofa series ofphenylamino

pyrimidine derivatives CGP 53716 was identified as a potent inhibitor of ableson

kinase. In panel of other kinases, only PDGFR was inhibited as well [89, 90]. Fur¬

ther modifications let to the synthesis of imatinib (Glivec®), a selective and potent

inhibitor ofthe Ableson kinase (structure shown in figure 3.1 (a) [91, 92]). Besides

excellent in vitro properties, the compound showed also impressing activity against
CML in clinical trials with relatively few side effects [97-99, 104]. Imatinib is ap¬

proved for the treatment of CML and GIST and is now the standard therapeutic

agent for CML.

Especially when patients in accelerated phase or blast crisis CML are treated,

resistance to imatinib can occur. The resistance was shown to be due to either

BCR-ableson gene amplification [107, 108] or to mutations in the BCR-ableson

gene [106]. The inactivation of imatinib through these mutations and the large
amount of other tyrosine kinases associated with malignancies, leave a large de¬

mand for further tyrosine kinase inhibitors.
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3.3 Materials and Methods

3.3.1 Chemicals

4-(3-pyridinyl)-2-pyrimidine amine (educt 1) was purchased from ChemPacific

Corporation, 4-phenylpyrimidine (educt 2) was from Sigma-Aldrich, 5-phenylpy-
rimidine (educt 3) was from SPECS. 6-chloro 4-hydroxyquinazoline (educt 4) was

purchased from SALOR (Sigma Aldrich library of rare chemicals) as 4,6-dichlo-

roquinazoline and turned out to be the chloro-hydroxy compound. XTT (2,3-bis(2-

methoxy-4-nitro-5 -sulfophenyl)-5 - [(phenylamino)carbonyl]-2H-tetrazoliumhydro-

xide) and staurosporine were purchased from Sigma. Imatinib was kindly provided

by Prof. Gambacorti-Passerini (Istiruto Nazionale Tumori, Milan, Italy). Organic
solvents for irradiation were of synthesis grade, solvents used for HPLC were of

HPLC gradient grade.

3.3.2 Cell lines and Cell Culture

LAMA 84 cells (peripheral blood cells of a CML patient in blast crisis, BCR-

ableson positive) were from the German Collection of Microorganisms and Cell

Cultures (DSMZ, Braunschweig). K562 cells (bone marrow cells of a CML pa¬

tient, BCR-ableson positive), U 937 cells (monocytes from a histiocytic lymphoma,
BCR-ableson negative) CCRF-CEM cells (T-lymphoblasts ofan ALL patient, BCR-

ableson negative) and MG-63 cells (osteosarcoma cells, BCR-ableson negative)
were from ATCC. Cells were cultured in RPMI 1640 medium supplemented with

10 % fetal calf serum, 100 IU/ml penicillin and 100 jig/ml streptomycin at 37 °C

and 5 % C02.

3.3.3 Irradiation Procedure

Each educt was dissolved at 6.67 mg/ml in four different solvents. The exact com¬

position ofthe library is shown in figure 3.2. A matrix with the solvent/educt com¬

bination is shown in table 3.1. Alcohols and pyridine/piperidine were premixed
with water (alcohols 1 part with 4 parts water, pyridine/piperidine 1 part with

5 parts water). Toluene was not diluted. Solvents were mixed, degassed in an ul¬

trasonic bath for 15 minutes and purged with nitrogen for 15 minutes. Educts were

solved and solutions again purged with nitrogen for 2 minutes. Vials were closed

and irradiated in a 60Co source at about 2 kGy per hour for a total dose of 500

kGy or as indicated. For first experiments, batches of 3 ml were irradiated. Later

on batch size was upscaled to 50 or 100 ml. After irradiation solutions were dried
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Table 3.1: Matrix showing the educt/solvent combination used for the library

educt 1 educt 2 educt 3 educt 4

methanol/water X X X X

ethanol/water X X X

1 -propanol/water X X X

2-propanol/water X

toluene X X X

pyridine/water X

piperidine/water X

by evaporation ofthe solvent and stored at 4° C. For activity assays stock solutions

of 4 mg/ml in methanol were prepared and stored at -20° C.

3.3.4 Docking

STI 571 and the different educts were docked into the active site of the crystal
structure of the ableson kinase domain (PDB code 1PFU) using FlexX in Sybyl

(Tripos).

3.3.5 High Performance Liquid Chromatography

HPLC analysis was performed on a Merck instrument equipped with an L-7100

pump, an L-7200 auto sampler as well as an L-7400 UV detector or an L-7450

DAD detector, controlled by a D-700 interface. As stationary phase a LiChrospher

100, 250-5 C-18e column (Merck) was used. An Acetonitrile/water gradient was

used as mobile phase. Chromatograms were monitored at 256 nm using the UV-

detector or between 200 and 600 nm using the DAD detector.

3.3.6 Activity Assays

All assay systems used were established and optimized for the use in our lab. The

procedure used during optimization and detailed protocols of all assays are given
in chapter 2.
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Cell Proliferation Assay

The cytotoxic effect of irradiated solutions was measured using the colorimetric

XTT based cell proliferation assay as described [130, 131]. Briefly, cells were

seeded into 96 well microtiter plates. Stock solutions of irradiated mixtures were

diluted in cell culture medium and added to the corresponding wells in triplicates.
After five days incubation, XTT was added, plates were incubated until color de¬

veloped and absorption was measured at 450 nm. Cell growth was normalized to

cells treated with cell culture medium only.

Inhibition of Substrate Phosphorylation

Inhibition of substrate phosphorylation of irradiated mixtures was monitored using
an ELISA [126, 127]. Soluble fractions of whole cell lysates of LAMA 84 cells

were used as a source of tyrosine kinases. Cell lysates were prepared as described

in chapter 2 and reference [139]. 96 well immunoplates were coated with random

poly(GluTyr) 4:1 over night. Plates were washed once with PBS-tween and blocked

with BSA 5% in PBS for one hour. Plates were washed four times and dried for

2 hours at 37 °C. Stock solutions of irradiated mixtures were diluted in incubation

buffer at pH 7.5 (Tris HCl 50 mM, Mg(CH3COO)2 20 mM, NaF 5 mM, Na3V04

30 jiM, EGTA 0.8 mM, EDTA 0.2 mM and DTT 1 mM). 25 jil of the desired di¬

lutions (at 4 times final concentration) were pipetted into the corresponding wells.

LAMA 84 cell lysate was diluted with incubation buffer to 8 jig/ml protein con¬

tent, and 25 jil were added to each well. Plates were incubated at room temperature

for 5 minutes, then the reaction was started by addition of 50 jil of a 600 jiM ATP

solution in incubation buffer. Plates were incubated for 30 minutes at room temper¬

ature and the reaction was stopped by washing the plates. Phosphorylated tyrosine
was detected with a primary mouse-oc-phosphotyrosine antibody (clone 4G10, Up¬
state biotechnology), a secondary peroxidase coupled a- mouse antibody (KPL)
and tetramethylbenzidine (BM Blue POD Substrate, Roche) as substrate. The color

reaction was stopped by addition of 60 jil of 1 M H2SO4 and absorption was mea¬

sured at 450 nm on a VersaOTax plate reader (molecular devices). Wells treated with

buffer only were used as a reference for 100 % activity.
Test for false positive results: Plates were coated and washed as described. The

phosphorylation reaction was carried out in two subsequent rounds in three parallel
series of experiments: In the first round enzyme and test compounds were replaced

by incubation buffer for series a, for series b test compounds were replaced by
buffer and for series c enzyme was replaced by buffer. The reactions were started
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with ATP, plates were incubated and washed as described and dried for one hour. In

the second round of phosphorylation reaction, for series a, enzyme and test com¬

pounds were added according to the normal protocol. For series b, enzyme was

replaced by buffer and for series c, test compounds were replaced by buffer. For

all three series, plates were washed and detection carried out as described. Since

enzyme and inhibitor are present at the same time only in series a, inhibition of

phosphorylation should be detectable only in this case.

Inhibition of Ableson Auto-phosphorylation

Inhibition of ableson kinase auto-phosphorylation was monitored using an im¬

munoblot assay [90, 141]. LAMA 84 cells were incubated in presence of irradiated

mixtures diluted in cell culture medium for 6 hours. Cells were washed, lysed by

heating to 95°C in Laemmli buffer [142] and subjected to SDS-PAGE. After elec¬

trophoresis, proteins were blotted onto a nitrocellulose membrane. Phosphorylated

proteins were immunostained with a primary mouse-OC-phosphotyrosine antibody

(clone 4G10, Upstate biotechnology), and secondary peroxidase coupled a- mouse

antibody (KPL). Bound antibodies were detected by enhanced chemiluminescence

(ECL plus western Blotting Detection System, Amersham Biosciences). Expres¬
sion of BCR-ableson fusion protein was monitored using an OC-ableson primary

antibody (Ab-3, oncogene) and overall protein expression with a OC-ß-actin primary

antibody (Clone AC-15, Sigma).

3.4 Results

3.4.1 Design of the Library

The aim of the work was to produce inhibitors of tyrosine kinases which would

either be specific for ableson kinase or non specifically inhibit different tyrosine
kinases. Imatinib served as a template for the design ofthe library. The structure of

imatinib is shown in figure 3.1a.

The 4-pyridinyl-pyrimidine-amine substructure of imatinib is important for bind¬

ing, but does not produce any selectivity for ableson kinase.

4 analogs of this substructure were chosen as educts: 4-(3-pyridinyl)2-pyrimidine-
amine (educt 1), 4-phenylpyrimidine (educt 2), 5-phenylpyrimidine (educt 3) and

4,6-dichloroquinazoline (educt 4). All of them were docked in to the active site of

ableson. An overlay ofthe four educts with imatinib inside the active site is shown

in figure 3.1 b. As can be seen, they all show a similar binding mode.



54 Feasibility of Gamma Ray Synthesis for Library Production

Figure 3.1: (a): structure of imatinib (b): imatinib (gray) and the four educts docked into

the active site of ableson kinase, (educt 1 magenta, educt 2 orange, educt 3 green, educt 4

cyan)

Each of these four educts was solved in four different solvents, leading to a small

library of 16 solutions named sol 1-16, which were then irradiated as described.

The composition of the library is shown in figure 3.2.

3.4.2 Formation of new Products after Gamma Irradiation

Optical appearance of all solutions was checked after the irradiation. Some signif¬
icant changes could be observed. They are summarized in table 3.2.

Formation of new products was investigated by HPLC. The chromatograms of all

solutions showed a large variety ofnew peaks after irradiation. As an example the

chromatograms of solutions 7 and 9 are shown in figure 3.3 and 3.4.

Also included in the figure are chromatograms of irradiated solvent, with no educt

present. As can be seen, after irradiation of an ethanol/water mixture (sol 7) only a

few detectable products are formed, all with relatively short retention times. This

means, that the majority of the newly formed products in sol 7 must be derived of

the educt. The same could be observed for other irradiated alcohols. In contrary,

in the chromatogram of irradiated toluene, several new products can be detected.

They have the same retention as most ofthe more lipophilic compounds in solution

9 with a retention time of over 50 minutes. These peaks in solution 9 are probably
formed by reaction oftoluene molecules only. The same peaks can be observed for

solutions 5 and 16, also irradiated in toluene (not shown).
For further investigations of the products, chromatograms were run on an HPLC

using a DAD detector, recording UV spectra of all signals between 200 and 600 nm.

Some of the peaks showed a clear shift in their absorption maxima both toward
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Lead 1: 4-(3-pyridinyl) 2-pyrimidine-amine
sol 1 : in methanol/water sol 2: in ethanol/water

sol 3: in 1-propanol/water sol 4: in 2-propanol/water

Lead 2: 4-phenylpyrimidine
sol 5: in toluene

sol 7: in ethanol/water

Lead 3: 5-phenylpyrimidine
sol 9: in toluene

sol 11 : in ethanol/water

sol 6: in methanol/water

sol 8: in 1-propanol/water

sol 10: in methanol/water

sol 12: in 1-propanol/water

Lead 4: 6-chloro-4-hydroxy-quinazoline
sol 13: in methanol/water sol 14: in pyridine/water
sol 15: in piperidine/water sol 16: in toluene

Figure 3.2: composition of the library

lower and higher wave lengths, when compared to the corresponding, not irradiated

educt.

Integrated peak areas ofUV-chromatograms were used for an estimation ofamount

product formed for each peak in solutions 5-12. Chromatograms ofnot irradiated

educts of known concentrations were used as references. Of the injected amount,

about 50% could be refound in mixtures irradiated in toluene. In mixtures irradiated

in alcohol/water only about 1 - 2 % could be detected. The not detected amount of

products must consist of compounds which do not have any retention in the used

chromatographic system, or are not detectable at 256 nm. In all solutions the peak
with the largest area showed the same retention time as the not irradiated educt,

making up over 98 % of detected product in solutions irradiated in toluene, and

between 50 and 90 % in the other solutions.
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Table 3.2: Optical appearance of solutions before and after irradiation

sol before irradiation after irradiation after methanol addition

white suspension slightly yellow solution

white suspension slightly yellow solution

white suspension slightly yellow solution

white suspension slightly yellow solution

clear solution yellow solution

clear solution white suspension yellow solution

clear solution white suspension yellow solution

clear solution white suspension yellow solution

clear solution white suspension
10 clear solution white suspension
11 clear solution white suspension
12 clear solution white suspension yellow solution

13 white suspension dark yellow suspension
14 clear solution green-yellow solution turns yellow
15 clear solution light yellow solution

16 white suspension orange suspension yellow solution
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Figure 3.3: (a): Chromatogram of solution 7 (educt 2 in ethanol/water before (gray, solid)
and after (solid line) irradiation, (b): Chromatogram of the irradiated ethanol/water mix¬

ture that was used as solvent.
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Figure 3.4: Chromatogram of irradiated solution 9 (educt 3 in toluene, black line) and

irradiated toluene (gray line).

Reproducibility of the Irradiation Procedure

Figure 3.5 shows the chromatograms of 2 independently irradiated batches of so¬

lution 5. The black line corresponds to a batch of 3 ml, the gray line to one of

50 ml. As can be seen, the same products are formed reproducibly, even when the

amount of irradiated solution is upscaled from 3 ml to 50 ml. The same peaks can

be detected in both chromatograms, although the intensity varies for some of the

peaks.
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Figure 3.5: comparison of two individually irradiated batches of solution 5. The black

line shows a batch of 3 ml, the gray line an upscaling of the batch to 50 ml.
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3.4.3 Pharmacological Activity of Irradiation Products

The major aim of this work was, to investigate whether gamma ray synthesis is

a feasible method for the design of chemical libraries with a large variety of new

compounds. Besides high chemical diversity of the formed products, they should

also have pharmacological activity. With the design of the library, we set our aim

to produce inhibitors of tyrosine kinases. To investigate whether this goal was

achieved, all the mixtures were tested for their tyrosine kinase inhibition activ¬

ity in a cytotoxicity assay and a tyrosine kinase inhibition ELISA. The solutions

that showed activity in the ELISA were also tested in an immunoblot assay.

Cytotoxicity

All solutions were screened for their cytotoxicity on the three cell lines LAMA 84

(BCR-ableson positive), CCRF CEM (BCR-ableson negative) and MG 63 (BCR-
ableson negative). Whereas non specific tyrosine kinase inhibitors are toxic toward

all 3 cell lines, an ableson selective inhibitor is toxic only for the ableson posi¬
tive cells. This is illustrated in the selectivity of imatinib in comparison to stau¬

rosporine, a non selective tyrosine kinase inhibitor in figure 3.6 a.
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Figure 3.6: (a) Cytotoxic effect of imatinib (solid lines) and staurosporine (dashed lines)
on LAMA 84 (o) and CCRF CEM (D) cells (b) Inhibitory effect on tyrosine kinase

activity of imatinib (solid line) and staurosporine (dashed line) in the unspecific ELISA

All solutions showed some cytotoxic effect after irradiation. A cytotoxicity screen

of all solution at 50 and 100 jig/ml is shown in figure 3.7.

Generally, not irradiated educts were less toxic than irradiated educts. However

there were some exceptions to this rule: educt 1 was toxic on CCRF CEM cells,

solution 12 was less toxic than educt 3 and solutions 14 and 15 were less toxic
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Figure 3.7: Cytotoxic effect of not irradiated educt (el - e 4), irradiated solutions 1-16

(sl-sl6) and irradiated solvents (svl = methanol/water, sv2 = ethanol/water, sv3 = 2-pro-

panol/water, sv4 = pyridine/water, sv5 = pyrimidine/water, sv6 = toluene) on LAMA 84

(a), CCRF CEM (b) and MG 63 (c) cells. All compounds were tested at 50 Ug/ml (black

bars) and 100 (J-g/ml (grey bars). Cell growth was normalized toward cells treated with

cell culture medium only. Solvent controls were performed to exclude an inhibitory effect

of the solvent (methanol) used for preparation of the samples.

on MG 63 cells than educt 4. Irradiated methanol and propanol, unlike ethanol

were not toxic. The other solvents did show some cytotoxic effect. Not irradiated

solvents did not have any effect on cell growth in the used concentrations.

No clear selectivity toward LAMA 84 cells could be seen. Some solutions showed a

very slight trend for selectivity toward LAMA 84 cells. The largest selectivity could

be seen with solution 5 (educt 2 in toluene). The cytotoxic effect of solution 5 and

irradiated toluene in more concentrations is shown in figure 3.8. Irradiated toluene

is more cytotoxic than solution 5.

ELISA

Tyrosine kinase inhibition activity was monitored in an ELISA using a whole cell

lysate of LAMA 84 cells as a source for tyrosine kinases and random polyGluTyr
as an unspecific substrate. In this assay setup only non specific tyrosine kinase

inhibitors are detected. This is shown in figure 3.6 (b) where staurosporine, a non
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Figure 3.8: Cytotoxic effect of solution 5 (full lines) and irradiated toluene (dashed lines)
on LAMA 84 (o), CCRF CEM (D) and MG 63 (A) cells.

selective tyrosine kinase inhibitor clearly displayed inhibition, whereas the ableson

selective imatinib doesn't show any effect.

All solutions were screened in this assay at 4 different concentrations. The results

of the screen are shown in figure 3.9. To test for false positive results, the exper¬

iments with the active solutions were repeated using the false positive test as de¬

scribed in in materials and methods (section 3.3). Solutions 1-4 and 14 (omitted
in figure 3.9) showed complete inhibition ofthe enzyme at the lowest concentration

both in the experiment and the false positive control. They were declared as false

positive and their activity was not further pursued.

educt 2 sol 5 sol6 so!7 sol8 educt 3 sol9 sol10 sol 11 sol12 educt 4 sol 13 sol15 sol16

sample

Figure 3.9: Inhibitory activity of solutions 5-16 and educt 2 - 4 in the ELISA. All

samples were tested at 100 |j,g /ml (\\\), 50 |j,g /ml (=), 25 |j,g /ml (///) and 12.5 |j,g /ml

(black).
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Immunoblot Assay

To confirm activity, samples that displayed tyrosine kinase inhibition in the ELISA

were also tested in an immunoblot assay. Blots were detected with antibodies

against phospho-ryrosine, ableson and ß-actin. In samples showing tyrosine kinase

inhibition activity, the intensity ofphospho-ryrosine bands is reduced, whereas in¬

tensities of ableson and ß-actin bands remain constant. Activity of the samples
could be confirmed in the immunoblot assay. As representative samples, blots of

solutions 7, 8 and 10 are shown in figure 3.10. Solutions 7 and 8 showed strong

activity in the ELISA, where as solution 10 was moderately active. As can be seen

in figure 3.10 c, a band with the expected molecular weight of ß-actin (42 kDa)
with similar intensity can be seen in all lanes. In figure 3.10 b (detection with

anti-ableson antibodies), a strong band of the BCR-ableson fusion protein at about

210 kDa can be seen in lanes 2-5. The band seems to be a bit stronger in lane

5 (cells treated with methanol only) than in lanes 2-4 (cells treated with irra¬

diated samples. In lane 1 (cells treated with cell culture medium) the band is not

clearly visibly, what might have been caused by incomplete blotting of the protein.
In figure 3.10 a, a strong band at 210 kDa and several other intensive bands can be

seen in lane 5. All of these bands are clearly reduced in lane 2 (cells treated with

irradiated solution 7), showing that this solutions inhibits tyrosine kinase activity.
The intensity of the bands is also reduced in lanes 3 (cells treated with irradiated

solution 8) and 4 (cells treated with irradiated solution 10), but to a lesser extent.

In lane 1, all bands are of similar intensity than those in lane 5, with the exception
of the band at 210 kDa. As in the blot detected with anti-ableson antibodies, this

band was most probably not completely blotted. In this assay, solution 7 shows

strong activity and solutions 8 and 10 are moderately active. This is in contrary to

the ELISA, where solutions 7 and 8 exhibited strong activity, and solution 10 was

moderately active.

3.4.4 Dependence on Irradiation Dose

Irradiation of solutions 5, 6 and 7 was repeated using a dose of 50 instead of

500 kGy, solution 8 was further irradiated at 50 and 11 kGy. The resulting solu¬

tions were analyzed by HPLC and their pharmacological activity was tested. After

irradiation with a reduced dose, the same products were formed. Nevertheless, the

amount ofunreacted educt was increased. A chromatogram of solution 8 irradiated

with 50 (8-50) and 11 (8-11) kGy is shown in figure 3.11 a. After irradiation with

500 kGy, most ofthe products have disappeared. The corresponding chromatogram
is shown in figure 3.11 b.
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Figure 3.10: Immunoblots ofLAMA 84 cell lysates after treatment of cells with cell cul¬

ture medium (lane 1), 100 (J-g/ml of sol 7 (2), sol 8 (3) or sol 10 (4) and methanol (5). Blots

were detected with antibodies against phosphotyrosine (a), ableson (b) or ß-actin (c).
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Figure 3.11: (a): Chromatograms of solution 8-50 irradiated with 50 kGy (gray) and 8-11

irradiated with 11 kGy (black), (b): Chromatogram of solution 8 irradiated with 500 kg.

In agreement with the formation of less products in relation to still present educt,

the activity of the samples of solution 8 was reduced at lower irradiation doses

as can be seen in figure 3.12 a for cytotoxicity and b for the ELISA. Only the

cytotoxicity assay on CCRF CEM cells is shown, but a similar effect could be
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observed for the other cell lines. Activity was reduced in an analogous way for

solution 6. For solution 7, the samples irradiated with 50 kGy were more toxic

than those irradiated with 500 kGy. In the ELISA the activity of solutions 6-50 and

7-50 was reduced in an analogous way to solution 8-50. Solution 5-50 and solution

5 did not show any activity.
The data of activity assays with all cell lines for solutions 5, 6, 7 and 8 as well as

the ELISA for solutions 6 and 7 are shown in appendix A.

concentration [pg/ml]

100

concentration [fjg/ml]

Figure 3.12: Pharmacological activity of solution 8 (), 8-50 (o), 8-11 (o) and educt 2

(x) in (a) the cytotoxicity assay on CCRF CEM cells and (b) the ELISA.

3.4.5 Influence of the Solvent

The solvent used for irradiation has a large influence on the product formation.

Solutions 5 and 7 are both irradiated 4-phenylpyrimidine, once solved in an ethanol

water mixture and once in toluene. As can be seen in figures 3.3 and 3.5 they show

quiet different chromatograms. Also the yield of formed products differs strongly.
To investigate, whether the water in the solvent influences the formation ofproducts
as well, irradiation of solutions 6, 7 and 8 was repeated using only the alcohol as

solvent, instead of an alcohol/water mixture (solutions 6X, 7X and 8X). As can

be seen in figure 3.13 for solutions 6 and 6X, irradiation in only alcohol educts to

the formation of less detectable products. The amount of unchanged educt is also

clearly reduced.

The cytotoxicity of the samples irradiated in an alcohol with no water present is

increased in comparison to the ones irradiated in the alcohol water mixture, as can

be seen in figure 3.14 for solutions 8 and 8X. Solutions 6 and 7 showed a similar

effect. The cytotoxicity data of solutions 6X and 7X are shown in appendix A.
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Figure 3.13: comparison of educt 2 irradiated in methanol/water (black, sol 6) and

methanol only (gray, sol 6X)

Since solutions 6X, 7X and 8X were false positive in the ELISA, the results of this

assay couldn't be used.

125 H

concentration [^g/ml]

Figure 3.14: Cytotoxic effect of solution 8 (full lines) and 8 X (dashed lines) on LAMA

84 o, CCRF CEM D,MG 63 cells A

3.5 Discussion

The aim of the present work was to investigate whether gamma ray synthesis is

a feasible method to create molecularly diverse libraries as a new source for lead

compounds in drug discovery. Despite the large progresses in different fields such

as high throughput screening technologies, molecular biology or combinatorial

chemistry, the rate ofapproval ofnew chemical entities has slowed down in the past
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few years, showing that the classical sources for lead compounds cannot fulfill the

demand [3, 21]. In a previous work, Folkers and Kessler could show that synthesis
ofmixtures ofdrug like compounds by gamma irradiation is possible [124]. A large

variety of compounds with higher molecular weights than the original educt was

formed during the irradiation process. Dimers and solvent adducts of the original
educt were identified. However, their work was limited to alcoholic solutions ofnu-

cleobases. This compound class is known to be sensitive toward ionizing radiation,

which is mainly a concern when DNA is exposed to irradiation [146]. The investi¬

gations were now expanded to other classes of chemical compounds and aromatic

solvents.

A lot of research has been going on in the field of radiation chemistry since the

1960s [44, 144]. The main focus of research was elucidation of mechanisms lead¬

ing to formation of radicals and exited species. The reactions taking place and

products formed during irradiation of solvents and other simple organic chemicals

were also investigated in detail [147], and several radiochemical pilot plants and

full scale operation facilities have been reported [50]. For industrial applications
focus has always been on developing reactions resulting in one single compound.
To our knowledge, radiation synthesis was never used to deliberately create com¬

plex product mixtures.

Chromatograms of the irradiated solutions clearly showed the formation of large
amounts of new products. Yields of the newly formed compounds were however

very low. Conditions during the irradiation process might be too harsh, leading to

the decomposition of the majority of the original educt. Small compounds con¬

taining no double bonds are not detectable in the used chromatographic system,

explaining the low yields of detectable products. This breakdown compounds are

not of interest for our purpose, so no further effort was put into their identification.

Reduction ofthe irradiation dose did not increase the yields of detectable products,

although the amount of irradiation educt still present was strongly increased. An

equilibrium between the building up of solvent adducts and dimeric compounds on

one side and breakdown ofproduct molecules on the other side is probably reached

after a certain irradiation dose, preventing the formation of larger product yields.
Irradiation in toluene with no water present let to less decomposition ofcompounds

compared to the alcohol/water mixtures. The conjugated electrons of aromatic

compounds allow for absorption of radiation energy without any chemical reac¬

tions. Therefore aromatics are highly resistant toward ionizing radiation [147]. Af¬

ter irradiation of different compounds in toluene, peaks with the same retention as

those observed after irradiation of toluene alone are found. They probably belong
to the same products. Some of the compounds formed after irradiation of toluene
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have been identified before. The mainly consist of dimers and higher oligomers,
some of them having at least one saturated bond [56, 57]. These compounds are

very lipophilic and have a high retention time in the HPLC.

For compounds irradiated in alcohol/water mixtures both increased and decreased

water solubility could be observed: samples 1-4 were suspensions before irradi¬

ation, and changed into solutions during the process, indicating that the products
are more hydrophilic than educt 1. Samples 6-8 and 10 - 12 were clear solutions,

that turned into suspensions after irradiation. They could again be solved by ad¬

dition of methanol and therefore at least some of the products must have a higher

lipophihcity than educts 2 and 3.

As before in the work ofFolkers and Kessler, gamma ray synthesis could be shown

to be reproducible and up scalable, an important prerequisite for its use in drug

discovery.
The solvent used for irradiation turned out to have a large influence on the for¬

mation of products. This fact allows for easy variation in diversity of the formed

compounds. Irradiation in lipopholic solvents could favor the formation of highly

lipophilic products, but might initiate some interesting chemistry.
As can be seen from the activity screens, it is possible to synthesize pharmaco¬

logically active compound mixtures by irradiation. Some caution has to be ap¬

plied, however for the interpretation of the assay results. The unspecific toxicity
of all samples is probably due to to the large variety of formed compounds with

different toxicity and might also be caused by the decomposition products. The

fact, that product mixtures are used for screening, largely enhances the probabil¬

ity to get false positive or negative results. On one hand side, active components

can be missed, because they are not present in a sufficient concentration. On the

other hand, different weakly active compounds can add up to a higher activity, than

would be expected by just adding up the activity of the single compounds. A third

possibility is, that some components ofthe mixture interfere with the detection sys¬

tem ofthe assay, leading to a false positiv or negative result, and therefore prevent¬

ing the detection of true hits. This could be observed in the strong yet false posirve

activity of solutions 1 - 4 in the ELISA. The fact, that a decrease in the amount

of phosphorylated tyrosine was detected, even when the inhibitor was added af¬

ter the enzyme reaction was finished, identified them as false positive. True hits,

which might have been present as well, were missed. The most probable reason for

the observed behavior is, that the irradiation products lead to a detachment of the

coated peptide, which is then washed away before detection.

The fact that false negative and positive results are increased when mixtures are

tested, is a known problem from natural products research, where often first screens
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have to be done with crude extracts of plants [20] [148]. This challenge can be

met by parallel use of different assay principles for the same target, as was done

here by using an ELISA and immunoblot in parallel. In addition, proper control

experiments, using positive and negative controls and experiments that rule out

interference with detection mode are mandatory.
The activity of the samples, that were not false positive in the ELISA could be

reproduced in the immunoblot. Educts 2 (4-phenylpyrimidine) and 3 (5-phenyl-

pyrimidine) have very similar structures. Even though, one would expect similar

products after irradiated in the same solvents (e.g. solutions 6 and 10),they had

quiet different activities in the ELISA, giving another indication for real activity.

Summing up, from investigations of the raw irradiation mixtures it can be con¬

cluded, that gamma ray synthesis allows for fast synthesis of complex compound
mixtures with interesting pharmacological and chemical properties.
For a more detailed evaluation ofthe usability ofgamma irradiation for the produc¬
tion of lead compounds, knowledge of structures of formed products is however

indispensable. LC-MS investigations showed that raw mixtures are too complex
for direct analysis, even though some products with molecular weights in the range

of dimers could be detected (data not shown). Fractionation ofmixtures for on line

analysis by LC-MS and LC-NMR and isolation of pure compounds for structure

elucidation will provide more information
.

On line analysis of fractionated mixtures and identification and characterization of

some compounds are described in chapters 4 and 5.
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Chapter 4

Gamma Ray Synthesis of

Phenylpyrimidine Dimers

4.1 Abstract

In this chapter, the product mixture obtained after the irradiation of 4-phenylpyri¬
midine in a methanol-water mixture was analyzed in detail. The mixture was frac¬

tionated by pH dependent extraction and semi-preparative HPLC. All fractions

were tested for their tyrosine kinase inhibition activity in an ELISA and a cy¬

totoxicity assay. Some of the fractions had some week to moderate activity in

the ELISA, whereas all of them were cytotoxic. HPLC-MS analysis showed that

most of the products had a molecular weight of about twice the educt. Two prod¬
ucts could be isolated and their structure elucidated. Both of them are dimers of

4-phenylpyrimidine. One of them is a symmetric, fully aromatic dimer (6,6' -

diphenyl - [4,4'] bipyrimidine). In the other dimer the aromaticity is lost in one

ofthe pyrimidine rings (4,6' - diphenyl - 3,4 - dihydro - [4,4']bipyrimidine). This

product has a weak activity in the ELISA with an IC50 of 144 jiM. Both products
have not been reported before. In conclusion, it could be shown that synthesis of

chemically interesting new products by gamma irradiation is possible.

4.2 Introduction

Thousands ofcompounds are screened daily in the high throughput screening facil¬

ities of the pharmaceutical industry. Most libraries used for screening are either of

natural origin, come out ofcombinatorial synthesis or are the product of decades of

classical synthetic work. Despite these powerful sources for new lead compounds,
there is still a great demand for libraries with a large molecular diversity. A new

69
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method for library design is gamma ray synthesis, first introduced by Folkers and

Kessler [124, 125]. They could show in their work, that irradiation of binary mix¬

tures of nucleotide bases in alcohols leads to the formation of a large variety of

new compounds. Two substrates ofHerpes simplex virus 1 thymidine kinase could

be isolated and identified.

During irradiation of organic compounds in aqueous solution or aqueous/organic
solvent mixtures, most of the energy is absorbed by the water [44]. Solvated elec¬

trons, hydroxyl radicals and hydrogen atoms are formed as primary irradiation

products [47]. These primary products react with the solved organic compounds
and organic components of the solvent through secondary radical reactions. Be¬

sides degradation of the compounds, a large variety of dimers and solvent adducts

are formed [50, 144].
In chapter 3, the formation ofnew products by gamma irradiation was investigated,

focusing on the variation of the irradiation conditions. Oncogenic tyrosine kinases

have been shown to be relevant targets for the development of an effective antineo¬

plastic treatment [60, 63, 64] and were therefore chosen as target for the design of

this library. This concept was first proven by the development of imatinib, an in¬

hibitor of the ableson kinase in the BCR-ableson fusion protein, for the treatment

of chronic myeloid leukemia [91, 92, 104].
As described in chapter 3, four different analogs of a substructure ofimatinib were

chosen for irradiation in four different solvents each. This resulted in a small library
of 16 different product mixtures. It could be shown, that a large variety of new

products can be formed this way. The irradiation procedure was reproducible and

scaling up could easily be achieved. Of the investigated parameters, the solvent

used for irradiation turned out to have the largest influence on the formation ofnew

products. Some of the mixtures obtained through gamma ray synthesis showed a

moderate inhibition of tyrosine kinase activity in an ELISA assay.

The aim of this chapter is to gain more information on the identity of the formed

products by activity guided fractionation of one of the mixtures, on-line LC-MS

analysis of some fractions and isolation of a few compounds.

4.3 Materials and Methods

4.3.1 Chemicals

4-phenylpyrimidine (educt 2) and XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-

5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) were purchased from Sig¬
ma-Aldrich. Organic solvents for irradiation and extraction were of synthesis grade,
solvents used for HPLC were ofHPLC gradient grade.
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4.3.2 Cell lines and Cell Culture

LAMA 84 cells (peripheral blood cells of a CML patient in blast crisis, BCR-

ableson positive) were from the German Collection of Microorganisms and Cell

Cultures (DSMZ, Braunschweig). K562 cells (bone marrow cells of a CML pa¬

tient, BCR-ableson positive), U 937 cells (monocytes from a histiocytic lymphoma,
BCR-ableson negative), CCRF-CEM cells (T-lymphoblasts of an ALL patient,
BCR-ableson negative) and MG-63 cells (osteosarcoma cells, BCR-ableson nega¬

tive) were from ATCC. Cells were cultured in RPMI 1640 medium supplemented
with 10 % fetal calf serum, 100 IU/ml penicillin and 100 jig/ml streptomycin at

37 °C and 5 % C02.

4.3.3 Irradiation

4-phenylpyrimidine was solved at 6.67 mg/ml in a 1:4 methanol/water mixture.

The solvent was mixed, degassed in an ultrasonic bath for 15 minutes and purged
with nitrogen for 15 minutes. 4-phenylpyrimidine was added, the mixture sonicated

for fifteen minutes for solvation and again purged with nitrogen for 2 minutes. The

flask was closed and irradiated in a 60Co source at about 2 kGy per hour for a

total dose of 500 kGy. Several batches of 30, 50 and 100 ml were irradiated. After

irradiation solutions were dried by evaporation ofthe solvent and stored at 4° C. For

activity assays stock solutions of 4 mg/ml in methanol were prepared and stored at

-20° C.

4.3.4 Extraction Procedure by Staas-Otto

The pH-dependent extraction was carried out following the extraction procedure by
Staas-Otto [149]. 500 mg of dried solution 6 were solved in 10 ml methanol. Then

100 ml diluted sulfuric acid (pH 1) were added, and the solution was extracted

with ether (fraction I). The water phase was neutralized with hydrogen carbonate

solution, adjusted to pH 4-5 with tartaric acid, and extracted with dichloromethane

(fraction II). The pH of the aqueous phase was adjusted to 10 with sodium hy¬

droxide, and it was again extracted with ether. During the addition of base, a large
amount of precipitate appeared, which remained mainly in the organic phase. The

ether phase was filtrated, resulting in fractions IIIA (solution) and HIB (precipi¬

tate). The water phase was neutralized with sulfuric acid, pH was adjusted to 9

with ammonia solution, and extracted with a 3:1 mixture of methylene chloride

and isopropanol (fraction IV). The aqueous phase was neutralized, and the wa¬

ter evaporated under vacuum (water phase). All organic fractions were dried over

sodium sulfate, and solvents were evaporated under vacuum.
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4.3.5 High Performance Liquid Chromatography

HPLC analysis was performed on a LaChrom Merck Hitachi instrument equipped
with an L-7100 pump, an L-7200 auto sampler and an L-7400 UV detector, con¬

trolled by a D-700 interface. Chromatograms were monitored at 256 nm. A gradient
of 30 - 70 % acetonitril plus 0.08 % TFA in water plus 0.1% TFA with at a flow

rate of 1 ml/min (analytical) or 4 ml/min (isolation) was used as mobile phase. For

analytical purposes, a LiChrospher 100, 250-5 5 jim C-18e column (Merck) was

used as stationary phase.
For isolation a semi preparative Lichrospher 100, 250-10, 10 jim C18-e column

(Merck) was used. Samples were injected and fractions were collected manually.

4.3.6 Online HPLC-MS

Samples were analyzed with an HPLC-UV(DAD)-APCI-MS. All investigations
were carried out with a Waters-626-LC system, fitted with a 996 photodiode-array
detector (Waters Corp), and a Rheodyne-Rotary-7725i rotary valve, fitted with a

20 jil loop (Rheodyne). The same gradient and column as for the HPLC analysis
described in section section 5.3.5 were used.

APCI-MS experiments were performed on a Finnigan-TSQ700 triple stage quadru-

pole instrument equipped with an atmospheric-pressure chemical-ionization (AP-

CI) ion source (Finnigan). The APCI conditions in positive mode were: vaporizer

temp. 500°C, corona 5 jiA; heated capillary temp. 250°C, sheath gas N2 with an

inlet pressure of 40 psi; conversion dynode 15kV.

4.3.7 Nuclear Magnetic Resonance Spectroscopy

NMR spectra were measured at 295 K on a DRX -500 spectrometer operating at

500.14 MHz for :H and 125.77 MHz for 13C or on an AMX 300 spectrometer op¬

erating at 300.13 MHz for :H and 75.47 MHz for 13C, both from Bruker. Samples
were solved in deuterated DMSO from Cambridge Isotope Laboratories and refer¬

enced against residual not deuterated DMSO (2,50 ppm for *H and 39.5 ppm for

13C). Spectra were processed with the software xwin-NMR version 2.5.

4.3.8 Mass Spectrometry

Electron impact mass spectra were measured on a Micromass TRIBRID double

focusing mass spectrometer at an energy of 70 eV.
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MALDI spectra were recorded on a IonSpec ULTIMA Fourier Transform mass

spectrometer with 2,5 - dihydroxybenzoic acid as matrix.

4.3.9 Activity Assays

Cell Proliferation Assay

The cytotoxic effect of irradiated solutions was measured using the colorimetric

XTT based cell proliferation assay as described [130, 131]. Briefly, cells were

seeded into 96 well microtiter plates. Stock solutions of irradiated mixtures were

diluted in cell culture medium and added to the corresponding wells in triplicates.
After five days incubation, XTT was added, plates were incubated until color de¬

veloped and absorption was measured at 450 nm. Cell growth was normalized to

cells treated with cell culture medium only.
For IC50 determination, 8 concentrations were pipetted in triplicates. The obtained

data was analyzed by nonlinear curve fits using Origin software.

4.3.10 Protein Expression and Purification

Ableson Kinase

Abl sequence encoding amino acid residues 230 - 517 (ABL-HUMAN, isoform

la NP-005148) was amplified from the pcDNA3-BCR/ABL vector, using spe¬

cific primers (ABL-F, forward primer, 5TGTGGTACCCAACTACGACAAGTG-

3 and ABL-R, reverse primer, 5-TGTTCTAGATCCCACGGACGCCTTGTTT-3).
The amplified fragment was cloned into the baculovirus transfer vector, pHispA
derived from pBlueBac4.5 (Invitrogen) using Kpnl and Xbal enzymes. A histidine

tag derived from pBlueBacHis2C (MaxBac®2.0 baculovirus expression system, In¬

vitrogen) was added. The sequence of the insert was verified by DNA sequencing.
Generation of recombinant baculovirus and production of high titer viral stocks

was performed following manufacturers instructions (Invitrogen). For protein pro¬

duction, Sf9 insect cells grown in suspension at a density of 2xl06 cells/ml, were

infected with recombinant baculovirus at a multiplicity ofinfection of 5. After 72 h

incubation at 27°C cells were collected by centrifugation, washed once in ice-cold

PBS and stored at -80°C. Typically, frozen pellets corresponding to 2xl09 cells

were thawed slowly on ice and lysed in 60 ml ofhypotonic buffer (buffer A: 50 mM

Tris-HCl pH 8, 20 mM NaCl, protease inhibitors) for 1 hour on ice. The lysate
was clarified by centrifugation and then purified using an anion exchange DEAE-

Sepharose column (Sigma-Aldrich Biotech) in conjunction with an AKTA FPLC
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system (Amersham-Pharmacia Biotech). Proteins were eluted in a linear gradient
of NaCl (20mM - 2M) and fractions containing abl were pooled and loaded onto

a 15 ml ProBond-nickel affinity column (Invitrogen) in the presence of 30 mM

imidazole and 20 mM ß-mercaptoethanol at a flow rate of 1 ml/min. The column

was washed with buffer B (50 mM Tris-HCl pH 8, 0.25 M NaCl, 200 mM im¬

idazole, 20 mM ß-mercaptoethanol, protease inhibitor) and proteins were eluted

using a step gradient at 50 mM of imidazole, followed by a linear gradient of imi¬

dazole (50 - 200 mM). Fractions were analyzed for the presence and purity of abl

protein by SDS-PAGE and silver staining. Protein concentration was determined

using the BioRad reagent. Purified protein was aliquoted and stored in 10 % gly¬
cerol at -80 °C.

ALK Kinase

ALK sequence encoding amino acid residues Leu133 - Ala519 (NPM/ALK-HU¬

MAN, Genbank Accession Code: U04946) was cloned as a PstI fragment, derived

from pcDNA3-NPM/ALK, into the baculovirus transfer vector, pBlueBacHis2C

(MaxBac® 2.0, Invitrogen) and verified by DNA sequencing. Generation of re¬

combinant baculovirus and production ofhigh titer viral stocks was performed fol¬

lowing manufacturers instructions (Invitrogen). For protein production, Sf9 insect

cells grown in suspension to a density of2x106 cells/ml, were infected with recom¬

binant baculovirus at a multiplicity of infection of 5 and cultured for 72 h at 27 °C.

Cells were harvested and washed once in ice-cold PBS then stored at -80 °C. To

purify recombinant ALK (rALK) protein, frozen pellets were thawed on ice and

lysed in buffer A (50 mM Tris-HCl pH 8, 20 mM NaCl, protease inhibitors) for

30 min on ice. The lysate was clarified by centrifugation then purified using a Q-

sepharose Fast Flow anion exchange column (Amersham-Pharmacia Biotech) in

conjunction with an AKTA FPLC system (Amersham-Pharmacia Biotech). Pro¬

teins were eluted with a linear NaCl gradient (20 - 200 mM) and fractions con¬

taining rALK were pooled and loaded onto a HiTrap-nickel affinity column

(Amersham-Pharmacia Biotech) in the presence of 50 mM imidazole and 20 mM

ß-mercaptoethanol. The column was washed with buffer B (50 mM Tris-HCl pH

8, 0.5 M NaCl, 50 mM imidazole, 20 mM ß-mercaptoethanol, protease inhibitors)
and proteins were eluted using a linear imidazole gradient (50 - 200 mM). Protein

concentration was determined using the BioRad reagent and the quality of puri¬
fied rALK was assessed by 10 % SDS-PAGE electrophoresis and silver staining.
Purified protein was aliquoted and stored in 10 % glycerol at - 80 °C.
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Ret Kinase

A hybrid Baculovirus transfer vector (pHisE) was obtained by importing an Eco-

RV-Kpnl fragment ofpBlueBacHis2 (Invitrogen), containing a 6-Histidine tag, into

the pBlueBac4.5 plasmid (Invitrogen) that has a SV40 polyA signal for mRNA sta¬

bilization. RET kinase domain cDNA (nucleotide 2293-3255 of transcript variant

1; GeneBank accession no. NM-000323) was PCR-amplified with specific primers,
RET-F (GGTACCTATGGAGAACCAGGTCTCC) and RET-R (TACTTGGACC-

TTGCGGCGGTCTAGA) and cloned into the pHisE vector in KpnI/Xbal sites.

Generation of recombinant baculovirus and production of high titer viral stocks

was performed following manufacturers instructions (Invitrogen). For protein pro¬

duction, Sf9 insect cells grown in suspension to a density of 2xl06 cells/ml, were

infected with recombinant baculovirus at a multiplicity of infection of 5 and cul¬

tured for 72 h at 27 °C. Cells were harvested and washed once in ice-cold PBS

then stored at -80 °C. Frozen pellets were thawed on ice, lysed in buffer A (50 mM

Tris-HCl pH 6.5, 20 mM NaCl, protease inhibitors: Leupeptin, Aprotinin and Pep-
statin A, Sigma-Aldrich) for 30 min on ice and purified by affinity chromatogra¬

phy. All chromatographic steps were controlled by an AKTA-FPLC system (Amer¬

sham) and carried out at 4 °C. Total cell lysate was loaded on a 120-ml anion-

exchange column (DEAE-sepharose Fast Flow resin, packed in a XK-16 column

[Amersham]). The equilibration buffer corresponded to buffer A. Bound proteins
were eluted with a linear gradient ofbuffer B (50 mM Tris-HCl pH 6.5, 2 M NaCl,

protease inhibitors) and collected. RET-positive fractions were then pooled and ß-
mercaptoethanol and imidazole were added to a final concentration of 20 mM and

30 mM, respectively. The pH was adjusted to 8.0 and the sample was loaded on

a Pro-Bond (Invitrogen) nickel ion affinity resin (15 ml) equilibrated in buffer C

(50 mM Tris-HCl, pH 8, 250 mM NaCl, 20 mM ß-mercaptoethanol, 30 mM im¬

idazole). After washing, RET was eluted with a linear gradient of buffer D (cor¬

responding to buffer C with 200 mM imidazole). Positive fractions were pooled,
frozen in liquid nitrogen and stored at 80 °C.

Inhibition of Substrate Phosphorylation

Inhibition of substrate phosphorylation was monitored using an ELISA [126, 127].
Both a nonspecific assay and assays for inhibition of specific tyrosine kinases were

used.
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Nonspecific Assay:

For the non specific assay, the soluble fraction of a whole cell lysate ofLAMA 84

cells was used as a source of tyrosine kinases. Cell lysates were prepared as de¬

scribed in chapter 2 and reference [139]. 96 well immunoplates were coated with

random poly(GluTyr)4:1 over night. Plates were washed once with PBS-tween and

blocked with BSA 5% in PBS for one hour. Plates were washed four times and

dried for 2 hours at 37°C. Stock solutions of irradiated mixtures were diluted in

incubation buffer at pH 7.5 (Tris HCl 50 mM, Mg(CH3COO)2 20 mM, NaF 5 mM,

Na3V04 30 jiM, EGTA 0.8 mM, EDTA 0.2 mM and DTT 1 mM). 25 jil of the de¬

sired dilutions (at 4 times final concentration) were pipetted into the corresponding
wells. LAMA 84 cell lysate was diluted with incubation buffer to 8 jig/ml pro¬

tein content, and 25 jil were added to each well. Plates were incubated at room

temperature for 5 minutes, then the reaction was started by addition of 50 jil of a

600 jiM ATP solution in incubation buffer. Plates were incubated for 30 minutes

at room temperature and the reaction was stopped by washing the plates. Phospho¬

rylated tyrosine was detected with a primary mouse-OC-phosphotyrosine antibody

(clone 4G10, Upstate biotechnology), a secondary peroxidase coupled a- mouse

antibody (KPL) and tetramethylbenzidine (BM Blue POD Substrate, Roche) as

substrate. The color reaction was stopped by addition of 60 jil of 1 M H2SO4 and

absorption was measured at 450 nm on a VersaOTax plate reader (molecular devices).
Wells treated with buffer only were used as a reference for 100 % activity.

IC50 determination For IC50 determination, 8 concentrations were pipetted in trip¬
licates. The obtained data was analyzed by nonlinear curve fits using Origin soft¬

ware.

Test for peptide detachment: Plates were coated and washed as described. The

phosphorylation reaction was carried out in two subsequent rounds in two parallel
series of experiments: In the first round enzyme and test compounds were replaced

by incubation buffer for series a and for series b test compounds were replaced by
buffer. The reactions were started with ATP, plates were incubated, washed as de¬

scribed and dried for one hour. In the second round ofphosphorylation reaction, for

series a, enzyme and test compounds were added according to the normal proto¬

col, where as for series b, enzyme was replaced by buffer. Plates were washed and

detection carried out as described. Since inhibitors are added after termination of

the phosphorylation reaction in series b, a reduction in amount of phosphorylated

protein is most likely due to peptide detachment.
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Enzyme Specific Assay

Nunc Immunopiates were coated with peptide substrate (ARDIYRASFFRKGGC-

AMLPVK) at various concentrations in 125 jll PBS by incubation overnight at

37°C. Wells were washed with 200 jil of wash buffer (PBS-Tween 0.05 %) and

dried for 2 h at 37°C. The reaction mix was preincubated with the inhibitor or sol¬

vent control for 10 minutes at room temperature (RT) in a standard 96-well plate
before transferring to the ELISA plate. The kinase reaction was performed by in¬

cubating kinase buffer (25 mM Hepes pH 7.0, ImM MnCl2 (abl + Ret) or 5mM

MnCl2 (ALK), 5 mM MgCl2), 0.03 mM ATP and purified rAbl, rALK or rRet at

various concentrations in a total volume of 100 jil/well at 30°C for 15 minutes. The

reaction was stopped by adding an equal volume of 100 mM EDTA or by imme¬

diate washing. Wells were washed 5 times as before. Phosphorylated peptide was

detected using a monoclonal anti-phosphotyrosine antibody (clone 4G10 Upstate-
Biotech Ltd) diluted 1:2000 in PBS + 4 % BSA (100 jil/well). After 30 minutes

incubation at RT wells were washed 5 times and incubated with a secondary an¬

tibody (anti-mouse IgG-HRP linked antibody, Amersham Pharmacia Biotech) di¬

luted 1:1000 in PBS + 4 % BSA. The plate was incubated and washed as before

then developed using 100 jil/well TMB (tetramethylbenzidine) Substrate Solution

(Endogen) and 0.18 M H2SO4 stop solution. The absorbance was read at 450 nm

using a Microplate®Reader (BioRad). IC50 values were determined by GraphPad
Prism software fitting the data using nonlinear regression.

4.4 Results

Out of the library of 16 different irradiated solutions described in chapter 3 solu¬

tion 6 (4-phenylpyrimidine in methanol/water) was chosen for upscaling and iso¬

lation of some products, due to its high activity in the ELISA. A total of 4.5 g

of 4-phenylpyrimidine was irradiated in several batches of 30, 50 or 100ml. After

drying of the samples by evaporation of the solvent, 5.3 g of irradiation product
was obtained.

4.4.1 Fractionation by Staas-Otto Extraction

The product mixture obtained after irradiation of4-phenylpyrimidine was first frac¬

tionated using the pH dependent extraction procedure by Staas-Otto [149]. The

extraction procedure resulted in 5 different organic fractions and an aqueous frac¬

tion. This fraction contained mainly salts of buffers used during the extraction and
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Table 4.1: Yields of fractions after Staas-Otto extraction

fraction (pH and solvent for extraction) yield [mg] yield [%]

6-1 (pHl, ether) 381.5 7

6-II (pH4-5, CHC13) 548.4 10

6-IIIA (pH 10, ether) 343.6 6

6-IIIB (pH 10, ether 1503.2 28

6-IV (pH 9, CHCl3/isoprop. 3:1 901.2 17

total 3677.7 69

was not further used. Total yields and yields in percent of the organic fractions are

summarized in table 4.1.

HPLC Analysis

Composition of the fractions obtained after Staas-Otto extraction was monitored

by HPLC. Compared to the unprocessed solution 6, all fractions contained less

compounds. The chromatogram of fraction 6 I has one major peak with the reten¬

tion time of 4-phenylpyrimidine. The other fractions still contain a large amount

of compounds. Their chromatograms in comparison to the one of solution 6 are

shown in figure 4.1.

Activity Screening

The obtained fractions were screened for their cytotoxicity on LAMA 84, CCRF

CEM and MG 63 cells. All fractions were more toxic than solution 6. Fraction 6-1,

which contains mainly educt 2 was the least toxic. The cytotoxicity ofthe fractions

on LAMA 84 cells in 4 concentrations is shown in figure 4.2. The toxicity on the

other cell lines was comparable. The results are shown in appendix A.

The fractions were further screened for their ability to inhibit tyrosine kinase activ¬

ity in the nonspecific ELISA as shown in figure 4.3. The highest activity could be

observed in fraction 6-IIIB. The activity of this fraction was about equal to the one

of solution 6. Fractions 6-IIIA and 6-IV had a reduced activity compared to sol 6,

and fractions 6-1 and 6-II showed almost no inhibition at 100 jlg/ml.
Sol 6 and fraction 6-IIIB showed some peptide detachment in the control experi¬
ment described in materials and methods at concentrations of 25 jig/ml and higher.
At lower concentrations, this effect was not visible any more, but samples were
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time

Figure 4.1: Chromatograms of fractions obtained after Staas-Otto extraction (a): sol 6,

(b): fraction 6-II, (c): fraction 6-IIIA, (d): fraction 6-IIIB, (e): fraction 61-V

o

Figure 4.2: Cytotoxic effect of solution 6 and fractions 6-1 - 6-IV on LAMA 84 cells.

All samples were tested at 50 (J-g/ml (\\\) 25 (J-g/ml (=), 12.5 (J-g/ml (III) and 6.25 (J-g/ml

(black).
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still active.

150%

sol6 6-I 6-II 6-IIIA 6-IIIB 6-IV

fraction

Figure 4.3: Inhibitory effect on tyrosine kinase activity of solution 6 and fractions 6-1 -

6-IV in the non specific ELISA. All samples were tested at 100 fig/ml (\\\) 50 fig/ml (=),
25 Ug/ml (III) and 12.5 Ug/ml (black).

4.4.2 Fractionation of 6-IIIA by HPLC

Fraction 6-IIIA was chosen for further purification, since it had a moderate activity
in the ELISA and clear peaks in the HPLC. Fraction 6-IIIB was more active in the

ELISA. However, due to the complex peak pattern, isolation was expected to be

difficult and yields of single compounds were expected to be low. Further more

it did show peptide detachment at high concentrations where as this effect was

not observed for fraction 6-IIIA. Fractionation was carried out by semi preparative

HPLC, resulting in 8 subfractions (6-IIIA-a - 6-IIIA-h).

HPLC Analysis

All subfractions were analyzed by HPLC. They all contained less signals than frac¬

tion 6-IIIA. Fraction 6-IIIA-d contained one major signal with the same retention

as educt 2. Fraction 6-IIIA-fhad 5 partially overlapping peaks and fraction 6-IIIA-

h contained only one major signal. The other fractions all still contained many,

often overlapping signals. Obtained yields1, estimated amount of compounds and

retention time ofmajor peaks are listed are listed in table 4.2.

Activity Screening

The obtained fractions were again screened for their pharmacological activity in the

ELISA and the cytotoxicity assay. The results of the cytotoxicity screen are shown

^he overall yield of 174% is most probably due to water of the mobile HPLC phase retained

in the fractions after drying.
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Table 4.2: Absolute and relative yields fractions 6-IIIA-a - 6-IIIA-h as well as number of

peaks and retention time in the HPLC chromatogram

fraction retention

[min]

number ofpeaks in HPLC yield

[mg]

yield

[%]

6-IIIA-a - only very small ones 106.8 31

6-IIIA-b 30-40 ~ 10 (3 large ones) 99.5 29

6-IIIA-c 35-40 1 broad (more than 1 product) 30.5 9

6-IIIA-d 38-50 1 major and several smaller 78.3 23

6-IIIA-e 40-60 1 broad (more than 1 product) 54.9 16

6-IIIA-f 50-60 5 72.2 21

6-IIIA-g 50-95 many 147.2 43

6-IIIA-h 92 1 7.5 2

total 596 174

in figure 4.4 for CCRF CEM cells. For LAMA 84 cells, results were very similar.

Toxicity on MG 63 cells showed the same relative pattern of activity, although ab¬

solute values were reduced by about a factor 2. The cytotoxicity data on LAMA 84

and MG 63 cells are shown in appendix A. Fractions 6-IIIA-f and 6-IIIA-h were

not tested, because not enough material was available. Fractions 6-IIIA-b - g were

had increased cytotoxicity compared to fraction IIIA.

i-IIIA-a 6-IIIA-b 6-IIIA-c 6-IIIA-d

fraction

6-IIIA-e 6-IIIA-g

Figure 4.4: Cytotoxicity of fractions 6-IIIA-a - 6-IIIA-g on CCRF CEM cells. All sam¬

ples were tested at 100 Ug/ml (\\\) 50 Ug/ml (=), 25 Ug/ml (///) and 12.5 Ug/ml (black).

The results of the ELISA screen are shown in figure 4.5 Fractions c - g had in¬

creased activity in the ELISA compared to 6-IIIA. Fraction h was not active.
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125%

Figure 4.5: Inhibitory effect on tyrosine kinase activity of fractions 6-IIIA-a - 6-IIIA-h

in the ELISA. All samples were tested at 100 Ug/ml (\\\) 50 Ug/ml (=), 25 Ug/ml (///) and

12.5 ug/ml (black).

(a) (b)

Figure 4.6: structures of educt 2 (a) and cp 6-1 (b) (6,6' - diphenyl - [4,4'] bipyrimidine)

4.4.3 Isolation and Identification of cp 6-1

Fraction 6-III-h contained only one major compound. It was further purified by
HPLC. This resulted in 1.0 mg ofcompound 6-1. The purity was checked by HPLC

and NMR. The HPLC showed only one peak. In the NMR, some minor impurities
with chemical shifts between 1 and 2 ppm could be detected. No inhibition of

tyrosine kinase activity in the ELISA could be observed at 100 ug/ml (322 uM).

Structure Elucidation

cp 6-1 could be assigned to the structure of 6,6' - diphenyl - [4,4']bipyrimidine us¬

ing NMR spectroscopy and mass spectrometry. It is a symmetrical dimer ofeduct 2

with a molecular weight of 310. The structures of educt 2 and cp 6-1 are shown in

figure 4.6.

13C and :H-NMR data of cp 6-1 and educt 2 as well as El-mass data of cp 6-1 in¬

cluding proposed fragments are listed in tables 4.3, 4.4 and 4.5 respectively. NMR
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Table 4.3: NMR data of compound cp 6-1 Table 4.4: NMR data of educt 2

atom
13 C [ppm] XH [ppm] integral

2 159.0 9.50 1.0

4 161.1 - -

5 112.9 8.9 1.0

6 164.6 - -

7 135.6 - -

8 127.0 8.34 2.2

9 129.0 7.63 3.11

10 131.4 7.63 3.11

atom
13 C [ppm] XH [ppm]

2 159 9.3

4 163 -

5 117 8.7

6 157 7.7

7 136 -

8 127 8.1

9 129 7.4-7.6

10 131 7.4-7.6

Measuring conditions: field 300 MHz for ^ or Measuring conditions: field 90 MHz

75 MHz for 13C, temperature 295 K, solvent d6- for *H or 25 MHz for 13C, solvent

DMSO, concentration 2mg/ml CDC13, concentration 153 mg/ml
1
signals superimposed

Table 4.5: EI-MS data of compound cp 6-1

mass intensity [%] mass cliff. fragment

310 100 - molecular ion

283 10 M-27 M-CN

255 5 M-55 ?

206 5 M-104 M - CN - Ph

180 12 M-130 M - PH-CN - CN

155 12 M-155 M - monomer

153 8 M-157 ?

128 7 M-182 M - CN - monomer

102 14 M-208 M - monomer-CN - CN

data for educt 2 were taken from a reference spectrum [150].
The *H spectra of the aromatic region of not irradiated educt 2 and cp 6-1 are

shown in figure 4.7. As expected, the two compounds have similar spectra with

two major differences: in the spectrum of cp 6-1, signal 4 is missing and signal 5

is a singlet instead of doublet.

Signals 8 and 9/10 belong to the protons of the phenyl ring and are very similar in
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(a) 9/10

8

L

96 94 92 90 88 86 84 82 80 78 76 74 72

9/10

8

\rWliWWwi^^

9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 ppm

Figure 4.7: Proton NMR spectra of educt 2 (a) and cp 6-1 (b). Measuring conditions:

field 300 MHz, temperature 295 K, solvent d6-DMSO

both compounds. Signal 2 (proton 2) has a very characteristic chemical shift, and

has not been changed either. The dimer is formed on position 6 of the pyrimidine

ring in educt 2, where a proton is replaced by a carbon - carbon bond between the

two monomers2. The detailed structure elucidation is discussed in appendix B.

4.4.4 Isolation and Identification of cp 6-2

Fraction 6-IIIA-f was further purified by HPLC. This resulted in 5 sub-fractions.

One of the fractions contained only one major compound. Out of this fraction

5.2 mg of compound cp 6-2 could be isolated. The purity was checked by HPLC

and NMR. The HPLC showed only one peak. In the NMR, some impurities with

chemical shifts between 1 and 2 ppm and some minor aromatic impurities could

be detected. The other fractions all had at least 2 peaks in the HPLC. Yields of the

other fractions were too low for isolation of further compounds.

2Note that the numeration for the pyrimidine ring is different for educt 2 and cp 6-1.
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Structure Elucidation

cp 6-2 could be assigned to the structure of 4,6'-diphenyl-3,4-dihydro-[4,4']bi-

pyrimidine using NMR spectroscopy and mass spectrometry. It is an asymmetrical

Figure 4.8: structure of cp 6-2 (4,6' - diphenyl - 3,4 - dihydro - [4,4'Jbipyrimidine).

dimer of educt 2. Whereas the first monomer subunit is unchanged the second has

lost aromaticity in the pyrimidine ring. Substitution has taken place in position 6 of

the unchanged pyrimidine ring and position 4 in the other monomer. The structure

of cp 6-2 is shown in figure 4.8. The compound has a molecular weight of 312,

which could be confirmed by MALDI-MS measurements.

:H and 13C NMR-data of cp 6-2 are listed in table 4.6.

A proton spectrum of cp 6-2 is shown in figure 4.9. Signals 8', 9' and 10' belong
to the phenyl ring of the unchanged monomer and are very similar to the corre¬

sponding signals in educt 2. Signals 8, 9 and 10 belong to the other phenyl ring.
Protons 5' and 2' are in the unchanged pyrimidine ring. As in cp 6-1, signal 5' is

a singlet, because the proton of carbon 4' is missing. The remaining signals 2, 3, 5

and 6 belong to the hydrated pyrimidine ring. Proton 3 is on the saturated nitrogen.
It is exchanging with solvent protons and therefore gives a broad signal. Proton 2

is between the two nitrogens. Protons 5 and 6 are in position 5 and 6 of this ring.
A large coupling can be seen between them. In position 4, both, the phenyl ring as

well as the second monomer are attached. Aromaticity is lost in this position.
The structure elucidation of cp 6-2 is discussed in detail in appendix B.

Pharmacological Characterization

For pharmacological characterization, IC50 values of sol 6, fraction 6-IIIA and

cp 6-2 were determined in the cytotoxicity assay and the nonspecific ELISA, cp 6-2
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Table 4.6: NMR data of compound 6-2

atom
13 C [ppm] XH [ppm] Integral

2 148.4 8.4 1.1

3 - 11.7

4 62.8 - -

5 110.3 6.7 1.0

6 121.1 6.1 0.9

7 143.6 - -

8 126.8 7.3 2.6

9 129.0 7.5 5.21

10 128.5 7.4 5.21

2' 158.7 9.3 0.9

4' 170.2 - -

5' 113.7 8.2 1.2

6' 164.3 - -

7' 135.7 - -

8' 127.3 8.3 2.3

9' 129.2 7.6 5.02

10' 131.7 7.6 5.02

Measuring conditions: field 500 MHz, temperature 295 K, solvent dô-DMSO signals 9

and 10 overlapping, 2signals 9' and 10' overlapping

had about the same activity in the unspecific ELISA as fraction IIIA. Compared to

sol 6, the activity was clearly reduced. In contrary, cytotoxicity of fraction IIIA

and cp 6-2 was about three times higher compared to sol 6 on LAMA 84 (abl pos¬

itive), K562 (abl positive), U 937 (abl negative), CCRF CEM (abl negative) and

MG 63 (abl negative) cells, although no selectivity for ableson positive cell lines

was visible. IC50 values are listed in table 4.7

For cp 6-2 the IC50 value was also determined in the ableson specific ELISA. The

activity was more than three times higher than in the non specific assay. Further on

cp 6-2 was screened for its inhibitory activity on ALK and Ret tyrosine kinases.

No selectivity toward ableson kinase could be observed.
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Figure 4.9: ^ - spectrum of cp 6-2. Measuring conditions: field 500 MHz, temperature

295 K, solvent d6-DMSO

Table 4.7: IC50 values of solo, fraction IIIA and cp 6-2 in the ELISA and cytotoxicity

assay.

assay cell line/

enzyme

IC50 [|lg/ml] IC50 [|IM]
sol6 IIIA cp 6-2 cp 6-2

cytotox LAMA 84 43.5 ±3.9 11.3 ± 1.5 15.7 ±3.1 50.2 ±9.8

cytotox K562 55.7 ±5.8 14.7 ±2.9 17.3 ±0.6 55.6 ± 1.9

cytotox U937 30.3 ±2.3 9.3 ± 1.2 13.0 ± 1.7 41.7 ±5.6

cytotox CCRF CEM 36.8 ±6.8 9.3 ±0.6 11.0 ± 1.7 35.3 ±5.6 (IM

cytotox MG 63 49.8 ± 12.3 16.7 ±3.1 23.0 ± 1.7 73.7 ±5.6

ELISA cell lysate 5.5 ±0.5 48 ± 4.4 45 ± 11.6 144 ± 37.3

ELISA ableson - - 12.4±2.9 39.7 ± 9.2

ELISA ALK1 - - 12 38

ELISA Ret1 - - 6 19

IC50 values for Ret and ALK kinase were measured only once, no standard deviation

can be given.

4.4 Result!

2'
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4.4.5 Characterization of Fractions by LC-MS

Fractions 6-II, 6-IV, 6-IIIA-b, 6-IIIA-d and 6-IIIA-g were analyzed using an on

line HPLC-MS method. Most ofthe detected peaks had a higher molecular weight
than educt 2. The majority of the signals had a molecular weight between 300

and 350, peaks with m/z of 306, 314, 316, 333, 344, 345 and 350 were the most

prominent. Their molecular weights were similar to those of cp 6-1 and cp 6-2.

However, no other peaks with the exact same weight as the isolated compounds
could be detected, showing that, against expectations, no other dimers isomeric to

one of these two compounds were formed. Besides the above mentioned, signals
with molecular weights of 174, 232, and 288 could be detected.

Fraction 6-IIIA-d contains one major peak with the same retention as educt 2. In

the LC-MS the peak has however a molecular weight of 333, compared to 156 for

lead 2. It is therefore not unexpected, that the fraction is active in the ELISA (less
than 20 % of activity at 20 |Ig/ml).

4.5 Discussion

In chapter 3, it could be shown, that gamma ray synthesis is a feasible method to

create chemical libraries with a large variety of new compounds in a single step.

Synthesis of new compounds has proven to be possible, but no knowledge about

the identity ofthe formed products was gained.
In this chapter, formation of new products was investigated in more detail by both

isolation and identification oftwo compounds and on line LC-MS analysis of frac¬

tionated mixtures.

On line LC-MS measurements could demonstrate that most of the products have

a molecular weight of about twice that of the original educt. Since in all of the

detected peaks, only one of the isolated compounds matched the exact molec¬

ular weight of a dimer, the other formed products must have undergone further

changes, such as hydrogénation, oxidation or addition of solvent molecules. Peaks

with molecular weights 314 and 316 might have two or three saturated bonds.

For the other signals, no straight forward explanation can be found. Interesting is

the uneven molecular weight of some of the peaks. A compound with an uneven

molecular weight usually contains an uneven number ofnitrogen atoms, which can

only be achieved if a pyrimidine ring is broken up.

Isolation ofthe two compounds didn't cause any major problems. However, yields
were rather low. 5 g of raw irradiation product yielded in only a few milligrams of

pure products corresponding to only about a tenth of a per cent. Total yields can be
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enlarged by irradiation of larger amounts. However, this results in higher costs and

time required for isolation. A few milligrams of compounds are enough for struc¬

ture elucidation and first pharmacological screens. Yet, if active compounds are

found, larger amounts ofproducts will be required for intense pharmacological in¬

vestigations. For this purpose, classical synthesis ofthe products will be inevitable.

To our knowledge, a compound with the structure of cp 6-1 has not been reported
so far. However, several substituted derivatives can be found in the literature. Syn¬
thesis of analogs of cp 6-1 substituted in position 2 and 2' have been described by

Papet et al. [151, 152]. Synthesis is carried out via treatment of a pyrimidone with

POCI3 to give the chlorine derivative. The bipyrimidine dimer is then obtained by a

coupling reaction using an Ni(0) complex as described by Tiecco et al. [153]. This

synthesis pathway might be an option for the synthesis of cp 6-1.

A compound with the structure of cp 6-2 has not been reported so far, either. In

addition, no description of the synthesis of analogous products could be found.

The closest analogue was reported by Luke et al. [154, 155]. They investigated the

end products formed after the irradiation of 2,4-dimethyl-6-hydroxy-pyrimidine

(I) in aqueous solution by LC-MS. They observed formation ofdimeric compounds
and proposed the mechanism shown in figure 4.10 for their formation. Two radicals

of (I) combine to form a dimeric intermediate (II). Two dehydration steps follow,

resulting in a fully aromatic dimer (IV). Intermediate (III) shows some analogies
to cp 6-2.

H HN. ^.N HN^^N N y,H

I II I III I IV I

Figure 4.10: Formation of dimeric products after irradiation of2,4 - dimethyl 6 - hydroxy

pyrimidine in aqueous solution as proposed by Luke et al [154].

The activity of cp 6-2 in the unspecific ELISA was very moderate with an IC50

of 144 jiM. IC50 -values are about 3 times lower for cytotoxicity in all tested cell

lines and an about four times higher activity is seen in the enzyme specific ELISA.

Still, for further development as a lead a higher activity is required.Despite the low

activity of cp 6-2 it might be an interesting candidate for classical synthesis.
In summary, it can be concluded, that gamma irradiation of 4-phenylpyrimidine in

methanol let to the formation of a large variety ofnew compounds. Many products
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with higher molecular weights than the educt could be detected, and two com¬

pounds could be isolated and identified, proving gamma ray synthesis to be a pow¬

erful method for the discovery of new chemical entities. The fact that both of the

isolated compounds have not been previously reported, emphasizes the usefulness

of gamma ray synthesis, even though no compounds with high pharmacological

activity could be identified so far.



Chapter 5

Gammay Ray Synthesis of

Phenylpyrimidine-Toluene Adducts

5.1 Abstract

In this chapter, the results of a detailed analysis of the product mixture obtained

after the irradiation of 4-phenylpyrimidine in toluene are shown. The mixture was

fractionated by pH dependent extraction and semi preparative HPLC. Online LC-

MS/MS and LC-NMR analysis of the extracted and fractionated mixture could

show that the majority of the products were adducts of toluene to 4-phenylpyri¬
midine. Addition took place on all three C-atoms of the pyrimidine as well as on

the phenyl ring. Furthermore all possible orientations of the added toluene were

observed. All fractions were tested for their tyrosine kinase inhibition activity in

ELISA and cytotoxicity assays. All of the fractions were cytotoxic. Whereas they
were inactive in a nonspecific tyrosine kinase inhibition ELISA, some ofthem were

active in an assay specific for ableson kinase. One solvent adduct could be isolated

and its structure elucidated by two-dimensional NMR spectroscopy. Isolation and

structure elucidation ofa mixture oftwo more solvent adducts was further possible.
All isolated compounds were addition products in position 6 ofthe pyrimidine ring,
one via the methyl group and two via the ring, with the methyl group standing
in meta or para position. Whereas no activity was seen in the nonspecific assay,

ableson and ALK kinase were inhibited with an IC50 of about 85 jiM by the single

compound and about 50 jlM by the two compounds in mixture in the specific assay.

All ofthe isolated products have not been reported before. In conclusion, it could be

shown that almost combinatorial formation oftoluene adducts to phenylpyrimidine
could be achieved in one step, and that some of these addition products had a

moderate tyrosine kinase inhibition activity.

91
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5.2 Introduction

Gamma ray synthesis was first introduced by Folkers and Kessler [124, 125] as a

new method to create chemical libraries which could be used for high throughput

screening technologies. In these first experiments, it could be shown that gamma

ray synthesis may be an attractive complementary method to combinatorial chem¬

istry or natural compounds, the classical sources to deliver large amounts of new

lead compounds in drug discovery. The work of Folkers and Kessler was focused

on the production and identification of new substrates for Herpes simplex virus

type 1 thymidine kinase. They could show, that high dose irradiation ofnucleotides

in a water-alcohol solvent mixture led to the formation of a large variety of new

compounds with higher molecular weights than the irradiation educts.

During irradiation of organic compounds in aqueous solution or aqueous/organic
solvent mixtures, most of the energy is absorbed by the water [44]. Solvated elec¬

trons, hydroxyl radicals and hydrogen atoms are formed as primary irradiation

products [47]. These primary products react with the solved organic compounds
and organic components of the solvent through secondary radical reactions. Be¬

sides degradation of the compounds, a large variety of dimers and solvent adducts

are formed [50, 144].
The aim of the previous two chapters of this work was to gain more information

about the processes taking place during the irradiation of organic molecules in

solution.

In chapter 3, the formation ofnew products by gamma irradiation was investigated,

focusing on the variation of the irradiation conditions. It could be shown, that a

large variety of new products is formed in a reproducible way, but no information

on the identity ofthese products was gained.
In chapter 4 the investigation was focused on the mixture obtained after the irra¬

diation of 4-phenylpyrimidine in methanol/water. Two products could be isolated

and identified. Both ofthem were dimeric products of the irradiation educt.

A large variety of knew products was formed, however at extremely low yields.
Due to the high irradiation energy, and the formation of many primary irradiation

products in the water, most of the used educt was degraded and could not be de¬

tected in the HPLC any more.

In contrary to water and aqueous mixtures, aromatic solvents are unexpectedly re¬

sistant toward ionizing irradiation, because the conjugated 7i-electrons of the aro¬

matic ring allow for efficient degradation ofexcitation energy without any chemical

change [54].
The higher resistance of aromatic solvents toward ionizing radiation might be a
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possibility to reach higher yields of products than observed after irradiation in

aqueous solution. Direct irradiation of toluene leads to the formation of gaseous

products, mainly hydrogen and methane and a so called polymer fraction [55]. The

polymer fraction consists of dimers and higher oligomers oftoluene, some ofthem

with one or more unsaturated bond [56, 57]. The most abundant product is biben-

zyl, formed through a dimerization of two molecules of toluene via their methyl

groups. Other possible dimeric products formed through an addition via methyl

group to the phenyl ring or direct ring to ring connections, together with trimers

and higher oligomers are found as well.

This chapter focuses on the investigations of the products formed after irradiation

of 4-phenylpyrimidine in toluene, as in chapters 3 and 4 with the aim to create new

tyrosine kinase inhibitors for use as anticancer drugs [60, 63, 64]. The usefulness

of tyrosine kinase inhibitors as antinepolastic treatment was first shown by the

development of imatinib, an inhibitor of the ableson kinase in the BCR-ableson

fusion protein, for the treatment of chronic myeloid leukemia [91, 92, 104].
Besides BCR-ableson, other oncogenic fusion proteins involving tyrosine kinases

have been identified. One such example is NPM-ALK caused by a t(2;5) translo¬

cation. The receptor tyrosine kinase ALK (anaplastic lymphoma kinase) is fused

to NPM (nucleophosmin), which causes constituent activation of the tyrosine ki¬

nase and ubiquitous expression of the fusion protein. NPM-ALK is found in a

large portion of anaplastic large cell lymphomas (ALCL) [120-122]. Inhibition of

ALK kinase might be an effective treatment for ALCL. In screening experiments
with tyrphostins, first moderate inhibitors ofALK kinase could be identified [123].
However no selective ALK inhibitor is known so far.

Alk and ableson kinases were chosen as specific targets for the present work.

5.3 Materials and Methods

5.3.1 Chemicals

4-phenylpyrimidine (educt 2) and XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-

5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) were purchased from Sig¬
ma-Aldrich. Organic solvents for irradiation and extraction were of synthesis grade,
solvents used for HPLC were ofHPLC gradient grade.
The toluene/benzene dimers and trimers described in figure 5.5 were purchased
from Fluka (dimer 1, trimer 2), Sigma-Aldrich (dimer 4 and 5, trimer 4 and 5),

Brunschwig Chemicals (dimer 2 and 3), Lancaster Chemicals (trimer 1) or Salor

(Sigma Aldrich Library of Rare Chemicals, trimer 3 and 6).
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5.3.2 Cell lines and Cell Culture

LAMA 84 cells (peripheral blood cells of a CML patient in blast crisis, BCR-

ableson positive) were from the German Collection of Microorganisms and Cell

Cultures (DSMZ, Braunschweig). K562 cells (bone marrow cells of a CML pa¬

tient, BCR-ableson positive), U 937 cells (monocytes from a histiocytic lymphoma,
BCR-ableson negative) CCRF-CEM cells (T-lymphoblasts ofan ALL patient, BCR-

ableson negative) and MG-63 cells (osteosarcoma cells, BCR-ableson negative)
were from ATCC. Cells were cultured in RPMI 1640 medium supplemented with

10 % fetal calf serum, 100 IU/ml penicillin and 100 jig/ml streptomycin at 37 °C

and 5 % C02.

5.3.3 Irradiation

4-phenylpyrimidine was solved at 20 mg/ml in toluene. The samples were degassed

by sonication for 15 minutes and then purged with nitrogen for 2 minutes. The

flasks were closed and the sample irradiated in a 60Co source at about 2 kGy per

hour for a total dose of 500 kGy. Several batches of 30 and 50 ml were irradiated.

After irradiation solutions were dried by evaporation of the solvent and stored at

4° C. For activity assays stock solutions of 4 mg/ml in methanol were prepared and

stored at -20° C.

Toluene alone was irradiated under the same conditions to give a reference of irra¬

diated solvent.

5.3.4 pH-dependent Extraction

About 200 mg of dried solution 5 were solved in 10 ml methanol. 150 ml di-

ethylether were added, and the solution was extracted 3 times with 2 M hydrochlo¬
ric acid. The water phase was reextraced with diethyl ether 3 times. The ether frac¬

tions were combined, dried over sodium sulfate and the solvent evaporated under

vacuum (fraction El).
The pH of the aqueous phase was adjusted to greater than 10 with sodium hydrox¬
ide and extracted 3 times with diethylether. The ether phase was dried over sodium

sulfate and the solvent evaporated under vacuum (fraction E2).
The aqueous phase was neutralized with hydrochloric acid, and dried by evapora¬

tion under vacuum. It contained large amounts of sodium chloride.
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5.3.5 High Performance Liquid Chromatography

HPLC analysis was performed on a LaChrom Merck Hitachi instrument equipped
with an L-7100 pump, an L-7200 auto sampler and an L-7400 UV detector, con¬

trolled by a D-700 interface. Chromatograms were monitored at 256 nm. A gra¬

dient of 30 - 70 % acetonitril in water with at a flow rate of 1 ml/min (analyti¬

cal) or 4 ml/min (isolation) was used as mobile phase. For analytical purposes, a

LiChrospher 100,250-5 5 jim C-18e column (Merck) was used as stationary phase.
For isolation a semi preparative Lichrospher 100, 250-10, 10 jim C18-e column

(Merck) was used. Samples were injected and fractions were collected manually.

5.3.6 On-Line HPLC-MS and HPLC-MS/MS

Samples were analyzed with an HPLC-UV(DAD)-APCI-MS, and an HPLC-UV-

(DAD)-APCI-MS/MS. All investigations were carried out with a Waters-626-LC

system, fitted with a 996 photodiode-array detector (Waters Corp.), and a Rheo-

dyne-Rotary-7725i rotary valve, fitted with a 20 jil loop (Rheodyne). The same

gradient and column as for the HPLC analysis described in section section 5.3.5

were used.

APCI-MS and APCI-MS/MS experiments were performed on Finnigan-TSQ700

triple stage quadrupole instrument equipped with an atmospheric-pressure chemi-

cal-ionization (APCI) ion source (Finnigan). The APCI conditions in positive mode

were: vaporizer temp. 500°C, corona 5 jiA; heated capillary temp. 250°C, sheath

gas N2 with an inlet pressure of 40 psi; conversion dynode 15kV. For MS/MS

experiments Ar with a relative pressure of2.5-3.5 mTorr was used as collision gas;

The collision induced dissociation offset (Coff) was - 28eV.

5.3.7 On-Line HPLC-NMR

HPLC-NMR experiments were performed on a Bruker DMX 600 NMR spectrom¬

eter operating at 600.13 MHz for protons (Bruker, Rheinstetten, Germany) con¬

trolled by the software system XWinNMR from Bruker. The NMR was coupled to

a HPLC system consisting of a Bruker Gradient Former LC225 pump and a UV

detector Lambda 1000 from Bischoff The outlet ofthe UV detector was connected

to the flow probe by PEEK capillary via a Bruker peak sampling unit (BPSU -12)
interface (Bruker), controlling the inlet into the flow cell. A Waters symmetry C18

column was used as stationary phase. For mobile phase, a gradient of 40 - 90 %

Acetonitril + 0.1 % TFA in D20 + 0.1 % TFA at a flow rate of 1 ml/min was used.

The interface and the HPLC system were controlled by a PC using the software
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package HyStar PP version 2.3 from Bruker. The spectrometer was equipped with

an inversely constructed :H, 13C flow probe with a 3-mm (60-jil) detection cell

(Bruker). Solvent signals of Acetonitril and residual water in D2O were suppressed

using a standard multiple solvent presaturation pulse program. For calibration, the

signal ofthe solvent acetonitrile was set to 2.0 ppm.

5.3.8 Nuclear Magnetic Resonance Spectroscopy

NMR spectra were measured at 295 K on a DRX -500 spectrometer operating at

500.14 MHz for :H and 125.77 MHz for 13C or on an AMX 300 spectrometer op¬

erating at 300.13 MHz for :H and 75.47 MHz for 13C, both from Bruker. Samples
were solved in deuterated DMSO from Cambridge Isotope Laboratories and refer¬

enced against residual not deuterated DMSO (2,50 ppm for *H and 39.5 ppm for

13C). Spectra were processed with the software xwin-NMR version 2.5.

5.3.9 Mass Spectrometry

Electron impact mass spectra were measured on a Micromass TRIBRID double

focusing mass spectrometer at an energy of 70 eV

MALDI spectra were recorded on a IonSpec ULTIMA Fourier Transform mass

spectrometer with 2,5 - dihydroxybenzoic acid as matrix.

5.3.10 Cell Proliferation Assay

The cytotoxic effect of irradiated solutions was measured using the colorimetric

XTT based cell proliferation assay as described [130] [131]. Briefly, cells were

seeded into 96 well microtiter plates. Stock solutions of irradiated mixtures were

diluted in cell culture medium and added to the corresponding wells in triplicates.
After five days incubation, XTT was added, plates were incubated until color de¬

veloped and absorption was measured at 450 nm. Cell growth was normalized to

cells treated with cell culture medium only.
For IC50 determination, 8 concentrations were pipetted in triplicates. The obtained

data was analyzed by nonlinear curve fits using Origin software.
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5.3.11 Protein Expression and Purification

Ableson kinase

Abl sequence encoding amino acid residues 230 - 517 (ABL-HUMAN, isoform

la NP-005148) was amplified from the pcDNA3-BCR/ABL vector, using spe¬

cific primers (ABL-F, forward primer, 5TGTGGTACCCAACTACGACAAGTG-

3 and ABL-R, reverse primer, 5-TGTTCTAGATCCCACGGACGCCTTGTTT-3).
The amplified fragment was cloned into the baculovirus transfer vector, pHispA
derived from pBlueBac4.5 (Invitrogen) using Kpnl and Xbal enzymes. A histidine

tag derived from pBlueBacHis2C (MaxBac®2.0 baculovirus expression system, In¬

vitrogen) was added. The sequence of the insert was verified by DNA sequencing.
Generation of recombinant baculovirus and production of high titer viral stocks

was performed following manufacturers instructions (Invitrogen). For protein pro¬

duction, Sf9 insect cells grown in suspension at a density of 2xl06 cells/ml, were

infected with recombinant baculovirus at a multiplicity ofinfection of 5. After 72 h

incubation at 27°C cells were collected by centrifugation, washed once in ice-cold

PBS and stored at -80°C. Typically, frozen pellets corresponding to 2xl09 cells

were thawed slowly on ice and lysed in 60 ml of hypotonic buffer (buffer A: 50

mM Tris-HCl pH 8, 20 mM NaCl, protease inhibitors) for 1 hour on ice. The lysate
was clarified by centrifugation and then purified using an anion exchange DEAE-

Sepharose column (Sigma-Aldrich Biotech) in conjunction with an AKTA FPLC

system (Amersham-Pharmacia Biotech). Proteins were eluted in a linear gradient
of NaCl (20mM - 2M) and fractions containing abl were pooled and loaded onto

a 15 ml ProBond-nickel affinity column (Invitrogen) in the presence of 30 mM

imidazole and 20 mM ß-mercaptoethanol at a flow rate of 1 ml/min. The column

was washed with buffer B (50 mM Tris-HCl pH 8, 0.25 M NaCl, 200 mM imida¬

zole, 20 mM ß-mercaptoethanol, protease inhibitor) and proteins were eluted using
a step gradient at 50 mM of imidazole, followed by a linear gradient of imidazole

(50 - 200 mM). Fractions were analyzed for the presence and purity of abl protein

by SDS-PAGE and silver staining. Protein concentration was determined using the

BioRad reagent. Purified protein was aliquoted and stored in 10 % glycerol at -

80 °C.

ALK Kinase

ALK sequence encoding amino acid residues Leu133 - Ala519 (NPM/ALK-HU¬

MAN, Genbank Accession Code: U04946) was cloned as a PstI fragment, derived

from pcDNA3-NPM/ALK, into the baculovirus transfer vector, pBlueBacHis2C
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(MaxBac® 2.0, Invitrogen) and verified by DNA sequencing. Generation of re¬

combinant baculovirus and production of high titer viral stocks was performed

following manufacturers instructions (Invitrogen). For protein production, Sf9 in¬

sect cells grown in suspension to a density of 2x106 cells/ml, were infected with

recombinant baculovirus at a multiplicity of infection of 5 and cultured for 72 h at

27 °C. Cells were harvested and washed once in ice-cold PBS then stored at -80

°C. To purify recombinant ALK (rALK) protein, frozen pellets were thawed on ice

and lysed in buffer A (50 mM Tris-HCl pH 8, 20 mM NaCl, protease inhibitors)
for 30 min on ice. The lysate was clarified by centrifugation then purified using
a Q-sepharose Fast Flow anion exchange column (Amersham-Pharmacia Biotech)
in conjunction with an AKTA FPLC system (Amersham-Pharmacia Biotech). Pro¬

teins were eluted with a linear NaCl gradient (20 - 200 mM) and fractions con¬

taining rALK were pooled and loaded onto a HiTrap-nickel affinity column

(Amersham-Pharmacia Biotech) in the presence of 50 mM imidazole and 20 mM

ß-mercaptoethanol. The column was washed with buffer B (50 mM Tris-HCl pH 8,

0.5 M NaCl, 50 mM imidazole, 20 mM ß-mercaptoethanol, protease inhibitors)
and proteins were eluted using a linear imidazole gradient (50 - 200 mM). Protein

concentration was determined using the BioRad reagent and the quality of puri¬
fied rALK was assessed by 10 % SDS-PAGE electrophoresis and silver staining.
Purified protein was aliquoted and stored in 10 % glycerol at - 80 °C.

5.3.12 Inhibition of Substrate Phosphorylation

Inhibition of substrate phosphorylation was monitored using an ELISA [126, 127].
Both a nonspecific assay and assays for inhibition of specific tyrosine kinases were

used.

Nonspecific Assay

For the non specific assay, the soluble fraction of a whole cell lysate ofLAMA 84

cells was used as a source of tyrosine kinases. Cell lysates were prepared as de¬

scribed in chapter 2 and reference [139]. 96 well immunoplates were coated with

random poly(GluTyr) 4:1 over night. Plates were washed once with PBS-tween

and blocked with BSA 5% in PBS for one hour. Plates were washed four times

and dried for 2 hours at 37°C. Stock solutions of irradiated mixtures were diluted

in incubation buffer at pH 7.5 (Tris HCl 50 mM, Mg(CH3COO)2 20 mM, NaF

5 mM, Na3V04 30 jiM, EGTA 0.8 mM, EDTA 0.2 mM and DTT 1 mM). 25 jil of

the desired dilutions (at 4 times final concentration) were pipetted into the corre-
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sponding wells. LAMA 84 cell lysate was diluted with incubation buffer to 8 jig/ml

protein content, and 25 jil were added to each well. Plates were incubated at room

temperature for 5 minutes, then the reaction was started by addition of 50 jil of a

600 jiM ATP solution in incubation buffer. Plates were incubated for 30 minutes

at room temperature and the reaction was stopped by washing the plates. Phospho¬

rylated tyrosine was detected with a primary mouse-OC-phosphotyrosine antibody

(clone 4G10, Upstate biotechnology), a secondary peroxidase coupled a- mouse

antibody (KPL) and tetramethylbenzidine (BM Blue POD Substrate, Roche) as

substrate. The color reaction was stopped by addition of 60 jil of 1 M H2SO4 and

absorption was measured at 450 nm on a VersaOTax plate reader (molecular devices).
Wells treated with buffer only were used as a reference for 100 % activity.

/C50 determination For IC50 determination, 8 concentrations were pipetted in trip¬
licates. The obtained data was analyzed by nonlinear curve fits using Origin soft¬

ware.

Ableson and ALK Specific Assay

Nunc immunoplates were coated with peptide substrate (ARDIYRASFFRKGGC-

AMLPVK) at various concentrations in 125 jll PBS by incubation overnight at

37°C. Wells were washed with 200 jil of wash buffer (PBS-Tween 0.05 %) and

dried for 2 h at 37°C. The reaction mix was preincubated with the inhibitor or

solvent control for 10 minutes at room temperature (RT) in a standard 96-well

plate before transferring to the ELISA plate. The kinase reaction was performed

by incubating kinase buffer (25 mM Hepes pH 7.0, 5 mM MnCl2 (ALK) or ImM

MnCl2 (abl), 5 mM MgCl2), 0.03 mM ATP and purified rALK or rAbl at vari¬

ous concentrations in a total volume of 100 jil/well at 30 °C for 15 minutes. The

reaction was stopped by adding an equal volume of 100 mM EDTA or by imme¬

diate washing. Wells were washed 5 times as before. Phosphorylated peptide was

detected using a monoclonal anti-phosphotyrosine antibody (clone 4G10 Upstate-
Biotech Ltd) diluted 1:2000 in PBS + 4 % BSA (100 jil/well). After 30 minutes

incubation at RT wells were washed 5 times and incubated with a secondary an¬

tibody (anti-mouse IgG-HRP linked antibody, Amersham Pharmacia Biotech) di¬

luted 1:1000 in PBS + 4 % BSA. The plate was incubated and washed as before

then developed using 100 jil/well TMB (tetramethylbenzidine) Substrate Solution

(Endogen) and 0.18 M H2SO4 stop solution. The absorbance was read at 450 nm

using a Microplate®Reader (BioRad). IC50 values were determined by GraphPad
Prism software fitting the data using nonlinear regression.
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Inhibition of Ableson Auto-Phosphorylation

Inhibition ofAbl kinase auto-phosphorylation was monitored using an immunoblot

assay [90, 141]. LAMA 84 cells were incubated in presence of irradiated mixtures,

single compounds or solvent controls diluted in cell culture medium for 6 hours.

Cells were washed, lysed by heating to 95°C in Laemmli buffer [142] and subjected
to SDS-PAGE. After electrophoresis, proteins were blotted onto a nitrocellulose

membrane. Phosphorylated proteins were immunostained with a primary mouse-

oc-phosphotyrosine antibody (clone 4G10, Upstate biotechnology), and secondary

peroxidase coupled a- mouse antibody (KPL). Bound antibodies were detected

by enhanced chemiluminescence (ECL plus western Blotting Detection System,
Amersham Biosciences). Expression of BCR-ableson fusion protein was moni¬

tored using an OC-ableson primary antibody (Ab-3, oncogene) and overall protein

expression with a OC-ß-actin primary antibody (Clone AC-15, Sigma).

5.4 Results

Out ofthe library of 16 different irradiated solutions described in chapter 3 solution

5 (4-phenylpyrimidine in toluene) was chosen for upscaling and identification of

products. A total of4.4 g of4-phenylpyrimidine was irradiated in several batches of

30 or 50 ml (at 20 mg/ml). After drying the samples by evaporation of the solvent,

a total of 5.7 g of irradiation product was obtained.

Toluene alone was irradiated under the same conditions as solution 5. After evapo¬

ration of the unreacted toluene and volatile compounds, a yellow, oily residue was

obtained.

5.4.1 pH-dependent Extraction

The product mixture obtained after irradiation of 4-phenylpyrimidine in toluene

was first fractionated by extraction as described in materials and methods. The ex¬

traction procedure resulted in 2 different organic fractions and an aqueous fraction.

The aqueous fraction contained mainly salts of buffers used during the extraction

and was not further used. Fraction El yielded in 807 mg (14 % overall yield) of

product mixture, fraction E2 yielded in 4047 mg product mixture (71 % overall

yield). Both fractions together made up a total yield of 85 %.

Both fractions were analyzed by HPLC. Fraction E2 contained only 1 major prod¬
uct with the retention time of4-phenylpyrimidine. HPLC-MS measurements could

show, that it had also the molecular weight ofphenylpyrimidine, and was therefore
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most probably unreacted educt 2. Fraction El contained several new peaks. It was

chosen for further analysis.

HPLC-MS Analysis of Fraction El

Fraction El was analyzed by on-line HPLC-APCI-MS. Many ofthe detected com¬

pounds show quasi-molecular ions at m/z 247, corresponding to a molecular weight
of 246 g/mol. This corresponds exactly to the molecular weight expected for an

adduct of one molecule of toluene (92 g/mol) to one molecule of 4-phenylpyrimi¬
dine (156 g/mol).
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Figure 5.1: (a): HPLC-UV chromatogram of fraction El. (b): HPLC-MS chromatogram
of fraction E.l, total ion current, (c): HPLC-MS chromatogram of fraction E.l, extracted

ion current for m/z = 247.

A HPLC-UV chromatogram of fraction El is shown in figure 5.1 a. Figure 5.1 b

shows the same chromatogram with an MS-detector for the total extracted ion cur¬

rent. The extracted ion current for m/z = 247 is shown in figure 5.1 c. It can be seen,

that the majority of the peaks that are present in the chromatogram detected with

MS have an m/z of 247. The peaks from the UV chromatogram with a retention
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Figure 5.2: (a): HPLC-UV chromatogram of fraction El. (b): HPLC-UV chromatogram
of irradiated toluene.

time greater than 60 minutes do not show a signal in the MS chromatogram.

Figure 5.2 shows an HPLC-UV chromatogram of fraction E.l (a) and irradiated

toluene (b). Peaks with a retention time greater than 70 minutes can be seen in

both chromatograms. These are the same peaks, as those which can not be de¬

tected with the HPLC-MS. This leads to the assumption, that those products are

formed through reaction of several toluene molecules. Toluene oligomers, in com¬

parison to phenylpyrimidine, do not contain any nitrogen, and are therefore not

easily protonated. Molecules with no sites for protonation are usually not detected

by APCI-MS.

5.4.2 Fractionation of Fraction El by HPLC

Fraction El was further fractionated by semi preparative HPLC. This resulted in 8

fractions.

HPLC Analysis

All fractions were analyzed by HPLC. Obtained yields, estimated amount of com¬

pounds and retention time of major peaks are listed in table 5.1. A large amount

of compounds remained on the column, and was only removed during the washing
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Table 5.1: Absolute and relative yields of fractions El.l- El.7 obtained after HPLC

fractionation, as well as number of peaks and retention time in the HPLC chromatogram

fraction retention time

[min]

no. ofpeaks in HPLC yield [mg]

[mg]

yield

[%]

El.l 1.5 1 major 61.3 7.6

E1.2 15-27 6 14.5 1.8

E1.2a 11 1 (retention of educt 2) 34.6 4.3

E1.3 28 1 9.8 1.2

E1.4 32-46 5 9.2 1.1

E1.4a 46 1 5.6 0.7

El.5 50-65 5 (2 big ones) 8.7 1.1

E1.7 70-80 many 44.1 5.5

total 187.8 23.3

process. The washing solution was not collected. This explains the low total yield
of23.3 %. Fraction 1 probably contains mostly salts from the extraction procedure,

only one major peak with retention of the solvent peak was detected. Fraction 2a

contained one major peak with the retention time and molecular weight of educt 2.

Fractions 3 and 4a each contained only 1 major peak with an m/z of247. Fractions

2, 4 and 5 contained several peaks, most of them with an m/z of 247. fraction 7

as well contained several peaks. For these signals no molecular weight could be

detected in the HPLC-MS.

5.4.3 Activity Screening

The pharmacological activity ofthe obtained fractions was tested in the ELISA and

the cytotoxicity assay. Fraction El was further tested in the immunoblot assay.

No activity was seen in the unspecific ELISA, with LAMA 84 cell lysate as a

source for tyrosine kinases. The fractions were further tested for their activity in an

ELISA with recombinant ableson kinase as the source for tyrosine kinases. Frac¬

tions El. 1, El.2, El.2a and educt 2 were not or only very weakly active in this as¬

say. The other fractions showed inhibition oftyrosine kinase activity. The strongest

activity could be observed for fraction El.7. This fraction probably contains prod¬
ucts formed after reaction of several molecules oftoluene. This assumption is sup¬

ported by the fact, that irradiated toluene was almost as active as fraction El.7. The

results of the activity screen is shown in figure 5.3.
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Figure 5.3: Inhibitory activity of solution 5, irradiated toluene and fractions El.l - El.7

on activity of recombinant ableson tyrosine kinase. All fractions were tested at 3.13 Ug/ml

(black) 6.25 Ug/ml (///), 12.5 Ug/ml (=), 25 Ug/ml (\\\) and 50 Ug/ml (|||).

IC50 values for the cytotoxic effect of sol 5, fractions El, El.2, El.4, El.5 and El.7

as well as irradiated toluene were determined on LAMA 84 (BCR-ableson posi¬

tive) K562 (BCR-ableson positive), U 937 (BCR-ableson negative), CCRF CEM

(BCR-ableson negative) and MG 63 (BCR-ableson negative) cells. All fractions

were toxic on all cell lines, no selectivity for BCR-ableson positive cell lines could

be detected. However, the toxicity toward MG 63 (osteosarcoma) cells was reduced

by about a factor 2 compared to the other leukemia/lymphoma cell lines. The high¬
est toxicity was observed for fraction El.5 with an IC50 of 11 jig/ml on MG-63

cells, and between 4 and 6 jig /ml on the other cell lines. Fractions El and El.4

had IC50 values between 6 and 10 ug/ml on the leukemia/lymphoma cell lines,

the corresponding values for fraction El.7, El.2 and irradiated toluene were 11 -

17 |lg/ml, 20 - 32 ug/ml and 12-34 ug/ml respectively. The lowest toxicity was

observed for solution 5 with an IC50 of 29 - 42 Ug/ml on the leukemia/lymphoma
cell lines. All IC50 values are listed in table 5.2.

The activity of fraction El was further tested in the immunoblot assay. Blots de¬

tected with antibodies against ableson kinase, phosphotyrosine or ß-actin are shown

in figure 5.4. It can be seen that the amount of expressed BCR-ableson fusion pro¬

tein or ß-actin is not reduced after treatment of the cells with Imatinib or fraction

El. In contrary, the amount of tyrosine phosphorylated proteins is clearly reduced

in comparison to cells treated with cell culture medium or methanol only.
The strong band at 210 kDa in lane e (cells treated with cell culture medium) can¬

not be explained. The intensity of this bands in cells treated with fraction El.l

is however comparable to the one in cells treated with methanol or imatinib, and

therefore most probably no effect on BCR-ableson expression is observed.
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Table 5.2: IC50 values of solution 5, fractions El, El.2, El.4, El.5. El.7 as well as irra¬

diated toluene in the cytotoxicity assay.

fraction IC50 [|ag/ml]
LAMA 84 K562 U937 CCRF CEM MG63

sol 5 32.0 ± 7.0 29.0 ±3.0 38.0 ±6.6 42.3 ±6.4 55.3 ±19.0

El 6.8 ±0.6 8.5±0.3 7.4 ± 0.4 10.2 ±1.5 14.7 ±1.4

irrad. toluene 12.3 ±3.3 34.0 ± 1.4 18.3 ±2.9 18.7 ±4.5 16.7 ±6.4

E1.2 20.3 ±2.5 31.7 ±8.5 30.7 ±6.8 29.0 ±3.0 39.3 ±2.3

E1.4 6.0 ± 1.9 8.7 ±2.8 9.5 ±2.4 10.4 ± 1.9 19.5 ±6.4

El.5 4.0 ±0.8 4.2 ± 1.0 5.0 ±0.9 5.7 ±0.5 11.2 ±1.9

E1.7 10.7 ±2.7 16.6 ±4.1 15.0 ±3.9 14.5 ±1.4 26.1 ±3.4
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Figure 5.4: Immunoblots of LAMA 84 cell lysates. Cells were treated with 10 jlM ima¬

tinib (lane a), 20 jig/ml (lane b) or 40 jig/ml (line c) of fraction E.l, methanol (line d) or

cell culture medium (line e) before lysation. Blots were detected with antibodies against
ableson kinase (I), phosphotyrosine (II) or ß-actin (III). The molecular weight marker

is shown in line M (Ml: 201 kda, M2: 120 kDa, M3: 100 kDa, M4: 56 kDa, M5: 38

kDa). The expected bands for BCR-ableson fusion protein are marked with solid lines,
the bands for ß-actin with dashed lines.

5.4.4 Activity Screening of Toluene and Benzene Dimers and Trimers

As already discussed in section 5.4.1, the products in fraction El.7 were assumed

to be oligomers oftoluene, obtained also after the irradiation oftoluene only. These

compounds are highly lipophilic and do not contain any functional groups besides

the aromatic rings. Nevertheless these compounds show a remarkable activity in

the ableson specific ELISA. To confirm, that this activity is derived from toluene
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dimer 1 : bibenzyl

dimer 3: 4-methyl-diphenyl-
methan

trimer 1:4-benzyl-biphenyl

trimer 4: p-terphenyl

trimer 6: 2.2"dimethyl
-p-terphenyl

dimer 2: 2-methyl-diphenylmethan

dimer 4: 3,3'-dimethyl-
biphenyl

dimer 5: 4.4'-

dimethylbiphenyl

trimer 2: o-terphenyl trimer 3: 3,3"dimethyl-
(1,1',3',1")terphenyl

trimer 5: m-terphenyl

trimer 7: 4,4" dimethyl-
(1,1',3',1")terphenyl

Figure 5.5: Structures of purchased toluene/benzene dimers and trimers

oligomers, some commercially available dimers and trimers oftoluene and/or ben¬

zene were purchased and tested in the ELISA. The structures of the purchased

compounds are shown in figure 5.5.

An HPLC analysis of these compounds revealed that they have similar retention

times as the products in fraction El.7. However, since most of these compounds
contain benzene besides toluene as monomers, they are not identical to the ex¬

pected products, and none of the peaks out of fraction El. 7 could be identified. In
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the nonspecific ELISA, no inhibition of the tyrosine kinase activity by the toluene

dimers and trimers could be seen. In the assay specific for ableson kinase, some of

these compounds did show an inhibition of tyrosine kinase activity. The most ac¬

tive compound was trimer 6, 2,2"-dimethyl-p-terphenyl. For this compound almost

no activity was seen at at 1.9 jig/ml (7.4 jlM). In contrary, trimer 3 (3,3' dimethyl

[1,1',3',3"] terphenyl) shows almost no inhibition. The low activity of trimer 3

suggests that the inhibition is specific for the enzyme, and not only a nonspecific

activity of lipophilic compounds. The results of the screen are shown in figure 5.6.

D1 D2 D3 D4 D5 T1 T2 T3 T5 T6 T7

sample

Figure 5.6: Activity screening of the purchased toluene/benzene dimers and trimers in

the ableson specific ELISA. Compounds were tested at 1.9 Ug/ml black, 5.6 Ug/ml (III),
16.7 Ug/ml (=), and 50 Ug/ml (\\\).

5.4.5 Isolation and Identification of cp 5-1

Out of fraction El.3 1.6 mg of cp 5-1 could be isolated by HPLC. The purity was

checked by HPLC and NMR spectroscopy. In the HPLC chromatogram, one single

peak was visible. In the proton NMR, some minor impurities in the aromatic area

and below 2.5 ppm could be observed.

Structure Elucidation

cp 5-1 could be assigned to the structure of 4-benzyl-6-phenyl-pyrimidine1. The

structures of educt 2 and cp 5-1 are shown in in figure 5.7.

Based on the HPLC-MS results it was suggested that cp 5-1 is an adduct of one

molecule of toluene to one molecule of 4-phenylpyrimidine (see above). The mo¬

lecular weight of 246 g/mol was confirmed by MALDI-MS analysis of the pure

compound.

^ote that the numeration of the pyrimidine ring is different for educt 2 and cp 5-1.
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(a)

Figure 5.7: structures of educt 2 (a, 4-phenylpyrimidine) and cp 5-1 (b, 4-benzyl-6-

phenyl-pyrimidine)

A proton NMR spectrum of cp 5-1 is shown in figure 5.8. For comparison, a proton

spectrum of not irradiated 4-phenylpyrimidine is shown in figure 5.9.
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Figure 5.8: Proton NMR spectrum of cp 5-1 (a): full spectrum (b): aromatic region.

Measuring conditions: field 500 MHz, temperature 295 K, solvent do-DMSO.
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Figure 5.9: Proton NMR spectrum of educt 2 (4-phenylpyrimidine). Measuring condi¬

tions: field 500 MHz, temperature 295 K, solvent d6-DMSO.

The signals of the phenyl ring, 8 and 9/10 are similar in both spectra. No change
took place in this ring. The signal ofproton 2 in the pyrimidine ring has not changed
either. Signals 5 and 6 are two doublets with a large coupling in educt 2, where as

only one of the corresponding signals is left in cp 5-1, with only a very small

coupling visible. This suggests a substitution in position 5 or 6 of the pyrimidine

ring. The couplings visible in the two dimensional *H - 13C - HMBC spectrum

show that the addition took place in position 6 (see appendix C). The 3 additional

signals in the aromatic area (13, 14 and 15) of cp 5-1 make up the benzyl ring. A

further new signal at 4 ppm (signal 11) can be seen. It belongs to the methyl group

of the toluene moiety, where the addition to the 4-phenylpyrimidine took place.
The structure elucidation of cp 5-1 is discussed in detail in appendix C.

*H and 13C - NMR data are summarized in table 5.3.

5.4.6 Isolation and Identification of cp 5-2a and cp 5-2b

Out of fraction El .4a 0.7 mg of a further compound could be isolated. In the HPLC

only one peak and no impurities were visible. The :H-NMR spectrum showed that

it is a mixture of two similar compounds. Some impurities in the aliphatic area

could be detected as well.

Structure Elucidation

Both compounds are addition products of toluene to 4-phenylpyrimidine with an

addition in position 6 of the pyrimidine ring. In contrary to cp 5-1, the addition

took place in the phenyl ring ofthe toluene, and not via the CH3-group. The methyl
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Table 5.3: NMR data of compound 5-1.

position
13 C [ppm] XH [ppm] J[Hz] integral

2 158.6 9.13 1.3 0.5

4 169.8 - - -

5 116.0 8.05 1.2 1.0

6 162.8 - - -

7 136.1 - - -

8 126.9 8.16 6.5/3.4 1.9

9 129.0 7.5 - 2.91

10 131.1 7.5 - 2.91

11 42.9 4.14 s 4.0

12 138.3 - - -

13 129.1 7.36 7.2 3.72

14 128.5 7.31 7.7 3.72

15 126.5 7.22 7.1 1.3

Measuring conditions: field 500 MHz, temperature 295 K, solvent do-DMSO, signals 9

and 10 overlapping, 2signals 13 and 14 overlapping

group stands para in cp 5-2a (4-phenyl-6-p-tolyl-pyrimidine), and meta in cp 5-2b

(4-phenyl-6-m-tolyl-pyrimidine). The structures of both compounds are shown in

figure 5.10.

9 9

Figure 5.10: structure of cp 5-2a (4-phenyl-6-p-tolyl-pyrimidine) (a) and 5-2b (4-phenyl-

6-m-tolyl-pyrimidine) (b).

A proton NMR spectrum of cp 5-2a/b is shown in figure 5.11.

Two sets of signals belonging to the two different, but similar compounds can be

observed for signals 2, 5 and 15a/17b. Signals 2 and 5 are the protons in the pyrim-
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Figure 5.11: Proton NMR spectrum of cp 5-2a/b (a): full spectrum, (b): aromatic region.

Measuring conditions: field 500 MHz, temperature 295 K, solvent do-DMSO.

idine ring. As for cp 5-1, of the 2 doublets of signals 5 and 6 in the pyrimidine

ring of educt 2 (see figure 5.9) only one singlet is left. The signal for proton 6 is

missing. As shown in appendix C, it could be seen in the ^-^C HMBC, that the

addition took place in position 6, and not 5.

Signals 15 a and 17 b are the signals of the 2 methyl groups.

The signals of the phenyl ring, 8 and 9/10 are similar in the spectra of educt 2 and

cp 5-2. No change took place in this ring. The signals are superimposed for the 2

compounds.
The remaining signals belong to the two tolyl rings. For compound 5-2a, the tolyl

ring is para-substituted. Ofthe four protons, two and two are identical, resulting in
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2 doublets (signals 12a and 13a).
The tolyl ring of compound 5-2 is meta substituted. The four protons give the sig¬
nals 12b (singlet), 14b (doublet), 15b (triplet) and 16b (doublet) with the expected

splittings for a meta substituted ring.
With the obtained amount of 0.7 mg, no further separation of the two compounds
was possible.
*H and 13C - NMR data are summarized in table 5.4. The structure elucidation of

cp 5-2 is discussed in detail in appendix C.

5.4.7 Pharmacological Characterization of cp 5-1 and cp 5-2a/b

The isolated pure compounds were tested for their pharmacological activity in the

nonspecific and the ableson or ALK specific ELISA. The cytotoxicity of the com¬

pounds could not be determined, since not enough material was available. Both

compounds were not active in the nonspecific ELISA, but did inhibit tyrosine ki¬

nase activity in the ableson and ALK specific assays.

Ableson kinase was inhibited with an IC50 of 85 jiM ± 25 jiM (21.0 jig/ml ± 6.2

M-g/ml) by cp 5-1 and 42 jiM ± 8 jiM (10.3 |ig/ml ± 2.1 |lg/ml) by cp 5-2a/b.

The corresponding values for ALK kinase were 85 jiM ±51 jiM (21 jig/ml ± 12.7

M-g/ml) for cp 5-1 and 62 jiM ± 45 jiM (15.3 |ig/ml ±11.1 |lg/ml) for cp 5-2a/b.

5.4.8 Characterization of Fractions E1.2 - E1.5 by HPLC-MS/MS and

HPLC-NMR

To identify more addition products, without going through the lengthy isolation

procedure, fractions El.2 - El.5 were further analyzed by on-line HPLC-MS/MS

and HPLC-NMR. The analysis was focused on the peaks with quasi molecular

ions m/z = 247 in the HPLC-MS. An addition of one molecule of toluene to one

molecule of 4-phenylpyrimidine was proposed for these compounds. 4-phenylpy¬
rimidine has 6 different hydrogen atoms, that could possibly be substituted by a

toluene molecule. The possible sites for substitutions are marked in figure 5.12 a.

Further on, the addition of toluene can occur in 4 different orientations as shown

in figure 5.12 b. This adds up to a total of 24 different regio-isomers. For an easier

description of the data, all compounds were numbered in the way shown in figure
5.12. If addition took place in the phenyl ring in ortho or meta position, the carbon

with the addition was given the lowest possible number. The same was applied for

the carbon carrying the methyl group, if the methyl group of the toluene stands in

ortho or meta.
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Table 5.4: NMR data of compound 5-2a and 5-2b.

position
13 C [ppm] XH [ppm] J[Hz] integral

2a 158.8 9.26 1.5 0.1

2b 158.8 9.28 1.6 0.4

4 163.5 - -

5a 111.7 8.57 1.2 0.3

5b 112.2 8.59 1.3 1.0

6a 163.6 - -

6b 163.8 - -

7 136.3 - - -

8 126.9 8.4 - 2.4

9 128.6 7.6 - 3.51

10 130.8 7.58 - 3.51

11a 133.5 - - -

lib 136.2 - - -

12a 126.8 8.28 8.2 0.6

12b 127.5 8.21 - 0.9

13a 129.2 7.4 - 1.52

13b 138.2 - - -

14a 141.1 - - -

14b 131.4 7.4 - 1.52

15a 20.7 2.41 - 0.9

15b 128.3 7.47 7.7 1.0

16b 124.1 8.16 7.6 0.9

17b 20.6 2.44 - 2.7

Measuring conditions: field 500 MHz, temperature 295 K, solvent do-DMSO, signals 9

and 10 overlapping 2signals 13a and 14b overlapping

HPLC-MS/MS

HPLC-MS/MS analysis was carried out using an HPLC system connected on-line

to an APCI triple stage quadrupole mass spectrometer. In this system, protonated

quasi-molecular ions are excited by collision activation with Ar gas, the resulting

fragments are recorded in the so called MS/MS spectra.

Figure 5.13 shows a possible fragmentation mechanism for substituted phenylpyri-
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(a)

Figure 5.12: (a): 4-phenylpyrimidine with the possible addition positions a-di_3. (b):

possible orientations of toluene after addition to 4-phenylpyrimidine in position 5.

midines, as expected for APCI-MS/MS. The differently substituted phenylpyrim-
idines (see figure 5.12) yield in corresponding fragment ions with different m/z val¬

ues, which should allow an identification of the different addition products. How¬

ever, a distinction between the the different addition positions in the phenyl ring

(di - ds) as well as between the different orientations of toluene is not possible by
HPLC-MS/MS.

Comparison of the measured MS/MS spectra with the expected fragments for the

different regio-isomers allowed a proposition of possible structures for some of

the compounds in fractions E1.2-E1.5. In table 5.4.8, the expected fragments for

each addition position are listed, followed by the observed fragments and proposed
addition position from the MS-spectra of a few compounds out of fractions El.2 -

El.5.

For the fifth peak in fraction El.2 (E1.2 P5 = ta4), a substitution in position 5

is most probable. The two compounds in fractions El.3 and El.4a were isolated

and their structure is known (cp 5-1 and cp 5-2a/b). They are both substituted in

position 6. This is also the substitution position proposed from the LC-MS spectra.

For the fifth peak in fraction El.4 (E1.4 P5 = ta6), a substitution within the phenyl

ring is most likely. The MS/MS spectrum ofthe second peak in fraction El.5 (E1.5
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e

a m/z =247

b m/z=247

c m/z=247

d m/z=247

Figure 5.13: proposed fragmentation pattern for substituted 4-phenylpyrimidines in

APCI-MS/MS. Compound a: a=tolyl, b=H, c=H, d=H; compound b: a=H, b=tolyl, c=H,

d=H; compound c: a=H, b=H, c=tolyl, d=H; compound d: a=H, b=H, c=H, d=tolyl. m/z

of fragments are given in respect to their putative substitution.
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Table 5.5: HPLC-MS/MS fragments expected for the differently substituted phenylpyri-
midines in positions a - d as shown in figure 5.12, followed by observed fragments for

selected peaks of fractions El.2 - El.5. Signals that are not explained by the proposed

fragmentation pattern, but which are observed in the spectra are marked in italics.

substitution in peak
m/z A B C D E1.2P5 El.3 PI E1.4P2 El 4P5 E1.4aPl E1.5P2

220 no yes yes yes +++ + + + +++ -

203 ? ? ? ? +++ (+) ++ (+) (+) (+)
194 no no no yes (+) - - - - -

193 no no yes yes + (+) ++ +++ - (+)
178 ? ? ? ? ++ (+) +++ +++ (+) (+)
169 ? ? ? ? +++ + (+) - + ++

167 no no no yes - - (+) - - -

146 ? ? ? ? - - - - ++ -

144 no yes yes no - - (+) - - (+)
142 ? ? ? ? +++ +++ (+) - +++ (+)
130 yes no no no - - (+) - - ++

128 ? ? ? ? (+) - (+) (+) +++ -

118 no yes no no - - - - +++ ++

117 no yes yes no + ++ (+) (+) (+) -

115 ? ? ? ? +++ +++ ++ (+) ++ (+)
104 yes yes yes no + (+) - - +++ (+)
103 yes yes no no + +++ +++ (+) ++ +++

add

pos
2 6 5 pr 5 6 ? pr 6 2?

s. e. by - - - - LC-NMR NMR LC-NMR LC-NMR NMR LC-NMR

add.pos.: addition position, s.e. structure elucidation, pr: phenyl ring. -: signal within

noise or not visible, (+): signal visible, but not clearly distinguishable from noise, +:

signal intensity 2-5 %, ++: signal intensity 5 - 10%, +++: signal intensity >10%,

spectra are shown in figure 5.14 and in appendix D.
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P2 = ta7) is in best agreement with a substitution in position 2. The MS/MS data for

the second peak in fraction El.4 (E1.4 P2 = ta6) were contradictory, no structure

could be proposed.
The MS/MS spectrum for E1.4 P5 = ta6 is shown in figure 5.14. The strong signal
at m/z =193 rules out a substitution in positions 2 or 6. The signal with m/z =178

cannot be explained with the proposed fragmentation mechanism in figure 5.13.

No further signals are visible in the spectrum. The observed peaks correspond best

with the ones expected for a substitution of the phenylpyrimidine in the phenyl

ring, only a signal with m/z = 167 is missing (substitution pattern d in figure 5.13).
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Figure 5.14: MS/MS spectrum of E1.4 P5 = ta6

MS/MS spectra of the other peaks in table 5.4.8 were analyzed in a similar way.

The spectra and their interpretation is shown in appendix D.

HPLC-NMR

The same fractions that were analyzed by HPLC-MS/MS were further analyzed by
HPLC-NMR. Proton NMR spectra were measured of the larger peaks detected in

the UV-chromatogram. Several of the peaks contained signals for more than one

compound, and an interpretation was not possible. The aromatic area ofthe spectra

of not irradiated educt 2, El.2 peak 5, El.4 peak 2, El.4 peak 5 and El.5 peak 2

are shown in figure 5.15.
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Figure 5.15: Aromatic region of proton NMR spectra obtained after HPLC-NMR anal¬

ysis of educt 2 and fractions E.l.2, El.4 and El.5. (a): educt 2, (b): El.2 P5 (ta4), (c):
El.4 P2 (ta5), (d): El.4 P5 (ta6), (e): El.5 P2 (ta7).

* assignment of signals not sure,

t signals might be interchanged
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El.2 P5 (ta4) The aromatic area ofthe proton spectrum is shown in figure 5.15b.

In the aliphatic area one strong signal at 4 ppm can be seen. This signal has a

chemical shift that would be expected for a methylene group between two aromatic

rings, formed after the addition of toluene via the methyl group. The signal of

proton 2 is clearly visible at about 9 ppm. Of the two signals of protons 5 and 6,

which can be seen as two doublets in the spectrum of educt 2 (figure 5.15) a, only
1 signal, a singlet at 8.6 ppm is left. These signals give a strong indication for an

addition of toluene via the methyl group in position 5 or 6 of the pyrimidine ring.
The corresponding addition product in position 6 was isolated and identified out of

fraction El .3 (see section 5.4.5), and has a different proton spectrum. Therefore the

addition took most probably place in position 5. The same conclusion was reached

after the interpretation of the HPLC-MS/MS data. The signals at 7.0 and 7.2 ppm

are similar to those observed for the protons of the tolyl ring in cp 5-1, although
the resolution is much worse. The signals at 7.5 and 7.4 ppm must therefore belong
to the phenyl ring. These signals are quite different from the corresponding signals
in educt 2. The fact that almost no splitting of the signals can be seen might be

due to a higher order effect. The proposed structure for E1.2 P5 is shown in figure
5.16 (b), it was named ta4. For final prove ofthe structure, isolation and extensive

structure elucidation by 2 dimensional NMR will be necessary.

E1.4 P2 (ta5) The aromatic area ofthe proton spectrum is shown in figure 5.15 c.

Signals 2, 5 and 6 of the pyrimidine ring are very similar to the corresponding

signals in educt 2. Therefore the addition must have taken place in the phenyl ring.
No interpretation of the HPLC-MS/MS spectra was possible. In the aliphatic area

of the spectrum a signal at 2.5 ppm, corresponding to a free methyl group can

be seen. Therefore the addition must have taken place on the ring of the toluene.

At about 8.15 ppm a doublet can be seen in educt 2 and E1.4 P2. The intensity
of the signal in E1.4 P2 is however clearly reduced. Between 7.5 and 8.2 ppm

three more signals, a singlet another doublet and a triplet can be seen. These are

the signals expected for an aromatic ring with a meta substitution. This suggests

that the addition of the toluene took place on carbon 9 in the phenyl ring. The

remaining signals (of the toluene substituent) are overlayed between 7.3 and 7.4

ppm. A substitution in para would most probably lead to a separation ofthe signals
with clearly visible splittings. The methyl group of the toluene is therefore most

likely in ortho or meta position. One of the two possible proposed structures (with
the methyl group in ortho) is shown in figure 5.16 (c) (named ta5).



120 Gammay Ray Synthesis of Phenylpyrimidine-Toluene Adducts

E1.4 P5 (ta6) The aromatic area ofthe proton spectrum is shown in figure 5.15 d.

Signals 2, 5 and 6 of the pyrimidine ring are very similar to the corresponding

signals in educt 2. Therefore the addition must have taken place in the phenyl ring.
The same conclusion was reached after interpretation of the MS/MS spectrum.

In the aliphatic area of the spectrum a signal at 2.5 ppm, corresponding to a free

methyl group, can be seen. This leads again to the conclusion, that the addition of

toluene took place on the phenyl ring, via one of the ring carbons of the toluene.

The signal ofproton 8 is very similar to the corresponding one of educt 2. Another

doublet with similar intensity and a comparable coupling constant can be seen at

7.9 ppm. This indicates a substitution in para position ofthe phenyl ring, giving two

times two identical protons (8/12 and 9/11). These two signals have as expected
about twice the intensity of the other signals. Four more signals between 7.3 and

7.6 ppm, one singlet two doublets and one triplet can be seen. This pattern of

signals corresponds to an aromatic ring with a meta substitution. Only for a meta

substituted phenyl ring, a singlet is expected. The proposed structure is shown in

figure 5.16 (d) (named ta6).

Figure 5.16: Structures of proposed compounds after interpretation of HPLC-MS/MS

and HPLC-NMR spectra, (a): educt 2, (b): ta4 (E1.2 P5), (c): ta5 (E1.4 P2), (d): ta6

(El.4 P5), (e): ta7 (El.5 P2). For compound ta5 the methyl group of the toluene might
also be in meta position.
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E1.5 P2 (ta7) The aromatic area ofthe proton spectrum is shown in figure 5.15 e.

Signal 2 ofthe pyrimidine ring is not present in the spectrum. Therefore a substitu¬

tion must have taken place on this position. The same conclusion was reached after

the interpretation of the MS/MS spectrum. In the aliphatic area of the spectrum, a

signal at about 2,5 can be seen, speaking for an addition via one of the carbons in

the ring of the toluene. Signals 5 and 6 are similar to the corresponding ones for

educt 2. Signals 8 and 9/10 are similar as well, however the resolution is not as

good as in the spectrum of educt 2. There are too many signals left for the pres¬

ence ofjust one other ring. Therefore, probably a mixture of more than one of the

possible isomers or with other compounds with a different structure is present. The

proposed structure, as far as it is known is shown in figure 5.16 (e) (named ta7).
The proton NMR-data of the compounds identified by HPLC-NMR are summa¬

rized in table 5.6

5.5 Discussion

In chapter 3 it could be shown, that synthesis of a large variety ofnew compounds

through gamma ray synthesis is possible, without having any knowledge on the

identity of the formed products. In chapter 4 more information about the products
formed after irradiation of 4-phenylpyrimidine in methanol/water was gained. Two

products were isolated and identified, both ofthem being dimers of educt 2. In this

chapter, irradiation of the same educt, 4-phenylpyrimidine, was investigated, yet

not in an aqueous solution, but solved in non polar toluene.

During irradiation of organic compounds in aqueous solution or aqueous/organic
solvent mixtures, most of the energy is absorbed by the water [44]. Solvated elec¬

trons, hydroxyl radicals and hydrogen atoms are formed as primary irradiation

products [47]. These primary products react with the solved organic compounds
and organic components ofthe solvent through secondary radical reactions and in¬

duce the formation ofthe found dimers, but lead also to the degradation ofmost of

the educt [50, 144].
In contrary to water, aromatic solvents such as toluene or benzene are rather resis¬

tant toward ionizing irradiation. The conjugated electrons of aromatic compounds
allow for absorption ofradiation energy without any chemical reactions [147]. This

let to the idea, that the very low overall yields might be increased, by performing
the irradiation in toluene instead of an aqueous solvent.

As already shown in chapter 3, through integration of the observed signals in the

HPLC-chromatogram of solution 5 and comparison with 2-phenylpyrimidine as
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Table 5.6: H Chemical shifts [ppm], multiplicity of the signals and coupling constants

[Hz] of all compounds identified by HPLC-NMR. Measuring condistions: field 600 MHz,

mobile phase acetonitril/D20, temperature 295 K.

pos

educt 2 ta4a ta56 ta6c ta7rf

[ppm]

mu J

[Hz] [ppm]

mu J

[Hz] [ppm]

mu J

[Hz] [ppm]

mu J

[Hz] [ppm]

mu J

[Hz]

2 9.19 s - 9.03 s - 9.21 s - 9.23 s - - - -

5 8.82 d 5.8 - - - 8.81 d 5.5 8.83 d 5.5 8.86 d 5.5

6 8.05 d 5.8 8.59 m - 8.05 d 5.8 8.10 d 5.5 8.28 d 7.1

8 8.11 d 7.1 7.33 m - 8.08 s 7.1 8.25 d 8.2 8.34 m -

9 7.6 m - 7.48 m - - - - 7.85 d 8.2 7.6 m -

10 7.6 m - 7.48 m - 7.56 d 8.0 - - - 7.6 m -

11 - s - 7.48 m - 7.65 t 7.9 7.85 d 8.2 7.6 m -

12 - s - 7.33 m - 8.14 t - 8.25 d 8.2 8.34 m -

14 - s - 6.94 d 7.1 - s - 7.58 s - ? s -

15 - s - 7.2 s - 7.3 m - - - - ? s -

16 - s - 7.2 s - 7.3 m - 7.26 d 6.9 ? s -

17 - s - 7.2 s - 7.3 m - 7.40 t 7.7 ? s -

18 - s - 6.94 d 7.1 7.3 m - 7,54 d 8.0 ? s -

19 - s - 4.15 s - 2.27 s - 2.41 s - 2.47 s -

pos: position, mu: multiplicity, H: proton chemical shift, J: coupling constant, s: singlet,
d: doublet, t: Triplet, m: multiplet
a

assignments of all phenyl protons not sure

h
signals 10 and 12 might be exchanged

c

signals 18 and 16 might be exchanged
d
assignment of the phenyl protons 9/10 not sure

reference standard, about 50 % ofthe injected amount of educt could be refound in

form ofunreacted educt and different products. The obtained value is significantly

higher than the observed amounts of 1 - 2 % after irradiation in aqueous solution.

However, one has to keep in mind, that the products formed out oftoluene only are

included in this calculations. Nevertheless, the total yield of the isolated products
is less than one tenth of a percent, and therefore still very low.

Some of the products formed after irradiation of liquid toluene have been identi¬

fied [56, 57]. Besides gaseous products, the so called polymer is found. It is a mix¬

ture of products, consisting of different dimers and higher oligomers of toluene,

some of them with at least one saturated bond. The products observed in the
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chromatogram of irradiated toluene are most probably some of these dimers or

oligomers. These are very likely the same peaks as those observed in fraction El.7.

They have the same retention time in the HPLC and are not detectable in the HPLC-

MS. These products are rather lipophilic, and besides the aromatic rings have no

functionality. The absence of any protonable groups like oxygen or nitrogen ex¬

plains the absence of signals in the HPLC-MS of these compounds. Interestingly

enough, these products still show a remarkable activity in the ALK and ableson

specific ELISA test. To confirm the activity oftoluene dimers and trimers, a selec¬

tion of the expected compounds were purchased. Some of these purchased prod¬
ucts showed a similar activity in the ELISA as fraction El.7. Since not all of these

compounds were equally active in the ELISA, most probably a specific inhibition

rather than just unspecific lipophilic interactions took place. This confirms that

these lipophilic compounds might be interesting hits for the development of more

selective and active inhibitors.

All ofthe identified compounds were addition products of one molecule oftoluene

to one molecule of4-phenylpyrimidine. Ofthe 24 possible isomeric addition prod¬

ucts, 3 were isolated and their structure identified (one single compound and 2

more in a mixture). For all of them, the addition took place in position 6 of the

pyrimidine ring. Through on-line-HPLC-MS/MS and HPLC-NMR analysis, addi¬

tion products with addition in position 2 and 5 ofthe pyrimidine ring as well as the

phenyl ring could be identified. The addition product in position 2 of the pyrim¬
idine ring could not completely be identified, however an addition in position 2

is more or less sure. Addition products with (almost) all possible orientations of

toluene could be identified. (Via methyl group in cp 5-1 and E1.2-P5 as well as

via the ring with the methyl group in meta in cp-5-2b and E1.4 P5 or para position
in cp 5-2a. Addition with the methyl group in ortho may have taken place in El.4

P2, even though a meta substitution can not be excluded.) Several more peaks with

a molecular weight of 246 were identified in the HPLC-MS. As was seen in the

HPLC-NMR spectra of those peaks, they all contained more than one compound,

making an identification of the products impossible. Even if only 7 of the 24 pos¬

sible addition products were identified, it can be assumed that most of the other

possible products were formed as well and it can be concluded, that the addition of

toluene to 4-phenylpyrimidine took place in an almost combinatorial way.

Of the possible 24 addition products, a SciFinder research revealed that only two

of these compounds have been reported so far, however all of them can be found

as parts of more complicated molecules. The product with the addition of toluene

via CH3-group in position 2 of the pyrimidine ring was described by Spivey et

al. [156]. They reported the synthesis of a library of 18 different 2 substituted
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4-phenyl-pyrimidines on solid phase. The synthesis is done via the condensation

of a resin bound acetophenone-derived enaminone with a series of amidines. The

variety ofthe 18 different compounds suggests that the synthesis ofthe other three

expected isomers with the toluene addition in position 2 of the pyrimidine ring
should be possible via this synthesis pathway as well.

The product with addition of toluene in position 2, via the ring with the methyl

group standing in para position was reported by Burdeska et al. [157]. The 2-para-

tolyl substituted 4-phenylpyrimidine is used as an educt for the synthesis for styryl
or stilbenyl pyrimidine derivatives.

The activity screens showed, that the majority of the fractions as well as the three

isolated compounds did have a moderate activity against ableson and ALK kinase.

In the same time, ableson kinase was also inhibited by fraction E.l in the im¬

munoblot assay, where a clear inhibition ofthe auto phosphorylation ofBCR able-

son as well as phosphorylation of other proteins can be observed. No activity was

observed in the nonspecific assay. This indicates that the compounds inhibit some,

but not all kinases present in the cell lysate. The same can be observed for ima¬

tinib which has a high activity against abl, but is inactive in the nonspecific assay.

The nonspecific tyrosine kinase inhibitor staurosporine in contrary, is active in the

nonspecific assay. In the cytotoxicity assay no specificity for BCR-ableson positive
cells could be observed. In comparison, imatinib is only toxic against BCR-ableson

positive cells, where as staurosporine has unspecific toxicity. The nonspecific cyto¬

toxic effect ofthe compounds is most probably due to the fact that the specificity is

less pronounced than for imatinib, or the toxicity might be due to other mechanisms

than inhibition of tyrosine kinases.

The activity of all of these compounds was too low, to be used as drugs, but they

might be attractive hits for further development.
The results presented in this chapter show, that gamma ray synthesis offers the

possibility for easy and fast combinatorial production of toluene adducts in one

step (two educts react in all possible orientations). In comparison, combinatorial

chemistry offers the possibility of combinatorial formation of products out of a

series of different but similar educts. For each synthesis step, the reaction takes

place in one position of the educt. The reactions are either carried out in parallel,
or with a mix and split strategy. In both approaches, the expected products in each

test tube can be easily identified, either because they are known from the beginning

(parallel synthesis) or because the products are encoded (mix and split synthesis).
In contrary, in gamma ray synthesis, the possible products are formed in a mixture.

The single products have to be identified either by isolation or by using on-line

analytical methods, both time consuming methods.
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In conclusion it could be shown in this chapter, that the creation of pharmaceuti-

cally and chemically interesting new compounds by gamma ray synthesis is possi¬
ble. The easy access to combinatorial addition of aromatic compounds as demon¬

strated in this chapter show that gamma ray synthesis might be an attractive alter¬

native method to combinatorial chemistry for the creation of chemically different

libraries.
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Chapter 6

Concluding Remarks

In this thesis, the feasibility of gamma ray synthesis to create chemically diverse

compound libraries for drug discovery projects is investigated. The work is based

on the hypothesis that during irradiation of small organic compounds in organic or

aqueous solution, a variety of different radical reactions will be induced, leading to

the formation ofmany different products [44, 144]. Based on the reactions known

to take place during irradiation, one would expect to find degradation products
and oxidation products of the irradiated compound as well as addition products of

solvent molecules to the educt, and dimers of the educt [50].
The proof of principle of the method was done in a previous thesis in this group,

where the effect of gamma irradiation on nucleotides dissolved in alcohol/water

mixtures was evaluated [125]. An isopropanol adduct to thymidine, and a thymi¬
dine dimer with a C1 bridge derived from the solvent methanol could be isolated.

Both ofthem were substrates ofthe herpes simplex virus type I thymidine kinase.

This thesis focused on the irradiation of aromatic hetero cycles. Besides alco¬

hol/water mixtures, pyridine/water and piperidine/water mixtures as well as toluene

were used as solvents during irradiation.

It could be shown that the reproducible formation of a large variety of new prod¬
ucts is possible under the chosen conditions. The solvent used for irradiation had

the largest influence on the formed products. HPLC analysis of most of the ir¬

radiated solutions revealed a large variety of new products. As already observed

by Kessler [125], HPLC-MS analysis could show, that a large part of these prod¬
ucts has a molecular weight larger than the irradiated educt. The products with

increased molecular weight could be oxidation or addition products of the original

compounds, i.e. the products we are interested in.

In chapters 4 and 5, the identification of a variety of products is described. The

products identified in this thesis as well as those isolated by Kessler [125] are
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HN^yc
CH,

OH

HPT isolated by Kessler,
formed after irradiation of

thymidine 1-propanol/water

N
H

H3C

.OH

NH

O

HMTT isolated by Kessler,
formed after irradiation of

thymidine methanol/water

Cp 6-1 6,6'-diphenyl-[4,4']bipynmi- cp 6-2 4,6'-diphenyl-3 4-dihydro- cp 5-1 4-benzyl-6-phenyl-
dinyl formed after irradiation of 4- [4,4']bipynmidinyl formed after pyrimidine formed after irra-

phenyl-pynmidine in methanol/wa- irradiation of 4-phenylpyrimidine diation of 4-phenyl-pyrimi-
ter in methanol/water dine in toluene

cp 5-2a 4-phenyl-6-p-tolyl-pyn-
midine formed after irradiation

of 4-phenylpyrimidine in toluene

cp 5-2b 4-phenyl-6-m-tolyl-pyn-
midine formed after irradiation

of 4-phenylpyrimidine in toluene

ta4 4-[4-(m-tolyl)phenyl]-pyrimi-
dine formed after irradiation of

4-phenylpyrimidine in toluene

ta5 5-benzyl-4-phenyl-pynmi-
dine formed after irradiation of

4-phenylpyrimidine in toluene

ta6: 4-[3-(o-tolyl)pheny]l-pynmi-
dine formed after irradiation of

4-phenylpyrimidine in toluene

ta7 4-phenyl-2-tolyl-pynmidine
formed after irradiation of 4-

phenylpanmidine in toluene

Figure 6.1: Structures identified in this work and the work of Kessler [125]
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shown in figure 6.1. All identified products were either dimers or solvent adducts.

When all products identified so far are taken into account the following observa¬

tions can be made:

• irradiation in alcohol/water mixtures leads to the addition of alcohol to the

educt (nucleobases) or the formation of dimers (pyrimidines)

• addition of alcohol takes place via the carbon chain ofthe alcohol

• dimer formation takes place in ortho position to one of the pyrimidine nitro¬

gen atoms

• irradiation in toluene leads to the formation of solvent adducts

• addition of toluene can take place on the carbon of the methyl group or on

ring carbons

• addition oftoluene takes place in all positions of the phenyl pyrimidine

• all newly formed bonds are carbon-carbon bonds

Samples were purged with nitrogen before irradiation, nevertheless oxygen was

most probably not completely removed before irradiation. In the presence of oxy¬

gen oxidation products are more likely to be found than dimers [50]. Interestingly

enough, no oxidation products could be identified so far. However, only a small

variety of the formed compounds was identified. Therefore no final conclusion can

be made as to which kind of reactions take place and which do not.

Of all compounds identified in this work, only two were previously described in

the literature, showing that gamma ray synthesis is able to create new compounds.
This is an important point, ifthe method is considered to be used in drug discovery.
The combinatorial solvent addition observed after irradiation ofphenyl pyrimidine
in toluene shows that diversity in the skeleton of the produced molecules can be

reached. On the other side, the introduction of functional groups seems to be more

difficult to achieve. Nevertheless, after irradiation of nucleobases, introduction of

alcohol groups via addition of alcohol molecules was observed. It would now be

interesting to find out whether this kind ofproducts are also found among the prod¬
ucts formed after irradiation of phenylpyrimidine in alcohol/water mixtures.

In conclusion, the observed predominant formation of carbon-carbon bonds opens

up the possibility to perform interesting chemistry. On the other hand, the diversity
of the formed libraries as far as functionality of the formed compounds is con¬

cerned seems to be limited.
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At the moment the most widely used synthetical method to deliver new lead com¬

pounds for high throughput screening is combinatorial chemistry. Even though the

accessible molecules for combinatorial synthesis have largely increased in the past

few years, the diversity of ligands in terms ofreal structural and chemical diversity
that can be generated in a combinatorial way is still limited [28].
Several approaches for the synthesis of libraries containing derivatized pyrimidines
have been described. One approach to achieve arylated pyrimidines is the substi¬

tution of chlorinated pyrimidines [158]. A second approach is a de novo synthesis.
In this case, derivatized building blocks are condensed to give different pyrimi¬
dine derivatives [156]. In both approaches, different substiruents are introduced in

one position of the pyrimidine. In gamma ray synthesis on the other side, one sub¬

stituent (the solvent) is attached to different positions in the pyrimidine, leading to

a different kind of diversity.

Only few combinatorial libraries based on radical reactions have been described

so far. The first description of a radical reactions on solid phase were radical 5-

exo cyclizations [159]. Intermolecular reactions were first described by Sibi and

Chamdramouli [160]. y-unsaturated acids were formed from C-radicals generated
from an a bromo-ester. Since the use of radical reactions opens up the possibility
for C-C bond formation in combinatorial chemistry, more libraries will surely be

described in the future.

The huge amount of compounds synthesized by combinatorial chemistry in the

past years did not lead to an increase in new drugs making it to the marked. A large
amount of the synthesized compounds did not to have good drug like properties.
Therefore an attempt to synthesize smaller libraries with favorable physico chemi¬

cal properties from the beginning could be observed [5, 7]. If gamma ray synthesis
is supposed to deliver new entry points for drug discovery these thoughts have to

be considered as well.

The Lipinski rule of 5 describe physico-chemical properties that can be found in

the majority of the marketed drugs [11]. These rules state, that poor absorption or

permeation are more likely when there are more than 5 H-bond donors (expressed
as the sum of OHs and NHs), the molecular weight is over 500, the Log P is over

5, or there are more than 10 H-bond acceptors (expressed as the sum of Ns and

Os). Most of the drugs with more than 1 violation to the rule of 5, are found in the

following classes: antibiotics, antifungals, vitamins and cardiac glycosides. Most

ofthem act as substrates for naturally occurring transporters.

The aim of gamma ray synthesis is not necessarily to produce finished drugs, but

rather to deliver hit or lead compounds, which could later on be optimized into

drugs. Hits usually only bind to the target, often with a moderate activity, or they
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inhibit an enzyme. A lead should already have drug like properties. Oprea et al.

[9] defined the physico-chemical properties most often found in lead compounds.

According to them, a compound has lead like properties, if the molecular weight
is smaller 450, CLogP lower than +4.5, but higher than -3.5 (log D between -4 and

+4), there are no more than 4 rings, no more than 10 nonterminal single bonds, no

more than 5 hydrogen bond donors and no more than 8 hydrogen bond acceptors.

If the compounds identified in this work are analyzed regarding the parameters

proposed by Oprea et al, the following can be stated: They all have a molecular

weight below 450, contain at most 4 rings, have 2 or 3 nonterminal single bonds,

no hydrogen bond donors and 2 or 4 hydrogen bond acceptors. LogP values of all

compounds were calculated with 3 different methods1. The results of the calcula¬

tion are shown in appendix E. With the exception of cp 6-1, all averaged values

were lower than 4.5 (between 3.5 and 4.4).
With the exception for the logP of cp 6-1, all the products fulfill the criteria pro¬

posed by Oprea et al. Nevertheless most of these products are fully aromatic and

their logP values are at the upper limit ofthe proposed range. Besides the nitrogens
as hetero atoms, they do not contain any functional groups. The pharmacological

activity of the compounds was low, but at least in some cases might be sufficient

for a hit. To be used as leads, however the activity needs to be improved. More

functional groups would most probably be required for a specific interaction with

a target, and therefore a better and more selective activity.
Gamma ray synthesis could be shown to deliver a large variety of previously not

described compounds with interesting chemical structures, moderate pharmacolog¬
ical activity and reasonable physico chemical properties. It opens up the possibility
to easily use radical reactions in library production. This is a type of chemistry that

was up to date only rarely considered in the design of combinatorial libraries.

Production of new compounds with gamma ray synthesis is easy and fast. By

screening crude reactions mixtures, an idea of the pharmacological activity of the

new compounds can be gained quickly. The drawback of the method is, that prod¬
ucts are synthesized in a crude mixture of different compounds, many ofthem with

similar chemical structures. The work up of these mixtures is not trivial, yields are

low and the isolation of pure compounds is very time consuming. The use of on

line spectroscopic methods such as HPLC-MS/MS and HPLC/NMR greatly facil¬

itates the identification of the new compounds. With the knowledge of the educt,

^ogP values were calculated using the following methods: a: with the Molinspiration

(miLogP1.2) algorithm which is based on group contribution, b: based on the method described

in reference [161] and c: using the CSLogP method cross-validated on 17'000 compounds. The

three values for each compound were averaged for interpretation
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and an idea on what reactions can be expected, identification of some compounds
in the mixture is possible. First pharmacological screens can be done on the crude

mixture, but this bears the risk of getting false positive or false negative results. To

get reliable pharmacological profiles of the compounds, an isolation is inevitable.

The same problems are encountered in natural product research, and to some ex¬

tend also in solution phase combinatorial chemistry. Many automated methods to

facilitate the isolation procedure have been developed in the past years, and these

methods could also be ofuse for gamma ray synthesis [162, 163].
Production and isolation of larger amounts of an interesting compound, needed for

broader pharmacological and toxicological screens and let alone clinical trials by

gamma ray synthesis does not seem feasible at the moment. Classical synthesis of

promising hits or leads will probably be inevitable.

To sum up, it can be concluded that gamma ray synthesis is an interesting method

to create new, pharmacologically active hit compounds with a complementary di¬

versity to combinatorial chemistry. It opens up the possibility to explore a different

chemical space difficult to reach with combinatorial chemistry. With effective iso¬

lation and purification methods at hand, it may have its legitimate place in drug

discovery.
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Additional Pharmacological Data

A.l Samples Irradiated with Different Doses

A.1.1 Cytotoxicity Assays
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1 45-
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10 100

concentration |jug/ml]

Figure A.1: Cytotoxic activity of educt 2 on CCRF CEM cells (x), LAMA 84 cells (o)
and MG 63 cells (A)
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120

100

concentration [jug/ml] concentration [jug/ml]
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Figure A.2: Cytotoxic activity of solu¬

tion 5 after irradiation with 500 kGy (solid

lines) or 50 kGy (dashed lines) on CCRF

CEM cells (x), LAMA 84 cells (o) and

MG 63 cells (A)

Figure A.3: Cytotoxic activity of solu¬

tion 6 after irradiation with 500 kGy (solid

lines) or 50 kGy (dashed lines) on CCRF

CEM cells (x), LAMA 84 cells (o) and

MG 63 cells (A)

.120 a

concentration |jug/ml]
100 10 100

concentration [jug/ml]

Figure A.4: Cytotoxic activity of solu¬

tion 7 after irradiation with 500 kGy (solid

lines) or 50 kGy (dashed lines) on CCRF

CEM cells (x), LAMA 84 cells (o) and

MG 63 cells (A)

Figure A.5: Cytotoxic effect of solution 8

after irradiation with 500 kGy (solid lines),
50 kGy (dashed lines) or 11 kGy (dotted

lines) on LAMA 84 cells (o) and MG 63

cells (A)
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A.1.2 ELISA

100

concentration [jLvg/ml]

Figure A.6: Tyrosine kinase inhibitory activity of solutions 6 (o), 6-50 (A), 7 (x) and

7-50 (D) in the nonspecific ELISA

A.2 Samples Irradiated in Alcohol/water Mixtures and Al¬

cohol only

A.2.1 Cytotoxicity Assays

concentration [jug/ml] concentration [jug/ml]
100

Figure A.7: Cytotoxic activity of (a) solution 6 (solid lines, educt 2 irradiated in

methanol/water) and 6X (dashed lines, educt 2 irradiated in methanol) and (b) solution 7

(solid lines, educt 2 irradiated in ethanol/water) and 7X (dashed lines, educt 2 irradiated

in ethanol) on CCRF CEM cells (x), LAMA 84 cells (o) and MG 63 cells (A)
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A.2.2 ELISA

Solutions 6X and 7X gave false positive results in the ELISA. Therefore no data is

available

A.3 Cytotoxicity Assays of Fractions Derived from Solu¬

tion 6

sol6 6-1 6-11 6-IIIA 6-IIIB 6-IV

fraction

Figure A.8: Cytotoxicity of fractions 61 - 6IV on CCRF CEM cells. All samples were

tested at 50 Ug/ml (\\\) 25 Ug/ml (=), 12.5 Ug/ml (III) and 6.25 Ug/ml (black).

SOI6 6-1 S II 6-IIIA 6-IIIB

fraction

Figure A.9: Cytotoxicity of fractions 61 - 6IV on MG 63 cells. All samples were tested

at 50 ug/ml (\\\) 25 Ug/ml (=), 12.5 Ug/ml (III) and 6.25 Ug/ml (black).
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6-IIIA-a 6-IIIA-b 6-IIIA-c 6-IIIA-d

fraction

6-IIIA-g

Figure A.IO: Cytotoxicity of fractions 6-IIIA-a - 6-IIIA-g on LAMA 84 cells. All sam¬

ples were tested at 100 Ug/ml (\\\) 50 Ug/ml (=), 25 Ug/ml (///) and 12.5 Ug/ml (black).

1150

6-IIIA-b 6-IIIA-C 6-IIIA-d

fraction

6-IIIA-e 6-IIIA-g

Figure A.ll: Cytotoxicity of fractions 6-IIIA-a - 6-IIIA-g on MG 63 cells. All samples
were tested at 100 Ug/ml (\\\) 50 Ug/ml (=), 25 Ug/ml (III) and 12.5 Ug/ml (black).
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Appendix B

Structure Elucidation of Compounds
Isolated from Solution 6

B.l Structure Elucidation of cp 6-1

The structure of cp 6-1 was solved using NMR spectroscopy and mass spectrome¬

try. 13C NMR data were extracted from two dimensional HSQC and HMBC spec¬

tra. 13C and lH NMR as well as El-mass data are listed in tables 4.3 and 4.5 in

chapter 4.

The molecular weight of cp 6-1 measured by EI-MS is 310, corresponding to twice

the molecular weight of educt 2 (156) with two protons less, the same as a dimer

of educt 2 would have. The lH spectra of the aromatic area of cp 6-1 and not

irradiated educt 2 are shown in figure B. 1 l.

The two spectra are quite similar. The most obvious differences are the following:
in the spectrum of cp 6-1, signal 4 is missing and signal 5 is a singlet instead of a

doublet. The similarity of the spectra and the absence of new signals suggest the

formation of a symmetric dimer.

In figure B.2 a 1H- lH COSY of cp 6-1 can be seen.

Two spin systems can be identified. The first one connects signals 8 and 9/10, the

second connects signals 2 and 5. Signals 8 and 9/10 have a strong interaction. These

two signals together integrate for 5 protons and make up an unmodified phenyl ring.

Signals 2 and 5 are in the pyrimidine ring. Signal 2 has a very characteristic chem¬

ical shift, and is the same in educt 2 and cp 6-1. This leaves positions 5 and 6 in

educt 2 (4 and 5 in the numeration shown in figure B.4) for substitution. This is in

good agreement with the fact that the remaining signal (5) is a singulet in cp 6-1,

^ote that numeration in the pyrimidine ring is different in cp 6-1 compared to educt 2. The

numeration shown in figure B.4 is used in all spectra of cp 6-1 and cp 6-2 shown in this chapter
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Figure B.l: Proton NMR spectra of cp 6-1 (a) and educt 2 (b).

where as in the spectrum of educt 2, signals 4 and 5 are two doublets coupling with

each other.

A lH - 13C HMBC is shown in figure B.3. Next to the proton carrying carbons,

three additional quaternary carbons (4, 6 and 7) can be identified. Carbons 8, 9

and 10 show the expected interactions within the phenyl ring. Protons 9/10 have an

additional interaction to carbon 7, which must therefore be the quaternary carbon

in the phenyl ring. Carbon 7 has an interaction with proton 5 in the pyrimidine

ring. This speaks for an addition in position 6 of the pyrimidine ring (position 4

in figure B.4). Carbon 5 interacts weakly with proton 2. The signal is only slightly

larger than the noise. The interaction of proton 5 to carbon 2 cannot be seen. This

favors again an addition in position 6 (4) with protons 5 and 2 standing in para

position. Proton 5 has two more interactions to the quaternary carbons 4 and 6.

The same interactions can be seen as strong signals from proton 2. Carbon 6 has

a third interaction to protons 8. It is therefore is in position 4 where the phenyl
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Figure B.2: !H-!H COSY of cp 6-1.

ring is attached, whereas carbon 4 in position 6 forms the bond to carbon 4 in the

other monomer. Taking all this information together, the structure can be assigned
to ô^-diphenyl-^^Jbipyrimidine as shown in figure B.4.

B.2 Structure Elucidation of cp 6-2

The structure of cp 6-2 was solved using NMR spectroscopy and mass spectrome¬

try. NMR data are listed in table 4.6 in chapter 4. The aromatic area of the proton

spectrum of cp 6-2 is shown in figure B.5. Most of the signals are in the area for

aromatic protons. Proton 3 has a very high chemical shift. It is also very broad,

which indicates that it is attached to a hetero atom. The chemical shifts for protons

5 and 6 are too low for aromatic protons.

The integral of signal 9/10 corresponds to 3 protons, the ones of signals 8, 8' and

9' for two protons each. The other signals each correspond to a single proton.

In figure B.6 the 13C spectrum of cp 6-2 is shown. The signals for all carbons were

in the aromatic/double bond range with the exception of signal 4. The signal at 70

ppm could not be assigned to the structure. Since no correlations from compound
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FigureB.3: 1H-13C HMBC of cp 6-1.
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Figure B.4: structure of cp 6-1 (6,6/-diphenyl-[4,4/]bipyrimidine)

signals to this carbon could be seen,all other signals were completely assigned and

the structure fitted with the measured molecular weight, it must be of an impurity.
Carbons and protons were assigned using the HSQC. As expected, proton 3 could

not be assigned to a carbon, and must be attached to a hetero atom. Assignment of

the other protons was straightforward, quaternary carbons could easily be identi¬

fied.
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Figure B.5: ^ - spectrum of cp 6-2
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Figure B.6: C - spectrum of cp 6-2

A COSY of cp 6-2 can be seen in figure B.7. A first spin system is marked in solid

lines. Proton 6 shows a strong coupling to proton 5, showing that these two pro¬

tons are neighboring. Due to their chemical shifts (13C and *H), they are probably
connected by a double bond, but not in an aromatic system. They show two fur¬

ther weak couplings to protons 2 and 3. Protons 2 and 3 show a stronger coupling
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Figure B.7: !H- !H COSY of cp 6-2

between each other. As already discussed, the broad signal of proton 3 indicates

that this is an exchanging proton and therefore attached to a hetero atom. Proton 2

and 3 are probably next to each other. Since proton 3 is attached to a hetero atom,

carbon 2 must be next to a hetero atom, which is in good agreement with its chem¬

ical shift. Protons 6 and 2 as well as 5 and 3 must be separated by a quaternary

carbon or hetero atom. The high chemical shift of proton 2 suggests hetero atoms

on both sides. Taking all these findings into account, fragment a in figure B.8 could

be proposed for this spin-system. Due to the knowledge of educts for irradiation,

the hetero atoms marked as X are most likely nitrogens. A ring closure between

positions 3 and 5 by a quaternary, not aromatic carbon is also very probable.
In figure B.7 a second spin-system is marked with dashed lines. Protons 2' and

5' show a weak coupling. They must be separated by at least one hetero atom or

quaternary carbon. Their chemical shifts are similar to those of protons 2 and 5 in

an intact phenylpyrimidine. The third proton ofthe phenyl pyrimidine is missing in

this ring .
Since the protons appear as singlets with a very small coupling visible,
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Figure B.8: fragments of cp 6-2 assigned by COSY and HMBC

they are probably para to each other, even though a meta position cannot be ruled

out at this time. These facts lead to the proposition of fragment b in figure B.8 for

this spin-system.

83 82 81 80 79 78 77 76 75 74 73 ppm

Figure B.9: enlargement of 'H-'H COSY of cp 6-2

In figure B.9 an enlargement of the COSY between 7 and 8 ppm is shown. Two

more spin-systems are visible in this area. Signal 8' (dashed lines) shows a strong

interaction to signals 9//10/. Signal 8' integrates for 2 protons, 9' and 10' together

integrate for 3 protons. This adds up to 5 aromatic protons in one spin system

making up a phenyl ring.
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The second spin system is shown in solid lines. Proton 8 has a strong interaction

to signal 9 and weaker one to signal 10. Signals 9 and 10 have a strong interaction

between each other. Signals 8 and 9 integrate for 2 protons each, leading up to

another five aromatic protons in one spin system. Therefore this fragment must be

another phenyl ring.
For linking of the fragments, a ^C-1!! HMBC was used. The spectrum is shown

in figure B.10.
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Figure B.10: 'H-^C HMBC of cp 6-2

All couplings found in the COSY could be confirmed in the HMBC. The quater¬

nary carbons display the interactions between the different fragments. Carbon 1'

shows interactions with protons 5' and 9'. Carbon 6' couples with protons 2' and 8'.

Both carbons have interactions to protons in the same phenyl ring (8', 9', 10') and

pyrimidine ring (5', 2') and must therefore link them. Due to the higher chemical

shift and the interaction to proton 2', carbon 6' can be assigned to the pyrimidine

ring. Since protons 8' interact with carbon 6', they must be in ortho-position of the

quaternary carbon, whereas 9' are the meta protons. Proton 2' shows another strong

interaction to carbon A' which as well must be in the pyrimidine ring. It has a fur¬

ther very weak interaction with proton 5'. Due to the strong interaction ofproton 2'
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to carbon A', and the weaker on to carbon 5', protons 2' and 5' are para, and the ad¬

dition to the pyrimidine ring must have taken place in position 6 of the pyrimidine

ring (at carbon A').
Taking into account all this information, a fragment containing an intact 4-phenyl¬

pyrimidine with an addition in position 6 ofthe pyrimidine ring can be assigned to

those two spin systems, an according fragment is shown in figure B.8 c.

Carbon A', the quaternary carbon in position 6 ofthe pyrimidine ring does not show

any further interactions.

Carbon number 7 couples with proton 9 in the second phenyl ring and is the qua¬

ternary carbon in this phenyl group. It is ortho to protons 8, meta to protons 9 and

para to proton 10. All the corresponding interactions can be seen in the HMBC (not

marked). Carbon 7 does not have any further interactions. Protons and Carbons 2,

5 and 6 show the expected interactions for the proposed fragment a.

Interactions between the three fragments can be seen from carbon 4. It shows cou¬

plings with protons 2, 5 and 6 in fragment a, 8 in the second phenyl ring and 5'

in fragment c. The interactions with protons 5 and 6 as well as 2 suggest a ring
closure of this fragment with carbon 4 in ortho position to one ofthe nitrogens and

carbon 5. Due to its low chemical shift, carbon 4 cannot be aromatic. The interac¬

tions to protons 8 and 5' show that both, the phenyl ring and fragment c are attached

in this position. The complete structure of cp 6-2 is shown in figure B.ll. It has

the structure of 4,6'-diphenyl-3,4-dihydro-[4,4']bipyrimidine and is a dimer of

educt 2, with the aromaticity lost in one monomer
.
The molecular weight of 313

in a protonated state could be confirmed by MALDI-MS measurements.

Figure B.ll: structure of cp 6-2 (4,6'-diphenyl-3,4-dihydro-[4,4']bipyrimidine)
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Structure Elucidation of Compounds
Isolated from Solution 5

C.l Structure Elucidation of cp 5-1

The structure of compound cp 5-1 was solved using two dimensional NMR-spec-

troscopy and mass spectrometry. The molecular weight of cp 5-1, determined by
MALDI-MS is 246 (247 in the protonated state). This corresponds exactly to the

mass of an addition product of 1 molecule oftoluene to 1 molecule of 4-phenylpy¬
rimidine. A proton spectrum of cp 5-1 is shown in figure C.l.

Ifthis spectrum is compared to the one ofnot irradiated educt 2, as shown in figure
C.2 the following points can be noted:

Signals 2, 8 and 9/10 are similar in both spectra, the corresponding protons are

probably conserved in the addition product. Signals 5 and 6 are two doublets with

a large coupling in educt 2, where as only one of the corresponding signals is left

in cp 5-1, and it has only a very small coupling. This suggests a substitution in

position 5 or 6 ofthe pyrimidine ring. The chemical shift of the remaining proton 5

or 6 is rather similar to the one observed in educt 2 for proton 6. A substitution in

ortho position ofone ofthese pyrimidine protons with a tolyl moiety could however

cause quiet a large change in the chemical shift. Therefore it cannot be decided yet,

where exactly the substitution did take place.
3 additional signals can be seen in the aromatic area (13, 14 and 15). Signals 13

and 14 integrate for 2 protons each. Together with signal 15 they make up another

phenyl ring. A further new signal at 4 ppm integrating for 2 protons (signal 11)
can be observed. From its chemical shift, it could correspond to a methylene group

between two aromatic rings and certainly not to an aromatic methyl group.

Taking together all these findings it can be suggested, that an addition of toluene

149
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Figure C.l: Proton NMR spectrum of cp 5-1 (a): full spectrum (b): aromatic area.
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Figure C.2: Proton NMR spectrum of educt 2 (4-phenylpyrimidine).

at position 5 or 6 of 4-phenylpyrimidine via its methyl group has taken place (4 or

5-benzyl-6-phenyl-pyrimidine).
The proposed structure for an addition in position 6 of educt 2 is shown in figure
C.3 l.

In figure C.4 a 13C spectrum of cp 5-1 can be seen. The carbon containing pro¬

tons could easily be assigned using the HSQC spectrum. The chemical shift of the

^ote that the numeration is different for educt 2 and compound 5.1.
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Figure C.3: structure of cp 5-1 (4-benzyl-6-phenyl-pyrimidine).

carbon atoms correspond well to the suggested structure.

In addition to the proton carrying carbons four quaternary carbons (4, 6, 7 and 12)
could be identified in the carbon spectrum.

10
15

pifidkmtfmiiém
o
CO
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10

12 7
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180 160 140 120 100 80 60 40 20 ppm

Figure C.4: C spectrum of cp 5-1.

The proposed structure could be confirmed with two dimensional NMR spectra.

In figure C.5 a *H- *H COSY of cp 5-1 can be seen. 3 spin-systems corresponding
to the 3 rings can be identified in the aromatic area. The two spin systems for the
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pyrimidine and phenyl ring are marked in dashed lines. Protons 2 and 5 in the

pyrimidine ring have a weak coupling between each other. Protons 8 and 9/10 in

the phenyl ring are interacting as well. A third spin system (marked in solid lines)
connects the 3 remaining aromatic proton signals 13, 14 and 15, in the benzyl ring.

ppm

92 90 88 86 84 82 78 76 74 72

Figure C.5: 1H- !
H COSY of cp 5-1.

For determination of the exact addition position of the tolyl-moiety, and the as¬

signment of the quaternary carbons, a *H - 13C HMBC (shown in figure C.6) was

used.

Carbons 4 and 6 (marked in solid lines) both couple with proton 2, and therefore

must be situated in the pyrimidine ring. Carbon 6 shows further couplings to proton

5 and proton 8 in the phenyl ring. It must therefore be situated in position 4 of the

pyrimidine ring (position 6 in cp 5-1). Carbon 4 (in position 5 or 6 of educt 2)
shows a coupling to proton 11 ( segment of the spectrum not shown) and a weak

2J coupling to proton 5. Due to its strong interaction with proton 2, it must be in

position 6 (not 5) in the pyrimidine ring, where the toluene moiety is attached via

the methylene group 11. Carbon 7 (marked in solid lines) is part ofthe phenyl ring.
It couples with protons 5 and 9. Ifthe addition would have taken place in position 5

instead of 6, the interaction from carbon 7 to proton 5 would not be visible. Carbon
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12 (marked in dashed lines) is part of the benzyl ring. It couples with protons 14

and 11 (not shown).
The other couplings expected for the proposed structure in figure C.3 (4-benzyl-

6-phenyl-pyrimidine) could be observed in the HMBC and the COSY and the

structure could be confirmed. The NMR-data of cp 5-1 are listed in table 5.3 in

chapter 5.
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Figure C.6: 1H- 13C HMBC of cp 5-1.

C.2 Structure Elucidation of cp 5-2

The structure of cp 5-2a/b was solved using two dimensional NMR-spectroscopy
and mass spectrometry. The molecular weight ofcp 5-2a/b, determined by MALDI-

MS is 246 (247 in the protonated state), again corresponding exactly to the mass of

an addition product of 1 molecule of toluene to 1 molecule of 4-phenylpyrimidine.
A proton spectrum of cp 5-2a/b is shown in figure C.7.

Two sets of signals can be seen for peaks 2, 5 and 15a/17b, their integrals have a

relative intensity ofabout 1:3. This leads to the assumption, that cp 5-2 is a mixture
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Figure C.7: Proton NMR spectrum of cp 5-2a/b.

of two similar compounds. The integral of signal 12a equals twice the integral of

5a, those of signals 12b, 15b and 16b correspond to the one of signal 5b.

If the spectrum is compared to the one of educt 2 in figure C.2, it can be seen that

the signals for protons 2, 8 and 9/10 have been more or less conserved. As for cp

5-1 of the two doublets of protons 5 and 6 in the pyrimidine ring, only one signal

(signal 5) is left, and it is a singlet instead of a doublet. So the proposed addition of

the toluene must again have taken place in position 5 or 6 of the pyrimidine ring.
The proton carrying carbons were assigned, using a 13C - *H HSQC spectrum (not

shown). All protons could be assigned to the corresponding carbons.

A *H - *H COSY of cp 5-2a/b is shown in figure C.8. Four spin systems can be

identified in the spectrum. The first spin system marked in solid lines belongs to

the pyrimidine ring, it connects protons 2 and 5 for both sets of signals. The spin

system marked in broad dashed lines connects signals 8 and 9/10 of the phenyl

ring. Signal 8 integrates for two protons of series a and two of series b, signal 9/10

integrates for three protons of each series, indicating that the signals of the two

compounds are superimposed for this ring.
The remaining spin systems marked in solid and shortly dashed lines show two
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Figure C.8: *H - *H COSY spectrum of cp 5-2a/b

more aromatic rings. Signal 13a/14b belongs to both spin systems, two signals are

superimposed there. Its integral equals two protons of series a and 1 of series b.

Signal 12a has an integral of two protons of series a. It is a doublet with a large

coupling, suggesting an aromatic ring substituted in the para position, with signal
13a for the other two protons. Signals 12b, 14b, 15b, and 16b are in the other phenyl

ring. The multiplicities of their signals suggest a meta substitution on this ring.

Signal 15a at 2.5 ppm couples with signal 13a/14b, signal 17b couples with signal

12b, 13a/14b and 16b (segment of the spectrum not shown). These are the two

signals of the methyl group of the toluene moiety. Their chemical shifts indicate

a free CH3 group, the substitution must therefore have taken place in the aromatic

ring.
A C- H HMBC of cp 5-2a/b is shown in figure C.9. In addition to the proton

carrying carbons, 4 quaternary carbons can be seen.

Signal 6b shows couplings with protons 2b, 16b and 12b and a very weak coupling
with proton 5b (marked in solid lines). It is part of the pyrimidine ring in position
5 or 6, and interacts with protons in the toluene moiety. Therefore the toluene must
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Figure C.9: 'H-'^C HMBC of cp 5-2

be attached in this position.
Carbon 6a is analog to 6b for cp 5-a in position 5 or 6 of the pyrimidine ring and

shows couplings to protons 12a and 2a and a very weak one to proton 5a (marked
in solid lines).
Due to the strong interaction to protons 2, and the weaker one to protons 5, they
must be in position 6, not 5 ofthe pyrimidine ring.
Carbon 4 is almost superimposed with carbon 6a. It is in position 4 of the pyrimi¬
dine ring,where the phenyl is attached (marked in solid lines).
Carbon 7 is the quaternary carbon in the phenyl ring, it shows interactions to pro¬

tons 5 and 9/10 (couplings not marked). The strong interaction of carbon 7 to pro¬

ton 5 confirms that the addition took place in position 6.

Carbon 11a shows an interaction with protons 5a and 13a/14b. 13a are two identical

protons in meta position of carbon 11a.

Carbon 14a couples with proton 12a and 15a in the methyl group. It is in the toluene

ring and carries the methyl group in compound a (marked in broad dashed lines).

Taking together all the information from COSY and HMBC, cp 5-2a can be as-
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signed to the structure of 4-phenyl-6-p-tolyl-pyrimidine. The structure is shown in

figure CIO a.

Carbon 1 lb couples with protons 5b (superimposed with the interaction 5b-7) and

15b (marked with small dashed lines). It is is in the toluene ring and attached to the

pyrimidine ring. Proton 15b is therefore in meta position to carbon 1 lb. The COSY

shows a strong interaction between protons 15b and 16b which must stand ortho

to each other, another strong interaction can be seen between protons 15b and 14b,

which must stand ortho to 15b as well.

Carbon 13b couples with protons 15b and 17b in the methyl group. It is in the

toluene ring of cp 5-2b and carries the methyl group (marked with small dashed

lines).
Proton 12b has no strong interactions in the COSY. It is isolated between the qua¬

ternary carbons 11 and 13.

Cp 5-2b could therefore be assigned to the structure of 4-phenyl-6-m-tolyl-pyri-
midine. The structure is shown in figure C. 10 b.

The signal at about 3.5 ppm could not be assigned to the structure. Since all other

signals were assigned, and the proposed structure complies with the mass spectrum,

this signal must be of an impurity.
The NMR-data ofthe two compounds are shown in table 5.4 in chapter 3.

Figure CIO: structure of cp 5-2a (4-phenyl-6-p-tolyl-pyrimidine) (a) and cp 5-2b (4-

phenyl-6-m-tolyl-pyrimidine) (b).
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MS/MS Data of Fractions E1.2 - E1.5
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Figure D.l: MS/MS spectrum of E1.2 P5 (ta4).

Signal E1.2 P5 (ta4) The MS/MS spectrum ofthe fifth signal in fraction El .2 is

shown in figure D.I. The signal at m/z 220 rules out a substitution in position 2,

further on signal 130, specific for addition in position 2 is not visible. Signal 167,

specific for an addition in the phenyl ring is not visible, signals 117 and 104, which

are not expected for an addition in the phenyl ring can be seen, even though they
are of low intensity. This leaves an addition in position 5 or 6. For products with

addition in position 5 or 6 the following differences in the fragments are expected:

159
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Signal 193 is expected only for addition in position 5, signal 118 and 103 only for

position 6. Signal 193 is present, but weak. Signal 118 cannot be seen, signal 103

can be seen, but it is only slightly larger than the noise. These facts together speak
for an addition in position 5 rather than 6, although the data is not very clear. The

same conclusion, also with a certain insecurity is reached after the interpretation of

the HPLC-NMR data.
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Figure D.2: MS/MS spectrum of E1.3 PI (cp 5-1).

Signal E1.3 PI (cp 5-1) The MS/MS spectrum ofthe first signal in fraction El.3

is shown in figure D.2. Signal 220 is visible, but rather small. Signal 130 is not

present, signal 117 is strong. Therefore an addition in position 2 can be ruled out.

The strong signals 103 and 117 rule out a substitution in the phenyl ring. Signal
103 is also contradictory with a substitution in position 5. For a substitution in

position 6, all the expected signals except signal 144, 118 and 104 are present,

signals 104 and 118 might be underneath the peaks 103 and 117. Therefore it can

be concluded, that an addition in position 6 is likely. This could be confirmed by
the structure elucidation ofthe isolated compound (see section 5.4.5).

E1.4a PI (cp 5-2a and cp 5-2b) The MS/MS spectrum ofthe first signal in frac¬

tion El.4a is shown in figure D.3. Signal 220 rules out a substitution in position 2.
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Figure D.3: MS/MS spectrum of E1.4a PI (cp 5-2).

Signals 103 and 118 rule out a substitution in position 5 or the phenyl ring. All sig¬
nals for a substitution in position 6, except signal 144 are present, and non of the

visible signals contradict this hypothesis. The addition in position 6 could be con¬

firmed by interpretation of the NMR spectra ofthe isolated compound (see section

5.4.6).

El.5 P2 (ta7) The MS/MS spectrum of the second signal in fraction El.5 is

shown in figure D.4. A substitution in position 5 or the phenyl ring is ruled out

by the strong signal 103. Signal 130 contradicts an addition in position 6. Also

several signals are missing for this kind of compound. Signals 193 and 220 are not

visible, which speaks for an addition in position 2. This is supported by the signal
for 130, but contradicted by the presence of signal 118. However, if the fragment
lost in the first step in figure 5.13 is protonated on the nitrogen, this would result in

another fragment of 118. So a substitution in position 2 is very likely. No structure

could be proposed for this compound, yet the HPLC-NMR results favor an addition

in position 2 as well.
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LogP Calculations

LogP values of all identified compounds were calculated according to the follow¬

ing 3 methods: a: with the Molinspiration (miLogP1.2) algorithm which is based

on group contribution [164], b: based on the method described in reference [161]
which is based on the definition of 120 different atom types and c: using the

CSLogP method cross-validated on 17'000 compounds [165]. The three values for

each compound were averaged for interpretation. The results of the calculations

are shown in table E. 1

Of the calculated values, 4 single values are out of the range proposed for lead

Table E.l: Calculated logP values of all identified compounds

compound calculation a calculation b calculation c average std. dev.

cp 6-1 4.352 4.43 6.7 5.2 1.33

cp 6-2 1.684 2.99 6.02 3.6 2.22

cp 5-1 4.265 4.01 3.59 4.0 0.34

cp 5-2a 4.408 4.55 4.02 4.3 0.27

cp 5-2b 4.408 4.55 4.09 4.3 0.24

ta 4 4.212 4.15 4.13 4.2 0.04

ta 5 4.118 4.08 3.57 3.9 0.31

ta 6 4.212 4.15 4.01 4.1 0.10

ta 7 4.037 4.04 3.53 3.9 0.29

calculation a: calculated with the Molinspiration (miLogP1.2) algorithm which is based

on group contribution, calculation b: based on the method described in reference [161],

calculation c: calculated using the CSLogP method cross-validated on 17'000 com¬

pounds.
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compounds by Oprea et al. [9] (calculation c for cp 6-1 and 6-2 as well as calcu¬

lation b for cp 5-2a and cp 5-2b). Calculation c for cp 6-1 and 6-2 differs highly
from calculations a and b. For cp 5-2b and 5-2b, the value for calculation b (4.55)
is only slightly over the proposed upper limit if 4.5. For these two compounds all

calculated values are close to the proposed upper limit. If the three calculations

are averaged for each compound, only the value for cp 6-1 is outside the proposed

range.
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