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3 Summary
3 SUMMARY

Human protein kinases play essential roles in cellular signaling pathways and - if
deregulated - are linked to a large diversity of diseases such as cancer and inflammation
or to metabolic diseases. Because of their key role in disease development or
progression, kinases have developed into major drug targets resulting in the approval of

52 kinase inhibitors by the Food and Drug Administration (FDA) so far.

Within the drug discovery process, the affinity of the inhibitors is the parameter
that is used most often to predict the later efficacy in humans. However, the kinetics of
binding have recently emerged as an important but largely neglected factor of kinase
inhibitor efficacy. To efficiently suppress a signaling pathway, the targeted kinase needs
to be continuously inhibited. Thus, it has been hypothesized that fast binding on-rates
and slow off-rates would be the preferred property of an efficacious inhibitor. Despite
optimizing the potency of kinase inhibitors, in the past decade optimization of kinetic
selectivity has therefore gained interest as a molecule cannot be active unless it is
bound, as Paul Ehrlich once stated. There is increasing evidence of correlations between
prolonged drug-target residence time and increased drug efficacy, and that inhibitor
selectivity in cellular contexts can be modulated by altered residence times. In order to
contribute to the understanding of the effect of long residence times on cellular targets

we initiated two projects.

The first of these projects is related to the STE20 kinase Serine/threonine kinase
10 (STK10) and its close relative STE20 like kinase (SLK) which have been reported to be
frequent off-targets for kinase inhibitors used in the clinics. Also, an inhibition of STK10
and SLK has been linked to a common side-effect of severe skin rash developed upon
treatment with the EGFR inhibitor erlotinib, but not gefitinib and the severity of this rash
correlated with the treatment outcome, which fits the known biology of STK10 and SLK
to be regulators of lymphocyte migration and PLK kinases. However, there are yet no
explanations why these two proteins show such high hit-rates across the kinome among
the kinase inhibitors. Using structural analysis, we identified the flexibility of STK10 to
be the main reason for this hit-rate. The observed strong in vitro potencies did however
not translate to the cellular system which is why we investigated the inhibitors residence
time on STK10. We found the same flexibility to be the main reason for slow residence

times among several inhibitors. We observed large rearrangements in the hydrophobic
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3 Summary
backpocket of STK10 including the aC, the P-loop enclosing the inhibitor like a lid and
strong m-mt-stackings to be the main reasons for prolonged residence times on STK10.
Interestingly, we observed an increased residence time for erlotinib, which showed skin-
related side-effects, giving rise whether the binding kinetics should be investigated for

weak cellular off-target effects in future drug discovery efforts.

In the second project we initiated, we illuminate a structural mechanism that
allows kinetic selection between two closely related kinases, focal adhesion kinase (FAK)
and proline-rich tyrosine kinase 2 (PYK2). Using an inhibitor series designed to probe the
mechanism, residence times measured in vitro and in cells showed a strong correlation.
Crystal structures and mutagenesis identified hydrophobic interactions with L567,
adjacent to the DFG-motif, as being crucial to kinetic selectivity of FAK over PYK2. This
specific interaction was observed only when the DFG-motif was stabilized into a helical
conformation upon ligand binding to FAK. The interplay between the protein structural
mobility and ligand-induced effect was found to be the key regulator of kinetic inhibitor

selectivity for FAK over PYK2.

These two projects showed that the parameter residence time should be
considered for different problems among the drug discovery process. First, in an open
in vivo system not only the potency of a drug alone, but as well its residence time might
be of importance. Here we showed that the weak cellular potency translated to
prolonged residence times for several inhibitors in cells and established a link between
the phenotypic outcome of skin rash after erlotinib treatment and the residence time of
this inhibitor on STK10 in cells. On the other hand, medicinal chemistry efforts should
consider structure kinetic relationships (SKR) in the optimization process and aim to
understand the molecular basis for prolonged target residence times. Here, we showed
that a hydrophobic interaction that is enforced upon inhibitor binding is crucial for an
unusual helical DFG conformation which arrests the inhibitor and prolongs its residence
time providing the molecular basis for understanding the kinetic selectivity of two
closely related protein kinases. Establishing the SKRs will help medicinal chemists to
kinetically optimize their drug candidates to select a suitable molecule to proceed into
further optimization programs. Hence, the projects showed that the target residence
time parameter needs to be considered both as a molecular optimization parameter to

improve compound potency and binding behavior as well as a parameter to be
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3 Summary
understood for proceeding to the open system of in vivo models to later modulate the

in vivo efficacy of protein kinase targeting drugs.
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4 Zusammenfassung (long)
4 ZUSAMMENFASSUNG (LONG)

Die im Menschen vorkommenden 518 verschiedenen Proteinkinasen steuern
zellulare Signalwege und wurden als Ausldser verschiedener Krankheiten wie Krebs,
entziindliche Prozesse oder metabolische Deregulation identifiziert. Wegen dieser
zentralen Rolle in der Entwicklung oder der Verschlimmerung von Krankheiten sind
Proteinkinasen interessante Zielmolekiile fir Medikamente, die die enzymatische
Proteinkinasefunktion durch Inhibition regulieren. Proteinkinasen libertragen dabei die
v-Phosphatgruppe des natirlich vorkommenden Substrates Adenosintriphosphat (ATP)
auf das Zielprotein, speziell einen Tyrosin- oder einen Serin oder Threonin-
Aminosaurerest. Bisher wurden 52 Medikamente zur Inhibition von Proteinkinasen von
der ,Food and Drug  Administration” (FDA), der  amerikanischen

Medikamentenzulassungsbehorde, zugelassen.

Im Medikamentenfindungsprozess ist die Affinitat der zu findenden Inhibitoren
der meist eingesetzte Parameter, um die spatere Wirksamkeit im Menschen
abzuschatzen. Die Wirksamkeit des Medikaments im Menschen wurde vor einiger Zeit
jedoch mit der Bindekinetik des Inhibitors verkniipft, was bisher noch wenig Anwendung
in der pharmazeutischen Forschung findet. Um einen deregulierten Signalweg effektiv
zu inhibieren, muss die Zielkinase jedoch (zeitlich) dauerhaft inhibiert werden.
Entsprechend geht man davon aus, dass ein effektiver Inhibitor eine schnelle
Assoziationsgeschwindigkeitskonstante und eine langsame
Dissoziationsgeschwindigkeitskonstante haben sollte. Die mit der
Dissoziationsgeschwindigkeitskonstante verknlipfte sogenannte Verweildauer des
Inhibitors am Zielmolekdl hat sich als Mal3 zur Quantifizierung der Bindezeit etabliert.
Neben der Optimierung der Affinitat von Proteinkinaseinhibitoren gewinnt daher die
Optimierung der Bindekinetik eines Inhibitors zunehmend an Bedeutung, da ein
Inhibitor nur wirken kann, wenn er auch gebunden ist, wie Paul Ehrlich einmal sagte. Es
gibt immer mehr Beweise dafiir, dass es eine Korrelation zwischen einer hohen
Verweildauer des Medikamentenkandidaten und einer grofReren Effektivitdt im
Menschen gibt. Weiterhin gibt es zunehmend Beweise dafiir, dass die Selektivitadt eines
Proteinkinaseinhibitors auch lber die Bindekinetik und nicht wie bisher {ber die

Affinitat reguliert werden kann.
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4 Zusammenfassung (long)

Wegen der konservierten Architektur der 518 im Menschen vorkommenden
Proteinkinasen ist es besonders schwierig mit dem zu entwickelnden Inhibitor
Selektivitat Gber andere Proteinkinasen zu erreichen. Es wird angenommen, dass ein
unselektives Medikament mit mehr Nebenwirkungen verknipft ist. Die Selektivitat und
Affinitat von Inhibitoren werden in verschiedenen Ebenen untersucht. Es werden
Charakterisierungen (Affinitat und Kinetik, sowie auch funktionale Studien) am
isolierten Enzym (in vitro), in Zellen (in cellulo) und im lebenden Organismus (in vivo)
unterschieden. Im zelluldiren Umfeld kommen neben dem zu untersuchenden
Zielmolekdl noch die in der menschlichen Zelle beinhalteten natiirlichen Substrate (z.B.
ATP) und Bindungspartner, sowie verschiedene Barrieren, wie Proteinexpression, Post-
translationale Modifikationen oder Kompartimentierung dazu. Im zelluldaren Kontext gilt
es deshalb, die Selektivitdat und Bindestarke besonders aufmerksam zu studieren. Wir
haben dazu zwei Projekte zur Untersuchung der Bindekinetik flir zwei Proteinkinasen

initiiert.

Das erste dieser Projekte untersucht die Serin/Threonin Kinase STK10 und die
stark verwandte Proteinkinase SLK, die beide der sogenannten STE20 Familie
zugerechnet werden. STK10 und SLK sind als hochfrequente sogenannte Anti-
Zielmolekile der bestehenden in der klinischen Forschung bisher eingesetzten
Proteinkinaseinhibitoren bekannt und stehen im Verdacht Nebenwirkungen auszuldsen.
Im Speziellen wurde eine Inhibition von STK10 und SLK mit einem sehr starken
Hautausschlag assoziiert, wegen welchem die Behandlung durch den zugelassenen
EGFR-Inhibitor Erlotinib zur Behandlung von Lungenkarzinoma zum Teil abgesetzt wird.
Erlotinib inhibiert die Kinasen STK10 und SLK stark, wahrend ein weiterer zugelassener
EGFR-Inhibitor, Gefitinib, diese Kinasen nicht bindet und Patienten als Nebenwirkungen
auch keinen starken Hautausschlag bekommen. Das passt auch zu dem, was liber STK10
und SLK bekannt ist, namlich, dass beide Kinasen Lymphozytenmigration und die
Proteinkinase PLK1 regulieren. Es ist jedoch nicht bekannt, warum diese beiden Proteine

so hochfrequent an die klinischen Proteinkinaseinhibitoren binden.

Mithilfe struktureller Analysemethoden haben wir die Flexibilitdt von STK10 als
moglichen Grund fiir diese hohe Trefferrate identifiziert. Die sehr starke Bindeaffinitat,
die wir flir STK10 in vitro fur die klinisch eingesetzten Proteinkinaseinhibitoren bestimmt

haben, hat sich im zellularen Umfeld jedoch nicht bestatigt. Die Flexibilitdt von STK10
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4 Zusammenfassung (long)
ermoglicht jedoch eine Vielzahl von strukturellen Veranderungen, weshalb wir die
Bindekinetik untersuchten. Die strukturelle Flexibilitat wurde dann als mégliche Ursache
fir besonders langsame Dissoziationsgeschwindigkeitskonstanten verschiedener
klinischer Kinaseinhibitoren bestimmt. Es wurden groRe Veranderungen im hinteren,
sehr hydrophoben Bereich der Bindetasche beobachtet. Im Speziellen haben wir
Verschiebungen an der sogenannten aC von bis zu 8 A beobachtet, gesehen, dass der P-
Loop den Inhibitor wie ein Deckel umschlieBen kann und starke m-m-Wechselwirkungen
mit dem Inhibitor ausbilden kann. Das deutet darauf hin, dass diese langsamen
Inhibitoren an STK10 nicht wie ein Schlissel in ein Schloss passen, sondern, dass die
Konformation des Proteins durch den Inhibitor erst induziert wird. Dieser Vorgang ist
prinzipiell langsamer als eine Bindung ohne Konformationsanderung. Hierbei haben wir
interessanterweise im zellularen Umfeld eine deutlich langsamere Dissoziation (also
eine hohere Verweildauer) des Inhibitors Erlotinib beobachtet, als fiir den Inhibitor
Gefitinib, was darauf hindeutet, dass die Bindekinetik bei schwacher wirkenden
Affinitdten untersucht werden sollte um mogliche Nebenwirkungen — hier durch
Erlotinib - durch unerwiinschte lange Inhibition aufzudecken. Dies sollte in zuklinftigen

Medikamentenfindungsprozessen implementiert werden.

Im zweiten Projekt haben wir die Selektivitat des Inhibitors Inhibitor PF562271
untersucht, der dual die Focal adhesion kinase (FAK) und die verwandte proline-rich
tyrosine kinase 2 (PYK2) inhibiert, wobei es der Inhibitor etwa 10-mal starker an FAK als
an PYK2 bindet. FAK und PYK2 sind involviert in der Regulation der Zellmigration, im
Zellwachstum und im Zelliiberleben. Diese beiden Proteinkinasen sind Gberexprimiert
in vielen verschiedenen Krebskrankheiten und haben sich deshalb als spannende
Zielmolekdile in der Onkologie etabliert. Wird FAK inhibiert kann PYK2 den Verlust der
Funktion von FAK kompensieren, weshalb oft duale FAK/PYK2 Inhibitoren zur

Krebsmedikation vorgeschlagen werden.

Diese Selektivitat haben wir mithilfe einer chemischen Serie dem Inhibitor
PF562271 strukturell dhnlicher Inhibitoren beleuchtet. Dafiir haben wir die Affinitat und
Bindekinetik der einzelnen Inhibitoren an FAK und PYK2 in vitro und in cellulo bestimmt.
Auffallend war hier eine Korrelation der Hydrophobizitat einer bestimmten Teilgruppe
der Inhibitoren sowohl mit der Bindestarke als auch mit der Bindedauer. Mithilfe von

Rontgenstrukturanalyse haben wir herausgefunden, dass eine hydrophobe Interaktion
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4 Zusammenfassung (long)
der langsamen Inhibitoren mit dem im FAK DFG-Loop befindlichen Leuzin 567 den DFG-
Loop offenbar in eine helikale Struktur stabilisiert. Sowohl den helikalen DFG-Loop als
auch langsame Bindekinetik der Inhibitoren haben wir im stark verwandten PYK2 Protein
nicht beobachtet. Die Dissoziationsgeschwindigkeitskonstanten, die wir sowohl in vitro
als auch in Zellen bestimmten haben, zeigten hier eine starke Korrelation. Mithilfe einer
Mutagenesestudie haben wir die hydrophobe Interaktion der langsamen Inhibitoren mit
dem im FAK DFG-Loop befindlichen L567 bestatigt, da bei einer Mutation von Leuzin 567
zu Alanin keiner der langsamen Inhibitoren eine lange Verweildauer zeigte.
Mutagenesestudien an PYK2 haben in keinem Fall zu einem langsameren Inhibitor
gefuhrt, der vorher schnell war. Die Gesamtmobilitdt von PYK2 scheint hier geringer zu
sein als bei FAK. Die beobachtete als Affinitatsdifferenz benannte Anomalie von
PF562271 an FAK Uber PYK2 war nach unseren Untersuchungen daher eher der
Bindekinetik und besonders der Dissoziationsgeschwindigkeitskonstante oder der
Verweildauer des Inhibitors zuzuordnen, was die Regulation der Bindekinetik fiir das
Erreichen von kinetischer Selektivitat verdeutlicht. Die Verbindung der strukturellen
Mobilitat des Proteins mit dem nun Inhibitor-induzierten strukturellen Effekt im

Zielmolekil FAK wurde als Schlisselregulator der Selektivitat identifiziert.

Beide Projekte zeigen, dass der Parameter
Dissoziationsgeschwindigkeitskonstante oder die Verweildauer des Inhibitors zum
Verstandnis verschiedener spaterer Probleme implementiert werden sollte. Die
Fachmeinung, die sich immer mehr bestétigt, ist, dass die spatere Wirksamkeit des
Medikaments mit der Bindekinetik korreliert werden kann und die Bindekinetik
entsprechend zusatzlich zur Bindestdrke analysiert werden sollte, um geeignete

Medikamentenkandidaten zu finden.

Im ersten Projekt zeigten wir, dass auch eine schwache zelluldre Bindestarke von
Erlotinib zu langsamer Bindekinetik an STK10 fihren kann und sich diese dann in einem
phanotypisch auftretenden Hautausschlag manifestiert. Im zweiten Projekt zeigten wir,
dass medizinalchemische Prozesse genutzt werden sollten, um die molekulare Basis der
Inhibitorinteraktion in sogenannten Strukturkinetischen Beziehungen untersucht
werden sollten, um die Dissoziationsgeschwindigkeit je nach Bedarf medizinalchemisch
anpassen zu kdnnen. Wir zeigten hier, dass eine bestimmte hydrophobe Interaktion der

Grund fiir eine Besondere Konformation des DFG-Loops war, welche den Inhibitor in der
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4 Zusammenfassung (long)
Bindetasche halt. Dies war auch die molekulare Basis fiir die beobachtete Selektivitat
des Inhibitors fiir FAK im Gegensatz zu PYK2. Die Strukturkinetik Beziehungen
verschiedener Proteinkinasen zu verstehen, wird Medizinalchemikern helfen, kinetisch
optimierte Inhibitoren zu entwickeln, die dann im Medikamentenfindungsprozess

weiter optimiert werden.

Beide Projekte zeigten, dass die Dissoziationsgeschwindigkeit als
Optimierungsparameter genutzt werden sollte, um sowohl die Inhibitoreffektivitat als
auch -selektivitat zu steuern und zu verbessern. Es wurde jedoch auch klar, dass die in
vitro bestimmte Bindestdrke oder auch Bindekinetik deutlich abweichen kann fir
verschiedene Proteinkinasen. Im Falle von FAK/PYK2 hat die in vitro Affinitat und
Verweildauer sehr gut mit den in cellulo bestimmten Parametern korreliert. Bei STK10
haben zelluldare Faktoren, zumindest die Prasenz des natiirlichen Substrates ATP in
zellularen (hohen) Konzentrationen dazu gefiihrt, dass die Bindestarke deutlich
schlechter war als in vitro und die Bindekinetik deutlich langsamer war als von in vitro

Daten abstrahiert.

Es wird demnach klar, dass jede Proteinkinase und weitergehend jeder
Zielmolekil neu im zelluldren Umfeld erforscht werden muss, um Medizinalchemikern
die gewlinschten Werkzeuge an die Hand zu geben, um zielgerichtet je nach Projekt die

zellulare Affinitat und Verweildauer zu erreichen.
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5 Zusammenfassung
5 ZUSAMMENFASSUNG

Die im Menschen vorkommenden Proteinkinasen steuern zelluldre Signalwege
und wurden als Ausloser verschiedener Krankheiten wie Krebs, entziindliche Prozesse
oder metabolische Deregulation identifiziert. Wegen dieser zentralen Rolle in der
Entwicklung oder der Verschlimmerung von Krankheiten sind Proteinkinasen
interessante Zielmolekile fiir Medikamente. Bisher wurden 52 Medikamente von der
,,Food and Drug Administration” (FDA), der amerikanischen

Medikamentenzulassungsbehorde, zugelassen.

Im Medikamentenfindungsprozess ist die Affinitat der zu findenden Inhibitoren
der meist eingesetzte Parameter, um die spatere Wirksamkeit im Menschen
abzuschatzen. Die Wirksamkeit des Medikaments im Menschen wurde vor einiger Zeit
jedoch mit der Bindekinetik des Inhibitors verkntipft, was bisher noch wenig Anwendung
in der pharmazeutischen Forschung findet. Um einen deregulierten Signalweg effektiv
zu inhibieren, muss die Zielkinase jedoch dauerhaft inhibiert werden. Entsprechend geht
man davon aus, dass ein effektiver Inhibitor eine schnelle
Assoziationsgeschwindigkeitskonstante und eine langsame
Dissoziationsgeschwindigkeitskonstante haben sollte. Neben der Optimierung der
Affinitat von Proteinkinaseinhibitoren gewinnt daher die Optimierung der Bindekinetik
eines Inhibitors zunehmend an Bedeutung, da ein Inhibitor nur wirken kann, wenn er
auch gebunden ist, wie Paul Ehrlich einmal sagte. Er gibt immer mehr Beweise dafiir,
dass es eine Korrelation zwischen einer langsamen
Dissoziationsgeschwindigkeitskonstante und einer groRBeren Effektivitat im Menschen
gibt. Weiterhin gibt es zunehmend Beweise dafiir, dass die Selektivitit eines
Kinaseinhibitors tGber die Kinetik und nicht wie bisher tiber die Affinitat reguliert werden
kann. Dies gilt besonders im zelluldren Kontext, weshalb wir zwei Projekte zur

Untersuchung der Bindekinetik fiir zwei Proteinkinasen initiiert haben.

Das erste dieser Projekte untersucht die Serin/Threonin Kinase STK10 und die
stark verwandte Proteinkinase SLK, die beide der sogenannten STE20 Familie
zugerechnet werden. STK10 und SLK sind als hochfrequente sogenannte Anti-
Zielmolekile der bestehenden in der klinischen Forschung bisher eingesetzten
Proteinkinaseinhibitoren bekannt und stehen im Verdacht Nebenwirkungen auszul6sen.

Im Speziellen wurde eine Inhibition von STK10 und SLK mit einem sehr starken
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5 Zusammenfassung
Hautausschlag assoziiert, wegen welchem die Behandlung durch den EGFR-Inhibitor
Erlotinib zum Teil abgesetzt wird. Erlotinib bindet die Kinasen STK10 und SLK stark,
wahrend ein weiterer EGFR-Inhibitor, Gefitinib, diese Kinasen nicht bindet und
Patienten als Nebenwirkungen auch keinen starken Hautausschlag bekommen. Das
passt auch zu dem, was liber STK10 und SLK bekannt ist, ndmlich, dass beide Kinasen
Lymphozytenmigration und die Proteinkinase PLK1 regulieren. Es ist jedoch nicht
bekannt, warum diese beiden Proteine so hochfrequent an die klinischen
Proteinkinaseinhibitoren binden. Mithilfe struktureller Analysemethoden haben wir die
Flexibilitat von STK10 als méglichen Grund fir diese hohe Trefferrate identifiziert. Die
sehr starke Bindeaffinitat, die wir fir STK10 bestimmt haben, hat sich im zellularen
Umfeld jedoch nicht bestatigt. Die Flexibilitat von STK10 erméglicht jedoch eine Vielzahl
von strukturellen Verdanderungen, weshalb wir die Bindekinetik untersuchten. Die
strukturelle Flexibilitdit wurde dann als mogliche Ursache fiir besonders langsame
Dissoziationsgeschwindigkeitskonstanten verschiedener klinischer Kinaseinhibitoren
bestimmt. Es wurden groRe Veranderungen im hinteren, sehr hydrophoben Bereich
Bindetasche beobachtet. Im Speziellen haben wir Verdanderungen an der sogenannten
aC von bis zu 8 A beobachtet, gesehen, dass der P-Loop den Inhibitor wie ein Deckel
umschlieBen kann und starke n-m-Wechselwirkungen mit dem Inhibitor ausbilden kann.
Hierbei wurde im zelluldaren eine deutlich langsamere Dissoziation des Inhibitors
Erlotinib beobachtet, als fiir den Inhibitor Gefitinib, was darauf hindeutet, dass die
Bindekinetik bei schwacher wirkenden Affinitdten untersucht werden sollte, um
mogliche Nebenwirkungen durch unerwiinschte lange Inhibition aufzudecken. Dies

sollte in zukiinftigen Medikamentenfindungsprozessen implementiert werden.

Im zweiten Projekt, welches die potentielle kinetische Selektivitat der Focal
adhesion kinase (FAK) und der verwandten proline-rich tyrosine kinase 2 (PYK2) fiir den
Inhibitor PF-562,271 untersucht, haben wir mithilfe einer chemischen Serie strukturell
ahnlicher Inhibitoren den Bindeprozess beleuchtet. Die
Dissoziationsgeschwindigkeitskonstanten, die wir sowohl in vitro als auch in Zellen
bestimmten, haben hier eine starke Korrelation gezeigt. Mithilfe von
Rontgenstrukturanalysen und einer Mutagenesestudie haben wir eine spezifische
hydrophobe Interaktion der langsamen Inhibitoren mit dem im FAK DFG-Loop
befindlichen Leuzin Nr. 567 beobachtet, welche den DFG-Loop in eine helikale Struktur

stabilisierte. Dies wurde im PYK2 Protein nicht beobachtet. Diese als Affinitatsdifferenz
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benannte Anomalie war nach unseren Untersuchungen eher der Bindekinetik des
Inhibitors zuzuordnen, was die Regulation der Bindekinetik fiir das Erreichen von
Selektivitat verdeutlicht. Die Verbindung der strukturellen Mobilitdt des Proteins mit
dem nun Inhibitor-induzierten strukturellen Effekt im Zielmolekiil FAK wurde als

Schlisselregulator der Selektivitat identifiziert.

Beide Projekte zeigen, dass der Parameter
Dissoziationsgeschwindigkeitskonstante zum Verstandnis verschiedener spaterer
Probleme implementiert werden sollte. Die Fachmeinung bleibt bestehen, dass die
spatere Wirksamkeit des Medikaments mit der Bindekinetik korreliert werden kann und
die Bindekinetik entsprechend zusatzlich zur Bindestarke analysiert werden sollte, um
geeignete Medikamentenkandidaten zu finden. Im ersten Projekt zeigten wir, dass auch
eine schwache zelluldre Bindestarke von Erlotinib zu langsamer Bindekinetik an STK10
fihren kann und sich diese dann in einem phanotypisch auftretenden Hautausschlag
manifestiert. Im zweiten Projekt zeigten wir, dass medizinalchemische Prozesse genutzt
werden sollten, um die molekulare Basis der Inhibitorinteraktion in sogenannten
Strukturkinetischen = Beziehungen  untersucht werden sollten, um die
Dissoziationsgeschwindigkeit je nach Bedarf medizinalchemisch anpassen zu kdénnen.
Wir zeigten hier, dass eine bestimmte hydrophobe Interaktion der Grund fiir eine
Besondere Konformation des DFG-Loops war, welche den Inhibitor in der Bindetasche
halt. Dies war auch die molekulare Basis fiir die beobachtete Selektivitat des Inhibitors
fir FAK im Gegensatz zu PYK2. Die Strukturkinetik Beziehungen verschiedener
Proteinkinasen zu verstehen, wird Medizinalchemikern helfen, kinetisch optimierte
Inhibitoren zu entwickeln, die dann im Medikamentenfindungsprozess weiter optimiert
werden. Beide Projekte zeigten, dass die Dissoziationsgeschwindigkeit als
Optimierungsparameter genutzt werden sollte um sowohl die Inhibitoreffektivitat als

auch -selektivitat zu steuern und zu verbessern.
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6 INTRODUCTION

Cancer is the second leading cause of death in the United States!!. This year, the
American Cancer Society projects 1.8 million new cancer cases and over 600,000 cancer
death in the US. While the leading cancer types are lung, colorectal, breast and prostate
cancer, lung cancer alone caused more death than the other cancer types combined.
The most common new cancer cases are prostate cancer in male and breast cancer in
female. Happily, the overall cancer death rate has decreased by 29% over the past

decades (2008-2017), often due to improved treatment.

To describe the complex biology of cancerous cells in comparison to healthy cells,
10 hallmarks have been proposed by Hannahan and Weinberg? and refined to 7 more
organized hallmarks'3. Cancer cells show selective growth and proliferative advantage,
altered stress response favouring overall survival, vascularization, invasion and
metastasis, metabolic rewiring, an abetting microenvironment, and immune
modulation. Hallmarks can be developed upon genome mutations that dysregulate
control mechanisms in various biochemical signalling pathways and alter gene
expression. The most commonly dysregulated family of proteins in the signalling circuits

of the cell is protein kinases.

Protein kinases fulfil various functions as regulators in cell signalling pathways
and therefore have emerged as therapeutic targets for many human diseases including

cancer, metabolic diseases and neurologic disorders4.

Kinases are a family of enzymes that transfer a y-phosphate of an adenosine
triphosphate (ATP) molecule to a hydroxyl-group of their substrates. Protein kinases
phosphorylate three potential amino acids as substrates and are grouped into
serine/threonine and tyrosine kinases according to their substrate preference. Protein
kinases share a highly conserved tertiary structure and catalytic mechanism and were
therefore clustered based on their sequence identity by Manning et a/*® and
subsequently organized into a phylogenetic tree'® (Fig. 1A). The 518 human kinase genes
are depicted as endpoints of the phylogenetic tree that is based on a sequence

comparison of the catalytic domains, and additional factors such as sequence similarity
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and overall protein domain structure. The protein kinases were subclustered into 7
subfamilies: The AGC family comprises PKA, PKC and PKG kinases, the CAMK family
includes calcium/calmodulin-dependent protein kinases, the CK1 family consists of
casein kinase 1 homologs, the CMGC family includes subfamilies CDK, MAPK, GSK3 and
CLK, the STE family includes homologues of yeast sterile 7, sterile 11 and sterile 20
kinases and the remaining two groups are called tyrosine kinases (TK) and tyrosine

kinase-like (TKL)?®.

Kinases are located in various parts of the cell. Receptor tyrosine kinases are
transmembrane proteins localized in the plasma membrane of the cell and transduce
external signals. Other kinases have very different subcellular locations, e.g. the nucleus
or cytoplasm?’. Kinases currently targeted in cancer are for example kinases involved in
several hallmarks like proliferation, e.g. MEK1 and MEK2 in the MAPK pathway, mTOR
in the PI3K-Akt signalling pathway or RSK in the FGFR dependant proliferation*®. Kinases
involved in cell cycle regulation and mitosis are CDKs, Aurora kinases or PLKs and are

therefore oncology targets.

Fig. 1: Protein kinases share a conserved architecture. (A) Manning et al*® identified 518 protein kinases in the
human genome and organized these by sequence similarity into the kinome phylogenetic tree'é. (B) The protein kinases
domain is highly conserved and consists of two lobes (N-lobe, C-lobe) that are connected via the hinge region and
contain the P-loop, DFG-loop and HRD-loop for substrate recognition and their catalytical function. The regulatory
spine consists of hydrophaobic residues of the kinase and stabilizes the kinase conformation to be active if the spine is
intact or inactive if the spine is broken. PDB 2g2i was used for figure creation. (C) The substrate ATP is highly
complexed via G249/G250 in the P-loop (ATP-phosphates), polar hinge interactions with E316/F317/M318 (adenosine
ring) and a magnesium-mediated bond with D381. PDB 2g2i was used for figure creation. ATP = adenosine
triphosphate.

Nearly all kinases share conserved arrangements of secondary structure in 12
subdomains that are forming into a bi-lobed catalytic core structure with the ATP
binding in a deep cleft located between these lobes!® (Fig. 1B). While the N-terminal
lobe consists primarily of beta sheets and at least one alpha helix called the aC, the C-

terminal lobe consists primarily of alpha helices. The N- and C-terminal lobes are
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connected by the hinge region that is involved in ATP binding via polar backbone
hydrogen bonds with the adenosine ring of ATP. The ribose moiety of ATP often is
connected to a nearly located polar amino acid, e.g. N322 in ABL1 (Fig. 1C). The so-called
P-loop, G-loop or glycine rich loop contains a glycine rich motif GxGxxG that forms
hydrogen bonds with the phosphate residues of ATP. The activation loop, as well called
DFG-loop, contains a conserved DFG and APE motif and is involved in regulating kinase
activity. This activation loop can assume many conformations and is often a determinant
of an active or inactive state of the protein kinase dependant on whether it is in an
inward position (DFG-in) or faced outside of the ATP pocket (DFG-out). The aspartate
residue within the DFG-motif is responsible for chelating a magnesium ion that positions
the ATP phosphates for phototransfer. If the chelating aspartate residue faces outwards,
the reaction will not take place. Most kinases (except the with no lysine kinases (WNK))
share a conserved lysine in the active site B-sheet that is involved in both the binding of
the co-substrate ATP and interacting with a glutamic acid residue located in helix aC
when the kinase is in an active conformation'®. The aspartate located in the catalytical

loop or HRD-loop is critical for the phosphor transfer.

In the overall structure, a kinase catalytical domain contains a hydrophobic
regulatory spine that holds the kinase structure in place (Fig. 1B). In a DFG-out
conformation the hydrophobic phenylalanine points towards the ATP active site,
thereby disrupting the hydrophobic interactions necessary for the regulatory spine.
Likewise, there is a catalytical spine that is complemented by the adenosine residue of
ATP. Only if all motifs of this architecture are located in the exact right position and

angle, the protein kinase will be active to phosphorylate a substrate residue.

The deep-binding pocket of protein kinases for the co-substrate ATP makes them
targetable with small molecule inhibitors. The use of small molecule BCR-ABL tyrosine
kinase inhibitors like e.g. imatinib increased the 5-year related survival for patients with
chronic myeloid leukemia from 22% in 1970 to 70% for patients diagnosed 2009-20151.
Despite this significant progress, only a small group of kinases has been the focus of
research suggesting that more disease mechanisms will be targeted by kinase inhibitors

in the future®20, Currently, there are 52 protein kinase inhibitors approved??.
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6.3.1 Types of protein kinase inhibitors
Four different classes of kinase inhibitors have been defined based on their

binding mode for the targeted kinase'®?2,

aC
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Fig. 2: Protein Kinase inhibitor Types. (A) Type | inhibitors such as dasatinib on ABL1 (PDB 2gqg) bind the active
site of the active kinase conformation (intact regulatory spine) and share polar hinge interactions similar to the binding
mode of the natural substrate ATP. (B) Type Il inhibitors such as imatinib on ABL1 (PDB 3k5v) bind the active site of
the inactive kinase conformation expanding into the hydrophobic backpocket thereby forcing a DFG-out conformation
and disrupting the regulatory spine. Type Il inhibitors bind the backpocket of the active site of the inactive kinase
conformation occupying the hydrophobic backpocket thereby disrupting the regulatory spine (not shown). (C) Type IV
inhibitors such as GNF2 on ABL1 (PDB 3k5v) bind to an allosteric binding site on the protein surface.

Type | inhibitors are ATP-competitive inhibitors binding to the hinge within the
ATP-pocket when the kinase is in an active state conformation defined by an active “in”
conformation of the DFG motif and an intact hydrophobic regulatory spine?3. Type I
inhibitors are ATP competitive and bind to the hinge and additionally are extending into
the adjacent pocket made available by a conformational change of the DFG-motif in the
activation loop (DFG-out). This conformational change keeps the kinase in an inactive
state and breaks the regulatory spine of the domain. Type lll inhibitors are non-
competitive allosteric inhibitors and bind only to the adjacent hydrophobic pocket
opening because of a DFG-out conformation. Type IV inhibitors are non-competitive
allosteric inhibitors that are binding to a site remote from the ATP binding site. This kind
of inhibitor is most frequently of high selectivity as it exploits a unique site in the
particular kinase, however, has a risk of being identified as a binder but does not alter
kinase activity. Lastly, the binding mode of inhibitors can be reversible or irreversible.
Covalent inhibitors are forming an irreversible bond to the kinase active site typically by
reacting with a nucleophilic cysteine residue. Recently, reversible covalent kinase

inhibitors?* have been described closing the kinase inhibitor space.

6.4 INHIBITOR BINDING PARAMETERS AND INHIBITOR SELECTIVITY
Because protein kinases are a large superfamily of enzymes that share highly
similar active sites, achieving selectivity for disease associated targets remains a major

challenge in this field and insufficient target selectivity has limited the applications of
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kinase inhibitors mainly to the oncology area where broader kinome wide non-
selectivity of inhibitors is often tolerated during short treatment circles and sometimes
even is desired. The development of large selectivity screening panels that are now
widely available transformed our knowledge of kinase inhibitor selectivity?>. However,
even with these data in hand, the cellular targets of kinase inhibitors remain largely
enigmatic due to the complexity of factors that can influence inhibitor efficacy in cells.
Some of these mechanisms have been elucidated: Kinases are highly dynamic enzymes
that are rapidly activated by phosphorylation, interaction with domains flanking the
kinase catalytic domain and by a diversity of regulatory proteins. These interactions and
modifications have a profound effect on the structure and dynamic features of the
catalytic domain and therefore the binding and efficacy of inhibitors in cells. In addition,
kinases differ significantly in their affinity for the co-factor ATP. Within a family of 518
protein kinases and over 2000 other nucleotide-dependant enzymes like polymerases,
chaperones, motor proteins, reductases and methyltransferases'® it remains challenging
optimizing a particular inhibitor to be selective in order to avoid off-target toxicity due
to kinome cross-reactivity. In order to achieve the desired selectivity profile, different
parameters can be optimized. To find a potential starting molecule for developing a lead
compound most drug discovery processes are starting with large screening-campaigns
of drug-like molecule libraries. More recently rational drug design is used in order to
make the drug discovery process more efficient. Some of the optimization parameters

used in the drug optimization are described in the following section.

Target affinity is often assessed in cell-free in vitro assays that measure
compound binding to a target (binding assays) or compound effect on the biochemical
activity (enzyme activity assays)?®. The binding strength of a compound binding to a
protein target is quantified by the half-maximal inhibitory concentration (/Cs0??), or for
binding assays the equilibrium dissociation constant (Kp) of the drug (L)-target (R) binary
complex (RL) or the equilibrium inhibitory constant (Ki) of the receptor-inhibitor complex
can be obtained?® from the ICso. The affinity of a drug for a target in equilibrium is given
by the thermodynamic equation for the free binding energy of the drug to the target

(AGpinding) that is dependent on the free gas constant (R) and the temperature (T) (Equ.
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1) and this free binding energy can be referred to the equilibrium dissociation constant

(Kp), defined by the law of mass action.

AGpinging = —RT In(Ky) = RTIn(Kp) = RTIn <%)

According to the law of mass action in equilibrium (Equ. 1) the affinity and more
explicitly the free energy are higher, the lower the Kp. The Kp additionally is defined as

the concentration of a binding partner for which half of the receptors are bound.

Systematic quantitative selectivity studies have been done on kinases, showing
that e.g. the very promiscuous ATP-competitive type | compound staurosporine binds
various kinases from various kinase families with high affinity, whereas potential drugs
more often only inhibit specific kinases with high affinity?>-32. The potency of an inhibitor

is a way of optimizing drug selectivity.

The question why the binding kinetics of a drug-target-interaction might be an
important parameter for optimization of selectivity is given in the section 6.4.3. First,

the underlying concept of kinetic drug-target-interaction will be explained here.

There are two different models in current usage when describing the interaction
between a target (R) and its compound (L) to form a drug-target-complex (RL) kinetically
(Fig. 3). The simple model (Fig. 3A) mostly known as the lock-and-key-model just
considers a simple one-step association and dissociation of both receptor and ligand
where the rate of RL formation is described with the association rate constant (ka) and
dissociation rate constant (kq). In this model, the association rate constant equals the
on-rate of the ligand (kon) and the dissociation rate constant equals the off-rate of the

ligand (kof).
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Fig. 3: Schematic mechanism of a drug-target interaction. Lock-and-key model (A) and Induced-fit-model (B).
R =receptor, L= ligand, RL = (initial) receptor-ligand complex, kx = rate constant; R*L = energetically favored
receptor-ligand-complex. Picture was taken and slightly derived from Copeland .

However, the commonly used lock-and-key-model for assessing the drug-target
residence time, where the residence time is simply characterized as the ratio of the off-
rate of the decay of a drug-target complex and its on-rate upon complex formation is
not enough and has been replaced by the more sophisticated induced-fit-model (Fig.
3B). Here, the drug and target form an initial complex determined by an on- and off-rate
and then the complex undergoes an internal isomerization forming an energetically
favored induced drug-target-complex, which kinetically ‘traps’ the inhibitor in the target
resulting in a high-affinity binary complex between receptor and ligand (RL"). The
determination of the off-rate is than not only dependant of the initial RL decay but also

on the high-affinity complex formation and decay.

6.4.3 Pharmacokinetics and the efficacy of a drug in vivo

Recently it has been shown that the in vivo efficacy of a potential drug is more
often related to the binding kinetics of a compound rather than to its affinity alone
where the same (high) affinity can be obtained via different ratios of on- and off-rate?6:3%
39 (Equ. 2) referring to the statement of Paul Ehrlich around the turn of the 20th century

“corpora non agunt nisi fixate”*° (,,a substance will not work unless it is bound®).
koff Equ. 2
kOI'l

KD=

In an open system, the efficacy of a drug is rather determined by the kon and kot
of the drug-target complex?®. This off-rate can be translated to both a residence time
(RT, 1) of the drug for the target and a dissociative half-life which makes the off-rate an

important optimization factor in vitro for later in vivo efficacy (Equ. 3*!) .

-43-



6 Introduction

1 t
— — — 2
RT =1 Kot In (0.5)

In the human body (in vivo) the concentration of drug that is given differs in
different compartments and tissues which ultimately means the drug concentration is
no longer constant but varies with time after dosing. Hence, in this system considered
‘open’ the drug concentration varies and is influenced by factors different than the
molecular interactions with the target?® identified in the ‘closed’ system (in vitro). In an

open system pharmacokinetics have to be considered for the evaluation of the drug.

It has been shown that many clinical and especially approved drugs show a
prolonged residence time for their targets*?**. Different optimization opportunities for

long residence time drugs will be briefly summarized here.

Because in vivo the duration of drug action is related to the rate of drug
dissociation, the residence time of a drug for the target is a potential optimization
parameter that can improve the selectivity of the drug by kinetic binding properties®. If
the target is inhibited much longer than a hypothetical equipotent off-target,
pharmacokinetically the target effect will outlast the off-target effect. This is considered
kinetic selectivity. In the open setup, the drug concentration would peak after oral
dosing. The equipotent off-target with fast on-, fast off-kinetics would be inhibited much
faster than the target as oral bioavailability was linked to the on-rate of a compound.
However, the slow off- slow on-rate target would be inhibited more slowly but outlasts
the wash-out effect of the steady blood flow. The fast off off-target will not be inhibited

longer. The on-rate is ultimately limited by the velocity of diffusion that is estimated to

1 . . . ..
be 108 s 26 A nice example for kinetic selectivity has been shown for a drug named

Tiotropium that is binding the three muscarinic receptors M1, M2 and M3 with similar
affinity, but completely different binding kinetics*®. This behaviour causes a kinetic
selectivity for its original target M3, being inhibited for 35 hours whereas the off targets

are only inhibited for much shorter periods of time.

When the residence time of the biological complex is long, a significant level of
receptor occupancy can be sustained even when the systemic levels of ligand diminished

significantly?’. Kinetic selectivity has an effect on the therapeutic window if a drug
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displays a long residence time at its primary target and short residence time on off-

targets over the cause of dosing®.

The dosing of a compound is affected by drug residence time. If a target is
inhibited longer in vivo because of longer receptor occupancy by the drug, the dosing
interval can be regulated and optimized?®. Using the same example of muscarinic
receptor M3, different inhibitors showed different binding kinetics, but similar affinity*2,
The slow-off-rate compound Tiotropium was able to inhibit its target for 35 hours in
comparison to the competitor drugs Clinidium (30 minutes), Ipatropium (10 minutes)
and Atropium (2 minutes). With an occupancy of over 24h, a daily dosing interval can be
considered which increases patient comfort. Other examples for beneficial long
residence times are angiotensin |l type 1 antagonism used for lowering of blood pressure
in the long residence time inhibitor candesartan versus the slow residence time inhibitor
losartan?®°°, Highest residence times would be reached with irreversible, covalent
inhibitors like Aspirin, which inhibits the COX2-receptor via a covalent cysteine
bondage®!. Irreversible inhibition always bears the risk of drug safety problems as

described in the next section.

The optimization of residence time is target dependant. For some targets a
prolonged duration of action leads to a complete inhibition and hence to a more
efficient, comfortable or selective drug. Some targets, however, are linked to serious
side-effects when inhibited for long duration. Here, the residence time should be
optimized to only shortly inhibit the target>2. A potent compound would here have a
very high on-rate if the residence time should be short. A fast on-rate is related to a good
bioavailability whereas the slow on-rate of a slow off-rate compound gives poor
bioavailability. Having a long residence time, drugs can accumulate, and local drug
concentration might outreach the therapeutical window, which is the window between
action of the drug, and drug toxicity. Examples for residence time dependant toxicity3®
are the dopamine receptor antagonists used as antipsychotics which caused immediate
adverse effects through mechanism based toxicity, N-methyl-D-aspartate receptor
antagonists used for Alzheimer’s disease or cyclooxygenase inhibition where aspirin

with its long (irreversible) binding profile increases the risk of bleeding events.
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Although an optimization of the residence time is advantageous, there are some

limitations of the concept.

The drug-target residence time is linked to the pharmacokinetic half-life of target
degradation or new target synthesis33. Optimization of the residence time only has an
impact on pharmacodynamics when the residence time is longer than the
pharmacokinetic terminal half-life. When the pharmacological effect of the drug outlasts
the lifetime of pharmacological concentrations of drug in systemic circulation. If drug
target residence time is less or similar to the pharmacokinetic half-life no extended
effect will be realized because the target engagement would be equally well driven by
simple mass-balance effects. This was nicely depicted by a simulation of Dahl et al*? (Fig.

4).

Receptor degradation has an effect on binding kinetics®*. The value in optimizing
the residence time for a target is in vivo limited to the lifetime of the biological target
protein in cells where physiological inhibition is achieved when the residence time of
the drug-target complex equals or exceeds the half-life of protein biosynthesis within
the cell population that is targeted®. If new target protein is rapidly synthesised by the
cell, such that the concentration of new protein exceeds the intracellular drug
concentration, the newly synthesized protein will perform its biochemical function
unrelated to the presence of drug inhibiting pre-existing proteins33. This happens e.g. in

rapidly proliferating organisms.
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Fig. 4: Pharmacological simulation of a theoretical equipotent drug with different binding kinetics from Dahl et
al®®: Drugs with an off-rate in the range up to 10 (s) do not outlast the pharmacokinetic effect. A residence
time beyond this will have a pharmacological effect even after complete wash-out of the dosed drug.

In summary the optimization of residence time is target dependent. Fast kinetics
lead to short, ultimate physiological inhibition having good bioavailability whereas slow
kinetics lead to shortened dosing intervals and longer duration of action, which can
cause problems with bioavailability, = mechanism-based-toxicity or drug

accumulation1214.1833

6.5 STRUCTURE KINETIC RELATIONSHIPS

In lead optimization, medicinal chemists typically use the described equilibrium
binding parameters ICso and Kp or K| (6.4.1). In a structure activity relationship (SAR)
medicinal chemists attribute incremental changes in affinity to the desired target to
certain chemical functional groups using a systematic series of test compounds®>. Taking
the kinetic binding parameters into account (6.4.2), in a structure kinetic relationship
(SKR), medicinal chemists attribute incremental changes in binding kinetics to certain
chemical functional groups, similar to a SAR. As affinity and residence time are
thermodynamically linked (Equ. 2), the parameter chosen to describe a SKR should be

independent of the one describing an SAR.

In the induced fit model of drug and target, the internal isomerization of the RL
complex to the high affinity RL* complex typically leads to an occlusion of the binding

pocket from bulk solvent, thereby strengthening hydrophobic-hydrophobic interactions
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and thereby the RL* state33*1. In this case, often loops and other structural elements

are ordered to form a lid for the drug binding pocket kinetically ‘trapping’ the inhibitor®.

Mechanisms, that have been reported to cause the drug to be kinetically trapped
and were shown to prolong the compounds binding kinetics include structural
rearrangements upon compound binding, Ligand specific induced fit>’, conformational
adaptation of the system®®, water rearrangements and changes in the water
network>>®, shielded h-bonds®?, transient interactions with covalent or reversible

character? or halogen-aromatic interactions®2.

Especially the activation loop might be interesting when considering the induced-
fit model for kinases. The DFG-out conformation was e.g. described for BIRB796
analogues as a mechanism for a slow on-rate®3 and hence high residence time given the
potency of the compound. Also, the kinetic difference between type | and type I
inhibitor is linked to DFG-in and -out states because of a significantly higher free-energy
barrier®. A DFG flip in FGFR1 was reported to influence binding kinetics®*. Type | PDA

was enthalpically driven and fast and ponatinib (type Il) entropically driven and slow.

A binding of drugs into the deep binding pocket requires a desolation of water
molecules which decelerates the binding process>>®> which was termed ‘displacement
of energetically unhappy waters’ that are displaced or stabilized by the compound.
Contrary, the association rate of the compound might be enhanced by introducing polar
moieties to the ligand®. Here it is to consider that fast association kinetics can be linked
to a rebinding of the drug that leads to a higher pharmacological action and target

occupancy®®.

Structure kinetic relationships do yet not contain enough information to be
generalized for future guidance of medicinal chemists beyond the target studied®’.
However it has been shown that an introduction of methylene linkers on DOTL1°%,
halogens on Haspin® and CRF-1%°, bulky hydrophobic groups on IGF-1R7? or methyl
groups on p38 kinase® and HSP90°%! did prolong target residence times. Generally, the
hydrophobicity of sulfonamides on carbonic anhydrase’! additional to the examples
mentioned before seem to prolong the target residence time by making the compound

more ‘sticky’.
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In this thesis we identified potential cases of residence time relevant follow up

projects.

In this study we investigated serine/threonine kinase 10 (STK10) also known as
lymphocyte-oriented kinase, LOK and STE20 like kinase (SLK). The two serine/threonine
kinases are reported to be binding various kinase inhibitors in large scale screens?>7276,
STK10 is a 112kDa protein’” which is highly expressed in hematopoietic tissues’® and in
lymphoid organs and lymphocytes’. The homogenous kinase SLK (143 kDa) is expressed
ubiquitously. STK10 and SLK share a highly similar kinase domain (73% identical
sequence) and contain characteristics for the family of STE20 kinases!®. An activation
segment exchange mechanism was shown on STK10 and SLK upon homodimerization

and was facilitated by a dimerization of their coiled coil domains®.

STK10 has been shown to downregulate the production of IL-2 in lymphocytes
by negatively regulating the MEKK1 pathway, which activates cytokine transcription and
leads to inflammatory responses’?2!, STK10 phosphorylates ERM (Ezrin/radixin/moesin)
proteins®?83, STK10 has been also shown to activate PLK1 in vitro in cooperation with its
relative SLK leading to cell cycle progression’®348  Therefore, STK10 may have some

potential as an anti-cancer target.

Many epidermal growth factor receptor (EGFR) inhibitors show a severe skin rash
as a side-effect®®’. Unfortunately, this side-effect can be severe enough to necessitate
dose-reduction or termination of treatment®8, and shows a range of severity between
patients. For erlotinib or gefitinib — two EGFR inhibitors — the presence of the skin rash
correlated with a more positive treatment outcome®>23, which indicated a dose-
escalation until the onset of severe skin rash would yield better treatment outcomes for

NSCLC®.

If the skin rash is severe, cytokine release, inflammation, and a large infiltration
of leukocytes, especially monocytes and lymphocytes was reported®:%. It may be that
the higher doses of EGFR inhibitors are related to off-targets and that these off-targets

even contribute to the treatment outcome.
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Erlotinib was reported to induce a much worse skin rash than gefitinib®%-8. The
unwanted skin related side-effects were linked to an off-target inhibition of STK10 and
SLK by erlotinib®. While an up-regulated IL-2 secretion and cell migration in
lymphocytes was observed for erlotinib, but not gefitinib, these effects did not occur

after siRNA knockdown of STK10%.

Focal adhesion kinase (FAK) and its relative Protein tyrosine Kinase 2 (PYK2) are
non-receptor tyrosine kinases involved in cell migration, proliferation and survivall®,
While PYK2 is expressed in brain, vascular smooth muscle, endothelium, spleen, kidney
and hematopoietic cells, FAK is expressed ubiquitously!??-103, Both kinases share 46%
sequence identity with similar overall architecture. They contain an N-terminal FERM
domain followed by the central kinase domain that shares 61% sequence identity,
followed by a proline rich region and the C-terminal focal adhesion targeting (FAT)
domain'®, The activation pattern for FAK and PYK2 differ, where FAK is activated by
integrins, growth factor receptors and cytokine receptors, PYK2 is activated by
intracellular calcium mobilization2, Both are focal adhesion kinases that promote
tumour proliferation and metastasis and are long known targets in the fight of several
cancers!®>107 Studies have shown that an inhibition of FAK results in an upregulation of
PYK2 which lead to cancer drug resistance. To overcome this, several dual FAK/PYK2
inhibitors have been tested by Pfizer in the clinics'®®: PF-4313961%°, PF-562271'1° and
PF-8554878 (defactinib)*'!, as well as selective FAK PF-573228!1? and selective PYK2 PF-
719113 inhibitors. Crystal structures have been solved for PF-562271 for both FAK (3bz3)
and PYK2 (5tob), showing an uncommon helical DFG-motif in FAK but not PYK2 (Fig. 5).
This mechanism has been identified as the cause for the approximately 9-fold improved

potency of PF-562271 for FAK (/Cso = 1.5 nM) over PYK2 (/Cso = 13 nM)*10,

-50-



6 Introduction
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FAK 617 MHGVKPFQGVKNNDVIGRIENGERLPMPPNCPPTLYSLMTKCWAYDPSRRPRFTELKAQLSTIL
PYK2 620 SFGKQPFFWLENKDVIGVLEKGDRLPKPDLCPPVLYTLMTRCWDYDPSDRPRFTELVCSLSDVY
* ** 3] * * Kk Kk x * * . *** * * K Kk ** *** *k khkkk krkkkkkx . ** .

Fig. 5: Structural data explalmng the apprommately 9-fold selectlwty of PF 562271 for FAK versus PYK2. A)
binding of FAK to inhibitor PF-562271, data from PDB 5tob. B) Binding of PYK2 to inhibitor 1, data from PDB 3bz3.
Hinge region (H), P-Loop (g.1), aC and DFG-motif are labelled for orientation. C) Sequence alignment of FAK and
PYK2 (ClustalW. Structural elements are named according to KLIFS-assessment. Beta-sheets are labelled with Roman
italic numbers, alpha-helices are underlined. g.I=glycine-rich-loop, b.I=b-loop, G=Gatekeeper, H=Hinge, lin=linker,
c.|=catalytic-loop, a.I=activation loop. Residues involved in interactions with PF-562271 in the above mentioned PDBs
are shown in red and residues depicted in A) and B) displaying ligand interactions or differences in sequence are
labelled with a black rectangle.

Recently, several studies provided support for the idea that the kinetic properties
of a drug, specifically the residence time (t=1/koff), may provide a better indication of
the duration of the pharmacodynamic action in vivo than binding affinity alone33¢7, We
therefore investigated binding kinetics as a potential cause for the 9-fold selectivity of

PF-562271 for FAK over PYK2.
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7 OBJECTIVES

The aim of this thesis is to identify examples of a translation of molecular
structures of proteins to a defined residence time or of cases where the target-
residence-time should be considered in the drug optimization process. Therefore, this

thesis aims to investigate two projects:

1. The aim of the first study was to understand the structural
mechanisms resulting in the binding of a large diversity of clinical
inhibitors to the STK10 off-target and if STK10/SLK are indeed
inhibited in cellular systems. Additionally, we were interested
whether it might be the residence time of STK10/SLK inhibitors
causing the reported skin rash side effects of FDA approved kinase
inhibitors erlotinib but not gefitinib with STK10/SLK off-target activity.

2. In the second study, we wanted to explore the kinetic properties of
the PF-562271 series of FAK and PYK2 inhibitors to study if differences
in residence times could be utilized for the development of kinetically
selective or balanced dual FAK/PYK inhibitors. In order to understand
the distinct kinetic profiles of FAK or PYK2 binding, we performed
surface plasmon resonance assays, in-cell binding experiments and
structural and site-directed mutagenesis studies to gain insights into
the protein residues determining kinetic selectivity, and the dynamics

of protein-ligand interactions.
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8 MATERIALS AND METHODS

Description Name Company (Headquarter)
Centrifuges Table centrifuge HERAEUS PICO 21 Thermo Fischer Scientific Inc.
g Centrifuge (US-Waltham)

Crystallization Imager
and storage

Gel power supply
Gelfiltration system

Incubators

Cell culture hood

Liquid handlers

Mass Spec

Measuring instrument

Molecular Gel Imager
PCR machine

pH Meter

Photometer

Pipettes

Centrifuge 5810 R
Avanti JXN-26

Plate centrifuge HERAEUS

MEGAFUGE 16 Centrifuge
Minstrel UV

PowerPac HC
AKTA xpress
Multritron Incubator Shaker

INCU-Line Digital Mini-Incubator
Sanyo CO; incubator
MaxiSafe2020

ECHO and Access

ECHO 550

Multidrop Combi with Small tube
plastic tip dispensing cassette,
#835023437

Mosquito

6530 Accurate-mass Q-TOF LC/MS

with 1290 Infinity LC Injector HTC
PHERAstar FS, PHERAstar FSX,
CLARIOstar

Stratagene Mx3005P

Gel Doc XR+ with Image Lab
Software

Thermo-cycler

3510 pH Meter

UV/visible Spectrophotometer

Ultraspec 1100 pro

Eppendorf Research Plus 0.1-2.5
Eppendorf Research Plus 2-20
Eppendorf Research Plus 20-200
Eppendorf Research Plus 100-1000

Pipetus Pipettor

Eppendorf (GE-Hamburg)
Beckman Coulter (US -
California)

Thermo Fischer Scientific Inc.
(US-Waltham)

Rigaku (J - Tokyo)

Bio-Rad Laboratories, Inc.
(US-Hercules)
GE Healthcare Life Science

(UK-Chalfont St Giles)

Infors HT AG (CH-
Bottmingen)
VWR International GmbH

(GE-Darmstadt)

Sanyo (J — Osaka)

Thermo Fischer Scientific Inc.
(US-Waltham)

Labcyte Inc. (US - Sunnyvale)
Labcyte Inc. (US - Sunnyvale)

Thermo Fischer Scientific Inc.
(US-Waltham)

TTP Labtech (UK - Melbourn)

Agilent Technologies (US-
Santa Clara)

BMG Labtech GmbH
(GE-Offenburg)

Agilent Technologies (US-
Santa Clara)

Bio-Rad Laboratories, Inc.

(US-Hercules)

Biometra (GE-Gottingen)
Jenway Bibby Scientific Ltd.
(UK - Straffordshire)

GE Healthcare Life Science
(UK-Chalfont St Giles)
Eppendorf AG (GE-Hamburg)
Eppendorf AG (GE-Hamburg)
Eppendorf AG (GE-Hamburg)
Eppendorf AG (GE-Hamburg)

Hirschmann Laborgerate
GmbH & Co. KG (GE-
Eberstadt)
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Thermo Fischer Scientific Inc.
(US-Waltham)
Thermo Fischer Scientific Inc.
(US-Waltham)
Sonics & Materials, Inc. (US-

Thermo E1 Clip-Tip 200

Thermo E1 Clip-Tip 12.5

Sonificator Vibra cell
Newtown)
Heat Sealer PlateLoc Agilent Technologies (US-
Santa Clara)
Shaker MixMate Eppendorf AG (GE-Hamburg)
SPR Biacore T200 GE Healthcare (US-lllinois)
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Description

Name

Company (Headquarter)

Akta columns

Baffled glass for
expression
Baffled plastic for
preculture

Centrifuge bottle

Concentrator

Cuvettes

Dialysis membrane

Gel

Microplates

Plates

Seals

Syringe

AKTA column S75 16/60 or S200

16/60
Pyres Fernbach baffled culture flask

250 ml Corning Erlenmeyer baffled
cell culture flask

Centrifuge bottle with Screw
(1000 mL)
Centrifuge bottle with Screw
(40 mL)

Protein Concentrators 30 kDa
Cuvette UV 2.5 ml

SnakeSkin
MWCO
Novex life technologies NUPAGE 4-
12% Bis-Tris Midi Gel

Echo qualified, 384 well
polypropylene microplate, clear, F-
bottom, LBCYPP-0200

Echo qualified, 384 well COC
microplate, clear, F-bottom,
LBCYLP-0200

Masterblock 384 well, deep well,
#782170
Microplate
#782900
Microplate 384 well, small volume,
#784201

Microplate 384 well, small volume,
F-bottom #784900

Microplate, 384 well, F-shape, black,
#781209

Microplate, 384 well,
white, PP, #781207
Masterblock 96 well, 2 mL, V-shape,
#780270

Microplate 96 well, F-bottom, black,
#655900

Microplate 96 well,
natural, #651201
Standard PCR plate for LC480

Nunc Sealing Tapes Aluminium
Acrylate

Nunc Sealing Tapes Polyethylene
Silicone

VIEWseal for crystallization plates

Dialysis Tubing 3.5K

1536  well, black,

F-shape,

V-bottom,

10 mL Syringe

GE Healthcare Life Science (UK-
Chalfont St Giles)

Sigma Aldrich Corp. (US-St.
Louis)
Sigma Aldrich Corp. (US-St.
Louis)
Beckman Coulter, Inc. (UK-
Brea)
Beckman Coulter, Inc. (UK-
Brea)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Labcyte Inc. (US-Sunnyvale)

Labcyte Inc. (US-Sunnyvale)

Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH
(GE-Frickenhausen)
Greiner Bio-One GmbH

(GE-Frickenhausen)

4titude Ltd. (US-Sacramento)
Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)
Greiner Bio-One
(GE-Frickenhausen)
Medicina Ltd. (UK-Bolton)

GmbH
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Description  Name Company (Headquarter)
Antibiotics Chloramphenicol Sigma-Aldrich Corp. (US-St.
Louis)
Kanamycin Sigma-Aldrich Corp. (US-St.
Louis)
Streptomycin Sigma-Aldrich Corp. (US-St.
Louis)
Buffer Bovines Serum Albumin (BSA), # A- Invitrogen AG (US-Carlsbad)
ingredients 7906
DL- Dithiothreithol >98% (DTT) Sigma-Aldrich Corp. (US-St.
Louis)
Glycerol Melford Laboratories Ltd.
(UK-Chelsworth)
HEPES buffer solution Sigma-Aldrich Corp. (US-St.
Louis)
Imidazole, 99+%, crystalline Thermo Fischer Scientific Inc.
(US-Waltham)
KCl Thermo Fischer Scientific Inc.
(US-Waltham)
MgCl2 VWR Chemicals (US-Radnor)
MnCI2 Thermo Fischer Scientific Inc.
(US-Waltham)
MOPS >99.5% Sigma-Aldrich Corp. (US-St.
Louis)
Sodium chloride Sigma-Aldrich Corp. (US-St.
Louis)
TCEP Thermo Fischer Scientific Inc.
(US-Waltham)
TRIS Base Merck KGaA (GE-Darmstadt)
Tween 20 Cisbio Bioassays (FR-Codolet)
E.coli Cells lambda-phosphatase birA Apollo Scientific Ltd. (UK-
Bredbury)
lambda-phosphatase cells Apollo Scientific Ltd. (UK-
Bredbury)
MACH 1 cells Thermo Fischer Scientific Inc.
(US-Waltham)
Cleaning Neutracon Generon Ltd. (UK-
Maidenhead)
Cloning 5x DNA Loading Buffer, Blue Bioline (GE-Luckenwalde)
reagent

BSA |

dCTP
dGTP
dNTP

Santa Cruz Biotechnology,
Inc. (US-Dallas)

Invitrogen AG (US-Carlsbad)
Invitrogen AG (US-Carlsbad)
Invitrogen AG (US-Carlsbad)
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Midi-Prep
Compounds

Crystallizatio
n screen

DSF

Expression

Lanthanide
Media

Dpn |

GeneRuler and O'GeneRuler DNA

Ladders
Gold cloning cells

Herculase 2 buffer

Herculase 2 Fusion DNA Polymerase

Miniprep Kit
MyTag DNA polymerase
NEBuffer 2

PCR ourification kit

pfx buffer

pfx enhancer

pfx polymerase

Phusion polymerase
Phusion polymerase buffer
Primer

Q5 DNA polymerase

Q5 DNA polymerase buffer
Sucrose

SYBR Safe DNA Gel Stain

T4 DNA polymerase

T4 DNA polymerase buffer
Vector pNic28-BSA4
MidiPrep Kit

Compounds

HCS core screen
HIN core screen
JCSG core screen

LFS core screen
Sypro Orange

Biotin
IPTG >99%

Streptavidin-Terbium #610SAXLB
Agar, pure, powder

LB broth (MILLER)

Thermo Fischer Scientific Inc.
(US-Waltham)
Thermo Fischer Scientific Inc.
(US-Waltham)

Agilent Technologies (US-
Santa Clara)
Agilent Technologies (US-
Santa Clara)
Agilent Technologies (US-

Santa Clara)

Qiagen N.V. (NL-Venlo)
Bioline (GE-Luckenwalde)
New England Biolabs (US-
Ipswich)

Qiagen N.V. (NL-Venlo)
Invitrogen AG (US-Carlsbad)
Invitrogen AG (US-Carlsbad)
Invitrogen AG (US-Carlsbad)
Bioline (GE-Luckenwalde)
Bioline (GE-Luckenwalde)

see appendix

Invitrogen AG (US-Carlsbad)
Invitrogen AG (US-Carlsbad)
Thermo Fischer Scientific Inc.
(US-Waltham)

Sigma-Aldrich Corp. (US-St.
Louis)

Merck KGaA (GE-Darmstadt)
Merck KGaA (GE-Darmstadt)
provided by SGC

Qiagen N.V. (NL-Venlo)
available from SGC and
SelleckChem

Qiagen N.V. (NL-Venlo)

Qiagen N.V. (NL-Venlo)
Qiagen N.V. (NL-Venlo)
Qiagen N.V. (NL-Venlo)
Sigma-Aldrich Corp. (US-St.
Louis)

Sigma-Aldrich Corp. (US-St.
Louis)

Sigma-Aldrich Corp. (US-St.
Louis)

Cisbio Bioassays (FR-Codolet)
Sigma-Aldrich Corp. (US-St.
Louis)

Sigma-Aldrich Corp. (US-St.
Louis)
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Cell culture
media

NaOH
Purification

Solvent

Tracer

NanoBRET

OMNIA

SPR

Peptone from casein (Tryptone)
Yeast Extract Granulated

DMEM Dulbecco’s modified eagles
medium (Gibco)
Opti-MEM (Gibco)

Trypsin 0.1% (Gibco)
FBS, Fetal Bovine Serum (Gibco)

PBS, Phosphate Buffered Saline
(Gibco)
PenStrep (Gibco)

Sodium hydroxide — pellets
Ni-sepharose beads

PEI

Precision Plus Protein Unstained
Standards
Quick Coomassie Stain

TEV protease
DMSO, Dimethyl sulfoxide

kinase tracer 236 #PV5592
Tracer 1710

Tracer 199

Tracer 222

NanoBRET Plasmids

NanoBRET NanoGlo Substrate and
extracellular NLuc inhibitor
NanoBRET Tracer K5

NanoBRET Tracer K10

FuGene HD

Transfection Carrier DNA

Tracer Dilution Buffer

HEK293T cells ATCC-CRL-3216

STK10 peptide

SA-Chips
HBS-N-Buffer

Merck KGaA (GE-Darmstadt)
Sigma-Aldrich Corp. (US-St.
Louis)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Merck KGaA (GE-Darmstadt)
GE Healthcare Life Science
(UK-Chalfont St Giles)
Sigma-Aldrich Corp. (US-St.
Louis)

Bio-Rad Laboratories, Inc.
(US-Hercules)

Generon Ltd. (UK-
Maidenhead)

homemade by SGC
Sigma-Aldrich Corp. (US-St.
Louis)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(Us-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Thermo Fischer Scientific Inc.
(US-Waltham)

Promega (US-Madison)
Promega (US-Madison)

Promega (US-Madison)
Promega (US-Madison)
Promega (US-Madison)
Promega (US-Madison)
Promega (US-Madison)

LGC standrds GmbH (GE-
Wesel)

AssayQuant (US-
Massachusetts)

GE Healthcare (US-lllinois)

GE Healthcare (US-lllinois)
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QuickChange Mutagenesis was performed as described elsewhere!!4. In brief,
the PCR conditions used are a standard three step PCR that consists of an initial
denaturation phase (30s at 98°C) followed by an amount of cycles for PCR product
amplification: Here, 25 Cycles were used of: 10 s at 98°C for DNA template denaturation,
45 s at 55°C for allowing the primers to anneal and 300 s at 72°C for elongation by the
polymerase used at the 5’ end of the annealed primer (extension). A final extension of
10 minutes was done at 72°C after completing the cycles. PCR products were then Dpn |
treated to digest the original template DNA plasmid that contained an antibiotics
selection marker resistance and then transformed in MACH1 cloning strain cells: MACH1
cells were thawed on ice prior to the addition of 40 uL MACH1 cells to 1 pL pre-chilled
templated DNA plasmid. The mix was allowed to equilibrate during a 10-minute
incubation on ice, prior to heat shock treatment for 45 s at 42°C. The Mix was then
chilled onice, 100 uL lysogeny broth (LB) was added to feed the cells and cells were then
incubated for 1 h at 37°C to both express the antibiotics resistance marker gene and
multiply in number without antibiotic restriction before plating on LB-Agar containing
kanamycin at 50 mg/mL. DNA of obtained colonies was purified using a standard
MiniPrep protocol (QIAGEN). Cloning results were checked for the correct sequence via

sequencing (Microsynth AG).

DNA for residues 18-317 or 19-313 of human STK10 (NCBI reference:
NP_005981) was already available in the expression plasmid pNIC28-Bsa4 and pNIC-Bio3
respectively. These constructs expressed the STK10 truncations with an N-terminal
hexahistidine tag and TEV (tobacco etch virus) protease tag cleavage site (extension
MGSSHHHHHHSQDPENLYFQ*GANS where * represents the TEV protease digestion site).
The pNIC-Bio3 construct expressed the protein additionally to the above mentioned as
a biotinylated protein using an Avi-Tag for in vivo BirA biotinylation (extension
GLNDIFEAQKIEWHE on the C-terminus, where the lysine gets biotinylated by BirA). Point
mutations were introduced to the expression plasmid of STK10 18-317 by PCR as
described above. The mutated constructs were verified by DNA sequencing. Mutant

STK10 proteins were produced from the modified plasmids using identical expression
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and purification procedures as for the wild-type STK10 protein described below. Protein

identities were confirmed by electrospray-ionisation mass spectrometry.

DNA for residues 19-320 of human SLK (NCBI reference: NP_001291672) was
already available in the expression plasmid pNIC28-Bsa4 and pNIC-Bio3. These
constructs expressed the STK10 truncations with an N-terminal hexahistidine tag and
TEV  (tobacco etch virus) protease tag cleavage site (extension
MGSSHHHHHHSQDPENLYFQ*GANS where * represents the TEV protease digestion site).
The pNIC-Bio3 construct expressed the protein additionally to the above mentioned as
a biotinylated protein using an Avi-Tag for BirA biotinylation (extension

GLNDIFEAQKIEWHE on the C-terminus, where the lysine gets biotinylated by BirA).

Plasmids obtained by PROMEGA were point-mutated for mutagenesis studies
using the standard method Quickchange Mutagenesis described above using Hercll
polymerase (Agilent). PCR cycles were prolonged to 35 cycles to obtain sufficient
amounts of plasmid. PCR products were then transformed into E.coli MACH1 and
potential clones sequenced for positive DNA sequence. DNA obtained was then
amplified and purified using Midi-Prep Kits (QIAGEN) and used in the NanoBRET

experiments as described below.

STK10 and SLK kinase domain proteins were expressed and purified from E. coli
overexpression by standard methods: The constructs were transformed into BL21(DE3)
cells that contained the pRARE2 plasmid that expressed rare tRNAs or for biotinylated
proteins into BL21(DE3)-pRARE2-Bio3 that co-express the BirA enzyme. The resulting
colonies were used to inoculate 50 mL of LB media containing 50 ug/mL kanamycin and
34 pg/mL chloramphenicol which was left shaking at 37 °C overnight. This culture was
used to inoculate 1 L volumes of LB media containing 35 pg/mL kanamycin at a ratio of
10 mL culture to 1 L fresh media. The cultures were grown at 37 °C with shaking until an
0OD600 of 0.5 was reached. The temperature was reduced to 20 °C, and when the OD600
reached 0.7 isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mM and the cultures were left overnight. For expression of
biotinylated protein, Biotin was added to a final concentration of 0.5 mM. Cells were
harvested by centrifugation and re-suspended in Binding Buffer (50 mM Hepes pH 7.5,
500 mM NaCl, 20 mM imidazole, 5% glycerol, 0.5 mM tris(2-carboxyethyl)phosphine
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(TCEP). The re-suspended cells were lysed by sonication, polyethyleneimine (PEI) was
added to a final concentration of 0.15%, and the insoluble debris was removed by
centrifugation. The supernatant was passed through a column of 5 mL Ni-Sepharose
resin (GE Healthcare). The resin was washed with Binding Buffer containing increasing
amounts of imidazole before elution with Binding Buffer containing 250 mM imidazole.
When the expression tag was removed, TEV protease was added to the eluate, which
was dialyzed into 20 mM Hepes pH 7.5, 500 mM NacCl, 5 % glycerol, 0.5 mM TCEP (GF
Buffer) overnight at 4 °C, and the protein complex was further purified by passing
through a gravity column of 3 mL Ni-Sepharose. The flow-through was collected and the
column was washed with GF Buffer containing 30, 60, 90, 120 and 250 mM imidazole.
Proteins were further purified by size exclusion chromatography: the protein sample
was concentrated to 5 mL and injected on a S75 16/60 gel filtration column (GE
Healthcare) pre-equilibrated into GF Buffer. Fractions containing the desired protein
were pooled and concentrated by ultrafiltration. Protein identities were confirmed by

electrospray ionization mass spectrometry (ESI-MS).

Human FAK kinase domain was expressed and purified by Instituto de Biologia
Experimental e Tecnoldgica: The FAK catalytic domain used for crystallization
experiments and SPR assays was expressed with an NH.-terminal 6XHis-tag and
comprises residues 410 to 689 after thrombin cleavage (FAK sequence with residue 410
changed from a Pro to a Gly). FAK was expressed in Hi5 insect cells using the Bac Magic
kit (Invitrogen Corp.) Cells were harvested by centrifugation and resuspended in lysis
buffer (20 mM Na-P, 500 mM NaCl, 0.1% NP 40, 5 mM MgCl,, pH 7.5, 1 mM DTT,
benzonase and protease inhibitor cocktail Ill). Cells were lysed by high pressure
homogenization and cleared by centrifugation at 31.000x g for 40 min at 4 °C. The
supernatant was loaded onto a Ni-NTA affinity column and the target protein was eluted
in step gradient with buffer 20 mM Na-P, 500 mM NaCl, 500 mM Imidazole, 1 mM DTT,
pH 7.5. Peak fractions were desalted and treated with hu-alpha Thrombin for histidine
tag removal. The cleaved proteins were separated by passing through Ni-Sepharose
resin and further purified using size-exclusion chromatography (Superdex 75 26/60). The
resultant pure recombinant FAK was concentrated to 5.9 mg/mL and stored at -80 °C in
a buffer containing 10 mM HEPES, 200 mM ammonium sulfate, and 0.1 mM TCEP, pH
7.5.
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The human PYK2 kinase domain used for SPR measurements was expressed with
an NHz-terminal 6XHis-tag and comprised residues 420-691. PYK2 was cloned into
pET28a including an N-terminal HIS-TEV-tag and expressed in Escherichia coli BL21 (DE3)
cells. Cells were harvested by centrifugation and resuspended in lysis buffer (20 mM Na-
P, 500 mM NaCl, 1 mM DTT, 20 mM Imidazole, 5 mM MgCl,, pH 7.5, protease inhibitor
cocktail Ill and Benzonase). Cells were lysed by high pressure homogenization and
cleared by centrifugation at 20.400x g for 60 min at 4 °C. Subsequent steps were similar
to previously described for FAK. The resultant pure recombinant PYK2 was concentrated
to 10.7mg/mL and stored at -80 °C in a buffer containing 30 mM HEPES/NaOH, pH 7.5,
150 mM NaCl, 0.1 mM EGTA, 1 mM DTT.

Time resolved fluorescence energy transfer (TR-FRET) is an effect used for ligand
detection and describes a radiationless energy transfer between a TR-FRET donor and a
TR-FRET acceptor when in close proximity. The assay performed here is a displacement
assay in which a tracer molecule — an inhibitor coupled to a fluorophore — is competing
for the targets binding site with the test compound resulting in an equilibrium signal.
TR-FRET is a ratiometric method that is described as the ratio of A-Counts - the emission
at 650 nm (binding molecule coupled to Alexa 647 fluorophore) - and the B-Counts - the

emission at 622 nm (terbium-cryptate) - after excitation at 337 nm.

Equilibrium and kinetic HTRF (Cisbio) TR-FRET displacement assays were
performed as described previously**. In brief, a suitable system of tracer and N-
terminaly-biotinylated STK10 and SLK, respectively, was identified in an initial tracer
titration showing a good signal for 500 pM STK10 or SLK and 12.5 pM Tracer 236 (Thermo
Fisher Scientific) in the presence of 500 pM streptavidin-terbium (Thermo Fisher
Scientific) in a standard buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 0.01 % Tween 20,
0.01 % BSA, 2 mM DTT). The tracer Kp of the systems were determined performing an
8-point equilibrium titration in a range of 400 nM to 3125 pM which was allowed to
incubate for 1 h and was then measured using the PHERAstar FS (BMG Labtech) for
excitation at 337 nm, emission at 622 nm (terbium) and 650 nm (tracer) where the
emission values were used for calculating the TR-FRET ratio. /Cso of the compounds were
determined in a sixteen-point concentration curve in a range of 20 uM to 610 pM in a

two-times serial dilution in duplicates in the standard buffer with a final volume of 10 uL
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where preincubated 2x protein-terbium-solution (terbium-cryptate in same molarity as
protein) was added first (5 pL) to the compounds (range of nL) dispensed using the ECHO
and Access system (Labcyte), allowing the compound to be bound to the protein when
adding the 2x tracer solution (5 pL). Data was measured after an incubation of 1 h as
described above and evaluated using GraphPad Prism 6 software where background was
reduced from the average ratios and a normalization in a range from 100 % to 0 % was
done while the compound concentration values were logarithmised. Determined /Cso

values were transformed to K values using the Cheng-Prusoff equation'®.

The tracer binding kinetics were determined using a final tracer concentration
range of 100 nM to 781 pM using a two-times serial dilution in sextuplicates (STK10) or
duplicates (SLK) in standard buffer in a volume of 5 pL adding 5 pL of 2x preincubated
protein-terbium-solution (same molarity of terbium-cryptate and protein) or terbium-
solution (background) via the PHERAstar FS injector system and measure the signal for
10 minutes every 10s. Data was evaluated using the in-build GraphPad 6 model
“Association kinetics —two or more conc. of hot”. Binding kinetics of the test compounds
were determined using a final compound concentration range of 2.5 uM to 2.5 nM in a
4-point 10 times dilution experiment. Compounds were dispensed using the ECHO and
Access system (Labcyte) in duplicates and 2x tracer solution and the background control
(2x terbium-cryptate) was added into the measurement plates (black 384 small volume
microplates (Greiner Bio-one)). For the measurement 5 uL 2x preincubated protein-
terbium-solution was dispensed via the PHERAstar FS injector system giving a final
volume of 10 pL and were measured for 6.5 minutes every 10 s. For high enough time
resolution, the 384 plate was divided into octants for measurement as described
before!?®, Background and no compound controls (DMSO) were included and the
background was reduced from the average ratios. The resulting curves were evaluated
using the in-built Motulsky-Mahan model'!’ of GraphPad Prism 6, determining the on-

rate and off-rate of the compound and calculating the kinetic Kp.

Differential Scanning Fluorimetry (DSF) measurements were performed as
described previously'!®. Using the Syproorange dye, in DSF, the protein denaturation
process is monitored over a temperature increase from 25 °C to 95 °C. A fluorescence

enrichment is observed when the hydrophobic parts of the protein usually located in
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the inside become solvent exposed due to protein denaturation. After denaturation the
now hydrophobic solvent exposed protein molecules aggregate thereby reducing the
fluorescence enrichment, which results in the well-known protein melting curve. A
compound binding is believed to increase the melting temperature of a protein
proportional to the binding affinity of the compound. The temperature shift is calculated
by the difference in melting temperature of non-treated protein and compound treated
protein and often used as an assay parameter to guide compound SAR. It is noteworthy,
that comparisons for a single kinase to a set of inhibitors gives comparable results and
serves as a ranking parameter, while the temperature shift is not suitable for
comparisons across the kinome as each kinase has its own initial melting temperature
and temperature range upon which it can be stabilized. Because of this different assay

window comparisons are often to be discussed.

Here, a 2 uM solution of STK10 or SLK, respectively was tested with a compound
concentration of 12.5 uM adding 2 uM of Sypro Orange to the solution. Measurements
of the fluorescent curve was performed using a Stratagene Mx3005P (Agilent
Technologies) in a temperature range from 25°C to 95°C. GraphPad Prism 6 was used
for determination of the melting point which was then compared to the wild-type
melting point of the individual protein as determined in an experiment without

compound addition.

Surface Plasmon Resonance (SPR) is a surface-based technique that detects
changes in the chemical environment of an immobilized analyte upon ligand binding via
a change in the refractive index and hence a change in the reflection angle of polarized
light applied through a prism in the detection device'?®. In a kinetic setup, the test
compound is applied to the flow channel where it will associate to the immobilized
target. After this dissociation phase, where an equilibrium should be reached, buffer is
applied to determine the compounds dissociation time. Based on a titration of a range
of different compound concentrations an equilibrium Kp, the inhibitors on-rate, off-rate

and kinetic Kp can be obtained by data analysis.

For STK10, SPR measurements were performed on a Biacore T200 instrument
from GE Healthcare. Recombinant Sf9 expressed STK10 [kinase domain (KD, M1-5348)
and full-length (FL, M1-S968)] were immobilized on a Biacore SA chip at 15°C and 25°C,
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respectively, at a flow rate of 10 pL/min using SA coupling, according to Biacore’s
standard protocol. HBS-N (10 mM Hepes pH 7.40, 0.15 M NaCl, 0,05 % Tween-20) served
as running buffer during immobilization. STK10-KD and —FL were applied at a
concentration of 5 ug/mL in a buffer containing a 60-fold excess of MSC1824740 and PF-
431396 respectively. An unmodified SA matrix served as a reference surface. STK10
inhibitors stored as 10 mM stock solutions in 100% dimethyl sulfoxide (DMSO) were
dissolved in running buffer (20 mM HEPES pH 7.50, 150 mM NaCl, 0.05% Tween 20, 1
mM DTT, 0.1 mM EDTA, 2% DMSO) and analyzed using 10-point two-fold dilution series.
Kinetic titration experiments were performed at 15°C and 25°C for STK10-KD and —FL,
respectivly with a flow rate of 30 uL/min, a sample contact time of 120 s and a
dissociation time of 300 s. Data sets were processed and analyzed using the Biacore
T200 Evaluation software. Solvent corrected and double-referenced association and
dissociation phase data were fitted to a simple 1:1 interaction model with mass

transport limitations.

For FAK and PYK2, SPR measurements were performed on a Biacore 4000
instrument from GE Healthcare. Recombinant FAK [huFAK (410-689)] and PYK2 [huFAK
(420-691)] were immobilized on a Biacore CM5 chip at 25°C at a flow rate of 10 pL/min
using amine coupling at pH 4.50 and pH 5.0 respectively, according to Biacore’s standard
protocol. HBS-N (10 mM Hepes pH 7.40, 0.15 M NacCl, 0,05 % Tween-20) served as
running buffer during immobilization. FAK and PYK2 were applied at a concentration of
5 pg/mL in a buffer containing a 60-fold excess of MSC1824740 and PF-431396
respectively. An unmodified carboxydextran matrix served as a reference surface. FAK
and PYK2 inhibitors stored as 10 mM stock solutions in 100% dimethyl sulfoxide (DMSO)
were dissolved in running buffer (20 mM HEPES pH 7.50, 150 mM NacCl, 0.05% Tween
20, 1 mM DTT, 0.1 mM EDTA, 2% DMSO) and analyzed using two-fold dilution series.
Kinetic titration experiments were performed at 25°C with a flow rate of 30 puL/min, a
sample contact time of 120 s and a dissociation time between 300 and 600 s. Data sets
were processed and analyzed using the Biacore 4000 Evaluation software, version 1.1.
Solvent corrected and double-referenced association and dissociation phase data were

fitted to a simple 1:1 interaction model with mass transport limitations.
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The OMNIA assay determines the test proteins activity based on the detection of
a SOX-labeled peptide substrate that emits fluorescence at 485 nm after excitation with
385 nm!?0, The fluorescent signal enriches upon substrate phosphorylation where the
substrates phosphorylation is complexed by a magnesium ion to the fluorescent SOX

moiety.

OMNIA enzymatic assays were performed as per the manufacturers indications
(AssayQuandt). Recombinant Sf9 expressed STK10 [kinase domain (KD, M1-5348) and
full-length (FL, M1-S968)] in standard buffer (10 mM MgCl,, 50 mM HEPES pH 7.5,
0.01 % Tween 20, 0.2 mg/mL BSA, 1 mM DTT, 1% Glycerol) were both used at a
concentration of 5 nM as a result from a kinase titration experiment. ATP titration in a
range of 2,5 mM to 250 nM was performed at 1 uM STK10-SOX peptide (AssayQuandt)
present. Following inhibitor titration experiments were performed at an ATP
concentration of 60 uM, that was determined to be the Kw for both protein constructs,
and 1 mM ATP (cellular conditions), respectively. Assay was performed in 20 pL reactions
in white 384 plates (Greiner 784 074). After substrate addition, the reactions
fluorescence after 360 nm excitation was monitored for 1 h at 487 nm emission in a
PHERAstar platereader (BMG Labtech) and the linear partition of the curves (10% of
maximum signal) was then fitted using GraphPad Prism 7 “straight line”-fit. The resulting
slopes were plotted against the ATP or inhibitor concentration to provide a Michaelis-

Menten-Diagram that was fitted using GraphPad Prism 7 Michaelis-Menten-Fit.

The NanoBRET target engagement assay determines the binding potency of a
test compound in the environment of a living cell*?!. For that, a full-length protein kinase
is fused to a Nanoluc luciferase and that construct is transiently transfected into a
suitable host cell for protein expression. In this setup, the kinase gets mildly
overexpressed and will carry human post translational modifications. Usual binding
partners are present in the cell as well as a cellular concentration of the kinases
cosubstrate ATP. If a suitable tracer, here a promiscuous kinase inhibitor fused to a
BODIPY fluorophore, is added to the cells a bioluminescence resonance energy transfer

(BRET) can be observed for the luciferase and BODIPY upon coelenterazine substrate
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addition'?2. Because of a competition for the binding site of both test compound and

tracer, this BRET reduces in a dose-dependent manner when test compound is added.

The NanoBRET target engagement assay was performed as described

123 Full-length kinases (Table 4) plasmids containing N- or C-terminal

previously
placements of NanoLuc (Table 4) were obtained by the manufacturer (Promega) or
point-mutated by QuickChange mutagenesis (see 8.2.1). To lower intracellular
expression levels of the reporter fusion, the NanoLuc/kinase fusion constructs were
diluted into carrier DNA (0 GEM3ZF-, Promega) at a mass ratio of 1:10 (mass/mass), prior
to forming FUGENE HD complexes according to the manufacturer’s instructions
(Promega). DNA:FUGENE complexes were formed at a ratio of 1:3 (ug DNA/uL FUGENE).
1 part of the transfection complexes was then mixed with 20 parts (v/v) of HEK293T cells

suspended at a density of 2 x 10° /mL in DMEM (Gibco) + 10% FBS (GE Healthcare),

seeded into T75 flasks and allowed to express for 20h.

For target engagement both serially diluted test compound and NanoBRET
Kinase Tracer as specified in Table 4 (Promega) at the indicated final concentration were
pipetted into white 384-well plates (Greiner 781 207). The corresponding transfected
cells were added and reseeded at a density of 2 x 10° /mL after trypsinization and
resuspending in Opti-MEM without phenol red (Life Technologies). The system was

allowed to equilibrate for 2 hours at 37°C/5% CO, prior to BRET measurements.

For kinetic wash-out experiments the test compound at 10 times the ICso
determined in a target engagement experiment or at 10 uM maximum was incubated
with transfected cells at a density of 2 x 10° /mL in Opti-MEM without phenol red (Life
Technologies) for 2 hours at 37°C/5% CO,. The medium was then exchanged to remove
unbound test compound and the compound-incubated cells were pipetted into white
96-well plates (Corning 3600). Prior to BRET measurements NanoBRET Kinase Tracer as

indicated in Table 4 (Promega) at the final concentration indicated was added.

To measure BRET, NanoBRET NanoGlo Substrate + Extracellular NanolLuc
Inhibitor (Promega) was added as per the manufacturer’s protocol, and filtered
luminescence was measured on a PHERAstar plate reader (BMG Labtech) equipped with
450 nm BP filter (donor) and 610 nm LP filter (acceptor). For the kinetic wash-out

experiment the luminescence was surveyed for two hours at 30°C.
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Competitive displacement data was then graphed using GraphPad Prism 7
software using a 3-parameter curve fit with the following equation: Y=100/(1+107((X-

Log/Csp))) where data was normalized to background and tracer only control signal.

Kinetic wash-out data was graphed using GraphPad Prism 7 software and fitted
using a one-phase association fit: Y=YO + (Plateau-Y0)*(1-exp(-K*x)), where the plateau

was set to be constant to the maximal signal of the DMSO control

Target NLuc placement Tracer [Tracer], [M]
STK10 N K10 1,00E-06
SLK N K10 1,00E-06
FAK N K5 5,00E-08
PYK2 C K5 7,50E-08
STK10-S191A N K10 3,75E-07
SLK-T183A N K10 3,50E-07
SLK-S189A N K10 3,50E-07
FAK-R426S N K5 2,50E-08
FAK-R426A N K5 2,50E-08
FAK-L567A N K5 7,50E-08
FAK-E506Q N K5 2,50E-08
FAK-E506I N K5 2,50E-08
FAK-E430S N K5 2,50E-08
FAK-E430Q N K5 2,50E-08
FAK-Y576F+Y577F N K5 2,50E-08
PYK2-F435R C K5 2,50E-08
PYK2-N428G C K5 1,25E-07
PYK2-E474Q C K5 2,50E-08
PYK2-F435Q C K5 2,50E-08
PYK2-Y579F+Y580F C K5 2,50E-08

Protein-ligand solution for crystallization was prepared adding 50 mM
compound stock to a final concentration of 1 mM to 75 uL of concentrated purified
protein at approximately 20 mg/mL, were incubated for 1 h on ice, spun down for 10
minutes at 4°C and transferred into a fresh tube for setting up two crystallization screen
plates containing 25 uL of 96 different well conditions. Protein was dispensed by
Mosquito robot (TTP Labtech) in a ratio of 1:1, 1:2 and 2:1 in comparison to well
condition solution adding up to a final volume of 150 nL. Plates were sealed immediately
after preparation and stored in a Minstrel imager (Rigaku) at 4°C. Pictures were

automatically taken and drops were reviewed and ranked using TexRank software.
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Crystals were mounted at 4°C using nylon loops at different sizes matching the
crystal into the loop and send for data collection at Diamond Synchrotron Beamline 104-
1. One of the crystals sent initially diffracted to 2.2 A and a data set was taken (1800

images with 0.1° rotation upon each image).

STK10 protein at a concentration of 20mg/mL was incubated for 1 h on ice with
a 1:2 molar ratio of protein:compound solution. Precipitation was removed by
centrifugation. Protein concentrations were measured by UV absorbance, using the
calculated molecular weights and estimated extinction coefficients using a NanoDrop
spectrophotometer (Thermo Scientific). Crystals were obtained using the sitting drop
vapour diffusion method at 4°C using drops of a total volume of 150 nL pipetted using
the Mosquito System (spt Labtech). Crystallisation conditions can be seen in Suppl. Table
S 1. All data was collected at 100K at the Diamond Synchrotron. Data collection statistics
can be found in Suppl. Table S 1. The diffraction data was indexed and integrated using
MOSFLM?*?# (Leslie and Powell, 2007) or XDS (Kabsch, 2010), and scaled using AIMLESS*%®
(Evans, 2011) or SCALA (Evans, 2006). The structures were all solved by molecular
replacement using PHASER'2¢ (McCoy et al., 2007) and a previous structure of STK10 as
a search model. The models were built using Coot*?” (Emsley et al., 2010) and refined
with REFMAC528 (Murshudov et al., 2011) or PHENIX (Adams et al., 2010). All models
were validated using MOLPROBITY (Chen et al., 2010).

FAK was incubated for 2 hours with 2 mM adenosine 5'-triphosphate magnesium
salt. Crystals were obtained using the hanging drop vapor diffusion method and
equilibrating against 1 mL of the reservoir solution (0.2 M Magnesium formate
dihydrate, 10-20% PEG 3350) at 20°C. The protein was mixed 1:1 with the reservoir
solution. For complex formation with the inhibitor, the crystals were transferred to a
stabilizing solution (0.2 M Magnesium formate dihydrate, 30% PEG 3350) containing 5
mM 1 and 5% DMSO and were soaked for 24 h. All data sets were collected at 100 K on
beamline SLS X106 and processed with the XDS software package (Kabsch and XDS). The
structures were solved by molecular replacement, using BUSTER (Bricogne et al., 2016).
Model building was performed in Coot, with compounds and waters fitted into the initial
|Fo|—|Fc] map, and the structures were refined using BUSTER. The coordinates of the
holo-structures of FAK have been deposited in the RCSB Protein Data Bank. The

refinement statistics and PDB accession codes are given in Suppl. Table S 4.
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9 RESULTS

In the following two studies on the protein kinases STK10/SLK and FAK/PYK2 we
identified structural factors affecting the binding kinetics of the kinase inhibitors

investigated.

As it was previously described for STK10 to bind many diverse clinical kinase
inhibitors we assessed how many kinase inhibitors are binding with a temperature shift
(ATm)**8 screening campaign testing 352 clinical and preclinical kinase inhibitors on both
STK10 and SLK. We found many of the inhibitors binding STK10 and SLK even stronger
than erlotinib (Fig. 6, Suppl. Table S 2). To confirm our results, we performed a Time
Resolved Fluorescence Resonance Energy Transfer (TR-FRET) tracer displacement
equilibrium screen for the top 100 hits (Suppl. Table S 2) where we were able to confirm
these hits and identified 35 clinically used inhibitors binding with less than 100 nM
potency. The two methods showed a good correlation for both STK10 and SLK and
resulted in a model for the convolution of ATy, data to TR-FRET /Csgs. As a general trend,
most compounds bind more potent to STK10 than an SLK with the strongest inhibitor on
STK10 being staurosporine showing a potency of 598 pM, where erlotinib shows an /Cso
of 91 nM and gefitinib shows 315 nM. This shows that the potency between difference
between erlotinib and gefitinib is only 3.5-fold and is unlikely to cause the differently
observed skin-related side-effects for the two inhibitors. Our data agrees with literature

reported /Csos for STK107°.
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Next we asked why STK10 can bind so many diverse clinically used kinase
inhibitors. To answer this question, we performed x-ray crystallography to obtain
structural models for several inhibitors. We managed to resolve structures for bosutinib

(PDB 5ajq), GW830263A (PDB 4aot), GW683134 (PDB 6eim), foretinib (PDB 6i2y), BIRB-
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796 (PDB 6gtt), dovitinib (PDB 5o0wq) and dasatinib (PDB 5owr). Strikingly, STK10 seems
to be very flexible as it crystallized in 5 different space groups and a diversity of
confirmations for the different inhibitors (Fig. 7, Suppl. Table S 1). For both foretinib
(PDB 6i2y) and GW683134 (6eim) we observed an activation segment exchange as
observed with SU11274 (PDB 2j7t)%°. In a more close analysis, we found the aC of STK10
to show confirmations within 8 A, the activation loop DFG in both -in and -out positions
and for the inhibitor SB-633825 we found two crystal forms showing a DFG-in
confirmation in one structure (PDB 4usd) and a DFG-out in the other (PDB 4use). The R-
spine residues were identified as L106, 182, L85, F176, H155 and D219 and we observed
the typical break of the R-spine in type Il inhibitors. Overall, the STK10 binding pocket

can be described as very hydrophobic and opens a backpocket upon inhibitor binding.
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Fig. 7: The intrinsic
flexibility of the kinase
domains of STK10 and
SLK allows tight
interaction  with  many
diverse inhibitors. (a) Large
structural rearrangements are
observed when comparing
STK10 structures to each
other (green: 6eim (type 1),
blue 5owq (type 1), grey
5owr). Binding mechanism
of STK10 to the inhibitors
bosutinib (b, PDB 5ajq),
foretinib (c, PDB 6i2y),
BIRB-796 (d, PDB 6gtt),
dovitinib (e, PDB 50wq) and
dasatinib (f, PDB 5owr).
Indeed, STK10 is flexible
enough to provide different
binding mechanism
opportunities to the inhibitor
SB-633825 where it can bind
in an active (g, PDB 4use) or
inactive state (h, PDB 4usd).
The catalytic spine is
depicted in green and the
regulatory spine in blue.

For bosutinib, a type | inhibitor for STK10, we found STK10 to rearrange largely

in the P-loop region, closing the binding site like a lid thereby potentially keeping the

inhibitor from dissociating. This conformation was observed while the activation

segment following the DFG-motif was stabilized into a helix that did not form for any
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other inhibitors crystalized. The polar dichloromethoxyanilin moiety of bosutinib was

perfectly surrounded by polar residues, closing the backpocket around the inhibitor.

For foretinib, a type Il inhibitor for STK10, we observed the binding pocket to
form a closed structure by hydrophobic interactions of the DFG F176, the core amino-
fluoro-phenol of foretinib and an V50 located in B2 flanking the P-Loop thereby forcing
STK10 into an inactive DFG-out state. This forms a closed binding pocket where the P-

Loop closes the binding site like a lid.

For BIRB-796, a type Il inhibitor for STK10, we found a particularly stabilized DFG-
out conformation, where the DFG-phenylalanine engages in a m-stacking with the
naphthalene ring system of the inhibitor. Additionally, phenylalanine F47 engages in
another ni-stacking, sandwiching the naphthalene ring with the DFG F176 and stabilizing
the otherwise most often flexible P-loop in a conformation clearly resolved in the
structure. Whereas the mechanism of this binding remains unknown, we expect this
structural rearrangement to happen in two steps, resulting in an induced fit

conformation of STK10.

For dovitinib and dasatinib, two type | inhibitors for STK10, we mainly found the
hinge and front pocket interactions of the type Il inhibitors to be present as well. Both
binding sites appear to be more open rather than enclosing the inhibitors. For dasatinib,
however, we found the DFG-aspartate D175 interacting with E81 located in the aC

unusually tightening the binding pocket and thereby potentially arresting the inhibitor.

In the next step we asked whether the high potency of kinase inhibitors on STK10
translates into the cellular context. For that we used the NanoBRET cellular target
engagement assay'?® that uses full length protein kinases and takes the cellular
concentration of ATP into account. Surprisingly, we observed a shift to much less potent
interactions in cells compared to in vitro (Fig. 8, Suppl. Table S 2, Suppl. Fig. S 4, Suppl.
Fig. S 5). Noteworthy, the STK10 affinity was slightly more potent than that for SLK in
cells - comparable to in vitro. Staurosporine remained the most potent compound as
well in cells and showed an ICso of 2 nM. While erlotinib was bound with 3 uM, the
potency of gefitinib was 15-fold lower (44 uM) and hence showed a much wider window

between the two inhibitors.
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Fig. 8: Many of the inhibitors do not bind STK10 strongly in cells. (a) Representative titration of erlotinib, gefitinib,
bosutinib and staurosporine for STK10 using NanoBRET target engagement assay. (b) STK10 and SLK NanoBRET
data showed comparable abide slightly less potent binding for SLK in comparison to STK10. Correlation coefficient is
indicated in the figure. (c) In comparison to in vitro HTRF data, the cellular data showed significantly reduced potency
in cells in the range of 100 to 1000 times for most inhibitors.

This relatively weak inhibition of cellular STK10 by erlotinib was observed
previously’® by Western Blot analysis in Jurkat cells which showed no effect on
downstream phosphorylation of ERM, a known substrate of STK10 after treatment.

However, the much lower potency of gefitinib in comparison to erlotinib is striking.

9.1.4 Reasons for the large decrease in STK10 affinity of inhibitors in cells

Logically, we were wondering about the causality of why the interaction of kinase
inhibitors with STK10 is so weak in cells. To address this, we summarized the differences
between the NanoBRET assay in cells and the in vitro methods: Firstly, in cells we have
a very high ATP concentration of 1 mM which can shift inhibitor /Csos due to competition
for the active site. Secondly, the phosphorylation state of the kinase investigated might
differ in a cellular system versus in a purified protein (E.coli). Thirdly, the protein state
regarding domain organization is different in cells and can span more of the full-length
protein than the kinase domain only in the purified protein. Lastly, the ability of the

compounds across the cell membrane may be suboptimal.

First, we assessed the ATP Km of STK10 using an OMNIA activity assay (Fig. 9) to
investigate whether ATP binding to STK10 is potent and might be the reason for the shift
in cells. Here we determined the Km to be 60 uM. We as well determined the /Csos of a
representative compound set of 8 compounds spanning different binding types in this
assay and compared it to the /Csos determined under high ATP conditions in the same
assay. Using 1 mM ATP in our assay we simulated the ATP concentration present in cells.
As expected, we found at least 10-fold shifts towards lower potency if more ATP is

present which confirms the competitive binding mode of the inhibitors tested.
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Secondly, we investigated whether the use of a different construct would
influence the /Csos of the inhibitors. For that, we used two different constructs in the
OMNIA assay: One containing the STK10 kinase domain only and the other containing a
full-length STK10 protein. Interestingly, we did not see large differences in the binding
behavior for the kinase domain and full-length construct. Also, the determined Kw for
ATP is similar. To validate this, we used surface plasmon resonance (SPR) and
determined the binding constants for the two constructs using an orthogonal method
(Fig. 10). The binding to the kinase domain only was more potent then to the full length

protein.
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Fig. 10: SPR sensorgrams for STK10KD and STK10FL as indicated in the respective panel. The Compound
Name and average results from three replicates of 1:1 Fits are included in the respective figure (upper panel). We
observed two-step kinetics which did not result in conclusive on- and off-rates for the compounds (lower panel).

Thirdly, to investigated whether a different phosphorylation state of the proteins
would impact inhibitor /Csps, we point-mutated phosphorylation sites in the kinase
domain activation loop of the respective protein and tested these constructs in the
NanoBRET assay and determined the /Csos for the 8 representative compounds (Fig. 11).
Interestingly, for STK10 we did not observe a difference in the binding of wild type
protein to phosphor-dead protein, however, for SLK we observed a 10-fold change for
the compounds ponatinib bosutinib and erlotinib when comparing wild type to
phosphor-dead mutant protein. Unfortunately, no trend for the often more affected

type Il inhibitors was observed here.
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Lastly, we would expect the compound cell permeability to modulate the /Csos of
the inhibitors in the NanoBRET assay. As we only tested clinical kinase inhibitors that

have been optimized for in vivo use, this possibility seems rather insignificant.
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In summary, we observed an up to 100-fold shift between in vitro and NanoBRET
assays that can partly be explained by the high cellular ATP concentration. While both
the phosphostate and the length of the protein did not yield reasonable conclusions, we
suspect cellular binding partners present or the activation segment exchange producing

autoinhibited kinases®® to partly lower the ICsos in cells.

While we observed a weakened potency of erlotinib in cells, we wondered
whether a slow residence time might cause the related side-effects. For assessing the
binding kinetics of the compounds, we performed kinetic probe competition assays
(kPCA) in the TR-FRET format we used for the equilibrium measurements (Fig. 12, Suppl.
Table S 2). This assay format requires the tracer kinetics to be sufficiently fast in order
to measure the displacement with the compound using the Mutulsky-Mahan-Model. In
the kPCA assay we found a range of different binding kinetics. The slowest off-rates
range from rebastinib (1.18E-04 M's?!), ponatinib (5.13E-04 M1s!), foretinib (1.20E-03
M-1s1) and BIRB796 (1.74E-03 Ms!) to fast off-rates of bosutinib (2.03E-02 M1s1),
erlotinib (2.12E-02 M-1s?) and gefitinib (1.15E-02 Ms?). However, the difference in
potency for erlotinib and gefitinib (2-fold) seems to arise more from the on-rate that
displays a 2.5-fold change than the contribution of the off-rate. Gratifyingly, the
kinetically calculated kPCA Kps (Kp=koft/kon) are in very good agreement with the

equilibrium determined ePCA Kis.

-81-



9 Results

6000{kop, = 1.37+005 M1st 60001 Ko, = 3.18e+004 M5t
Koff = 9.99e-003 s* Koft = 1.15e-002 51 B} I
o Kp = 7.326_00? M i [Erloti)nib] [nM] o Kp = 3.60e-00 i i H [Gefitinib] [nM]
= i — = i i ] il - 0
3 4000 s B 4000 { i 1 o a5
m — 25 m W i I
T — 250 is i " —— 250
[ 20004 —— 2500 [ 20004 —— 2500
13 et
e o * *
0+ : : : ) 0 L R r T )
0 100 200 300 400 0 100 200 300 400
time [s] time [s]
1pM 10 pM 100 pM 1 nM 10 nM \ | | .
8 10
[a]
7k 100 nM < 94 o .o B
o o .
! 2 -~
n6 1pM < 8 . =
= 1 O
=5 10 uM L 4] N
XO : 2
4 100 puM T 6 =
x r=0.95
3= v 5 T T T T
-5 -4 -3 -1 0 5 6 7 8 9 10
Kot [571] equilibrium ePCA pLogK,
0 1 1 1 1
NanoBRET °
14 SPR Full length ; . N
SPR Kinase Domain e _.*"
= e DMSO (33 min) — °
o o . o 0 . o
£ ®  Gefitinib (60 min) » e
2 e BIRB796 (161 min) = .
& Erlotinib (343 min) 2 -3 B
E ® Bosutinib (744 min) . : oo
. (1] ° [ ]
@ -4 . '. ® e .‘.0 o B
T N ° °
0 50 100 5 °
time [min] 1 ! J !
-5 -4 -3 -2 -1 0

KPCA Kot [s™]

Fig. 12: Could residence time be important for achieving the observed physiological effects? Representative data
from kPCA tracer assay for erlotinib (a) and gefitinib (b). (c) ken-kof-plot of the dataset generated for the inhibitors on
STK10. Many compounds are on-rate limited, whereas only few compounds were detected showing slow on, slow off
Kinetics. (d) Nevertheless, the kinetically determined kPCA Kb correlates very well with the equilibrium determined
ePCA Ki. (e) NanoBRET cellular wash-out data for erlotinib, gefitinib, bosutinib and BIRB-796. (f) Comparison of the
kPCA data to SPR data generated using STK10 full-length or kinase domain protein, respectively and to the NanoBRET
wash-out half-lifes determined.

Next we wanted to know how the half-lives of the compound-STK10 complexes
would be in cells and performed the NanoBRET assay in a wash-out format (Fig. 12,
Suppl. Fig. S 6). Surprisingly, we found erlotinib to be much slower in cells compared to
gefitinib with 6-fold. Clearly, the slowest compound among the 32 representative
inhibitors tested in this format, bosutinib was the slowest which is contradictive to the
kPCA result! However, BIRB796, which is among the slowest inhibitors in both the kPCA
assay and the NanoBRET wash-out assay. Unfortunately, the SLK wash-out assay was of
insufficient data quality and hence an assessment of the kinetic properties of the

inhibitors on SLK in cells was not pursued (Suppl. Fig. S 7).
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We suspected, that the difference in the kinetics might result from the two
different protein constructs used in kPCA and NanoBRET. Hence, we can compare the
results to the previously discussed SPR results (Fig. 10). Here, we determined the binding
kinetics for 3 compounds on both the STK10 kinase domain only and full-length
construct and found the kinase domain only to show slower kofs than the full-length
construct. This however does not explain the fast off-rate of bosutinib in the kPCA versus
the very slow half-live in the NanoBRET wash-out. Unfortunately, the SPR results do not
in any way allow a correlation or statistical analysis with the NanoBRET data. We were
only able to determine 3 out of 8 compound binding kinetics because of a mixed
phosphorylation state of the proteins used, for which especially type Il or bulky

compounds will have a binding preference for one of the states.
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To better understand the reasons for the distinct selectivity profile of the
selected inhibitor class for FAK and PYK2, we performed surface plasmon resonance
(SPR) measurements on a series of 12 compounds (Table 5) that share the pyrimidine
scaffold of PF-562271 (1) which provided a set of comparable affinity and binding
kinetics data (Fig. 13).

Based on the alignment of the two crystal structures of 1 binding to FAK and
PYK2, respectively (Fig. 5) we designed an inhibitor series that allowed studying the
interactions observed for both FAK and PYK2 (Table 5).

We studied different observed interactions by varying three subsections of 1. For
investigating the role of the FAK-L567 hydrophobic interaction with 1 leading to a
stabilized helical activation loop in FAK but not PYK2, we used additional published
inhibitors that differ in the pyridyl-methansulfonamide moiety (R!) to test for the
interactions involvement based on polarity of the aromatic ring (phenyl- (PF-431396, 10)
and pyrazine-methansulfonamides (PF-4554878, defactinib, 11)) and as well used
different decorations of aromatic systems in 5, 6, 7, 8 and 9. The same changes in
polarity in the aromatic ring system are suitable to test the interaction of PYK2-E509
which interacts with the pyridine nitrogen of 1 but is not present in FAK. Another
promising interaction to FAK was a polar interaction of the 1 oxindole with FAK-R426,
that was not present in the PYK2 binding mechanism although both proteins share an
arginine in that position. To test this interaction, we changed this residue (R?) to a phenol
(3) and a quinoline (4). As 1 - a dual FAK/PYK2 inhibitor - binds to PYK2 in a flipped way
compared to FAK with the trifluoro moiety pointed towards the back of the pocket, we

tested an absence of this decoration (R3) in 2.
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Table 5: Chemical series based on PF-562271 investigated in this study. Three substituent sites on PF-562271 R*, R?and R® were considered to study the interactions in the kinase binding sites SPR=
Surface Plasmon Resonance, kon= association rate constant, kofr= dissociation rate constant, Kp= equilibrium dissociation constant, t=residence time calculated as 1/kot

3
Ry
| ) kon Kot Ko T Kon kot Ko T
R N//kaR [1/Ms] [1/5] [M] [min] [1/Ms] [1/5] mM] [min]
H
Cmpd No. (Name) i - . FAK (SPR) PYK2 (SPR)
1 N 5.30 3.42 7.59 1.30 7.41 5.74
PF-562271 o /@N):o -CFs E+06 E-03 E-10 292.0 E+07 E-02 E-09 135
2 N 8.81 2.92 3.29 8.98 7.50 8.22
5 - ) )
SN ¥ H E+05 E-01 E-07 34 E+05 E-01 E-07 13
3 N7 B 8.72 6.22 7.06 3.72 175 4.74
oA -Pheny! -CFs E+04 E-03 E-08 1606 E+04 E-02 E-07 572
a 2.27 2.23 9.86 9.15 5.46 6.00
B o -CFs E+05 E+00 E-06 0.4 E+05 E-01 E-07 18
o
5 ~¢ o m 7.02 8.16 132 1.33 3.34 2.52
PF-573228 d @N ¥ CFs E+06 E-03 E-09 1225 E+06 E-01 E-07 3.0
6 m 5 . 165 6.09 3.65 164 168 1.93 1.14 52
0 N* 3 E+06 E-02 E-08 - E+06 E-01 E-07 :
7 o 1.42 135 1.00 o
/©/\/ e E+05 E-01 E-06 4 No binding
F
8 N7 N-E o 4.79 7.14 152 140 127 2.53 2.38 0
g | H d 3 E+06 E-02 E-08 : E+06 E-01 E-07 :
=0
9 23 k3 1.81 4.75 2.63 L
©/\/ e E+05 E-02 E-07 211 No binding
Q.
\N’S\‘
10 3.08 5.36 1.81 5.76 4.04 6.92
PF-431396 N}" -CFs E+06 E-04 E-10 1864.2 E+06 E-02 E-09 247
H
1 \N’\\S\‘/ i 2.41 4.41 1.93 1.48 3.57 2.39
i o W : : : : : : :
PF-4554878 Z = /O)L i CFs E+06 E-03 E-09 2267 E+06 E-02 E-08 280
defactinib N7 N Y
K/N
12 \ HN}i O“sj\ 1.39 2.03 152 2.19 5.46 2.45
PF-719 /N,,,,, ‘Q 0 CFs E+06 E-01 E-07 49 E+06 E-02 E-08 83
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Within this subset, the phenylsulphonamide moiety of 10 at position R! showed
the most potent binding followed by 1 containing a pyridyl-methansulphonamide with
a 4-fold smaller potency. The benzene ring of 10 was thought to provide a more
energetically favorable hydrophobic surrounding than the pyridine ring of 1 for the
interaction with the DFG flanking L567. If this polarity of the ring system is increased
with two nitrogens in 11 the affinity decreases. This change in affinity seems to be linked
to a bigger amount to a change in the inhibitors off-rate as the on-rates of 1, 10 and 11
are similar. For PYK2, we did not observe differences in the affinity and binding kinetics
comparing 1, 10 and 11. Likely, the helical DFG-motif because of the leucine interaction
does not form like in FAK as observed in the crystal structure (Fig. 5). We observed a
decreased affinity compared to 1 for the phenylsulphodioxide in 5 at R! likely because
of a shorter distance spanned by 5. This as well leads to a more than 2-fold increase in
the inhibitors off-rate. When removing the sulphor moiety we observed different
binding affinities and kinetics. While methylaminoindoline (6) and N-methyl-
pyridylmethane (8) showed a nanomolar potency because of a 10-fold increase in the
off-rate, propylbenzene (9) and fluoro-propylbenzene (7) resulted in a 350-fold and
1300-fold loss in potency. The addition of the fluorine decoration (7) triggered a 2-fold
drop in the inhibitors koff when compared to the benzene (9). This was similar for PYK2.
Moving the sulfur moiety to the R? position in 12 results in a 200-fold loss in activity on
FAK compared to 1 triggered by a 60-fold higher off-rate while maintaining PYK2

potency, thereby creating a PYK2 selective inhibitor!3,

The - from the DFG motif - more distant R? substituent, as well showed altered
potency and binding kinetics. A phenylin 3 resultsin a 93-fold drop in potency compared
to the oxindole in 1 triggered by a 60-fold drop in the on-rate. This was expected, as a
phenyl ring does not allow the formation of a hydrogen bond with R426. Unexpectedly,
we determined a reduction in affinity with the quinoline 4 in R2. However, determining
an on-rate in the range of 4 is at the detection limit of SPR and the data might be
unprecise. With PYK2, we observed the lowest off-rate with a phenyl (5) in R? although
the affinity was decreased 82-fold compared to 1. The quinoline derivative (4) resulted

in a decreased affinity and increased off-rate compared to 1.
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The absence of the trifluoromethyl R% group resulted in a 430-fold loss in potency
in FAK and were as well lowered in PYK2. Binding kinetics were affected as expected but

the difference results from a loss of both association kinetics and residence time here.

Comparing the sequence around these key interactions we identified, FAK-R426
is surrounded by a smaller FAK-C427 while the bulkier PYK2-1430 is following the PYK2-
R429. This might restrict the arginine flexibility in FAK thereby preventing an interaction
as seen in (Fig. 5). Overall, changes in R resulted in larger differences of affinity for PYK2
compared to FAK. Compounds 6 and 8 contain an electron donor and preserved a
potency in the nanomolar range. Compounds 7 and 9 however, did not show binding
beyond the capacity of the techniques used here. Including the sulfonamide-moiety was
most effective for PYK2 potency. Regarding a PYK2 SKR, we unfortunately only observed

fast binding kinetics (5.5E-01 mol**s1 — 1.75E-02 mol**s1) within this inhibitor set.
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Fig. 13: Three substituent sites on PF-562271 R?, R? and R® were considered to study the interactions in the
kinase binding sites (A). (B) SPR sensorgram of PF-431396 and PYK?2. (C) SPR sensorgram of PF-431396 and
FAK. (D) kon-kott-plot of the SPR-data. FAK is depicted in black circles and PYK2 in red squares. The Compound
Name is indicated for each data point. (E) Schematic illustration of the binding free energy profile and relation
between thermodynamic (Kpy and kinetic properties of the complex.

In the kon-kott-plot displayed in Fig. 13, we compared the selectivity profiles of
both FAK and PYK2. Most inhibitors in this series have a similar on-rate in the range of
less than 10-fold 108-107 mol'*s?. However, the off-rates are more related to the
change in the affinity (i.e. AG, see a schematic energy profile in Fig. 13). For PYK2, both
association and dissociation rate constants are similar and no conclusions for a

regulation in an SKR can be drawn from this inhibitor set.
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9.2.3 Slow off-rate inhibitors induce a helical conformation of the activation loop in FAK
via a hydrophobic interaction with L567
To better understand the influence of the ligand scaffold on the binding mode
and especially its involvement in the formation of the uncommon helical DFG motif on
FAK, we have solved six crystal structures of FAK in complex with amino pyridine

derivatives with different substitutions at the R, R and R3 position (Fig. 14).
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Fig. 14: Inhibitors with long residence times induce a helical conformation of the activation loop in FAK via a
hydrophobic interaction with L567. Panels A-F show the interaction with FAK and the inhibitor indicated in each
figure. For clarification, the respective residence time derived by SPR is shown with each inhibitor structure. Structural
motifs are indicated in each structure distinguishing between a helical DFG-motif or a DFG-motif loop. P-Loop, hinge
region and aC are labelled for orientation. Where indicated, crystallographic symmetry mates (F) or alternative
inhibitor conformations (D) are shown. PDB IDs: 6yt6 (A), 6yql (B), 6yoj (C), 6yvs (D), 6yr9 (E), 6yvy (F).
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The binding mode of 10 is very similar to the binding mode of 1 published
before!!?. 10 binds in the FAK ATP binding pocket and forms three hydrogen bonds with
the FAK hinge region. Specifically, we observed interactions with the backbone of FAK-
E500, and C502. When analyzing the residue of R?, we saw that the amino-oxindole
oxygen atom is in proximity to FAK R-426. The Trifluoro-moiety in R3 characteristically
binds to the hydrophobic back of the pocket with interactions to M499, D564 and L567.
This explains the significantly decreased potency on FAK when removing the trifluoro-
moiety in 2. Strikingly, the sulphonamide moiety R?! is involved in a hydrophobic
interaction with FAK-L567 as discovered for 1 before as well as forming a hydrogen bond
to the preceding D564, which in summary stabilized the DFG motif into a helical

conformation. This binding mode is very similar to the FAK inhibitor TAE226130.131,

Changes in R! seem to be the major cause for the helical stabilization of the FAK
DFG. The inhibitors containing a sulphonamide moiety in R — 3, 4, 5 and 10 — we
observed the helical DFG formation. Strikingly, these inhibitors as well present the
longest residence time within this inhibitor set. 4 interacted with FAK-L567, but our SPR
data suggests a fast off-rate, which is not in agreement with our hypothesis. The on-rate
determined for 4, however, is at the detection limit of the SPR technique and a
miscalculated on-rate and hence off-rate cannot be excluded. Nevertheless, 4 shows a
helical stabilization for FAK. For 5, the FAK-L567 interaction is rotated by 180° to form a
T-like stacking because of the shorter distance spanned by the phenylsulphodioxide
moiety. An absence of the R! sulphonamide prevented the stabilization of a helical DFG

in 8 and 12 and resulted in shortened off-rates in comparison to 1.

12, which is structurally divergent and has R! and R? moiety swapped,
interestingly binds in a ‘flipped’ binding mode as compared to 1. The sulphoxide-moiety
interacts with the FAK-R426 here, while no interaction is observed with the DFG-Loop.

The decrease in potency for FAK leads to a PYK2 selective inhibitor.

The oxindole ring of 1 and 10 in R? interacted with FAK-R426 via a hydrogen bond
and showed hydrophobic interactions to the P-Loop preceding residues 1428 and G505.
Changes in R2 generally did not alter the binding mode observed. A lack of the trifluoro-
group resulted in a potency loss on FAK and in all structures the trifluoro-group pointed

to the back of the FAK binding pocket.
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As expected from both SAR and SKR, the slowest off-rate inhibitors are 5 and 10,
which bound very similar to 1. The DFG-motif is stabilized into a helical conformation
upon hydrophobic interaction with FAK-L567. This generally shows the inhibitor binding
conformation as a function of structural rearrangement of the DFG Loop. An interaction
with FAK-R426 may alter the on-rate of this series. The slowest inhibitor among this set,

10, shows both interactions.

9.2.4 The selectivity profile of FAK and PYK2 was dictated by the formation of a helical
conformation of the DFG motif
We compared our structural data of FAK with published structures of PYK2 in
complex with 1 (PDB 5tob) (Fig. 5), 10 (PDB 3fzr, Fig. 15) and 12 (PDB 3h3c, Fig. 15) to
identify crucial interaction residues that are relevant for the selectivity for either FAK or
PYK2. From our SPR analysis we observed that 10 showed a dissociation rate on FAK of
1.2 x 10* st which is more than two orders of magnitude slower than that reported for

PYK2132, despite the similar ICso values.

o /_P P> [

o4

= 'y
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Fig. 15: The selectivity profile of FAK and PYK2 is dictated by the formation of a helical conformation of the
DFG motif in FAK. FAK and its inhibitor are coloured grey and PYK2 and its inhibitor are coloured wheat. The
inhibitor is indicated in the figure. A Structural alignment comparing the interaction of 10 on FAK (PDB 6yr9) with
literature data for 10 on PYK2 (PDB 3fzr'%). B Structural alignment comparing the interaction of 12 on FAK (PDB
6yvy) with literature data for 12 on PYK2 (PDB 3h3c*3?).

The superimposed crystal structures of FAK and PYK2 in complex with 10 show
similar conformations as reported for 1. However, we observed a 9-fold potency
difference for FAK vs PYK2. Strikingly, the helical DFG-motif is missing in PYK2, as
reported for 1. The PYK2 interaction is characterized by an interaction with the P-Loop
presiding residues L431, G432 and V439 and displayed a DFG-out conformation. We
found differences in the P-Loop conformation and aC when comparing PYK2 to FAK. We
found a striking sequence difference for PYK2 and FAK where in FAK we have a Q432
versus a F435 in PYK2 (Fig. 5) that may be involved in the stabilization of the DFG-Loop
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as Q432 interacts with the DFG glycine G566 in FAK but not in PYK2. Additionally, we
observed the oxindole in FAK to interact with R426, but not with the corresponding

PYK2-R429.

The superimposed crystal structures for 12 on both FAK and PYK2 show the
mechanism for the 25-fold selectivity of 12 for PYK2 over FAK!!3. The sulphonamide
position shifts from the DFG-Loop in 1 to the other side of the binding pocket and
interacts with the FAK-R426 and PYK2-R429, respectively. No interaction of 12 with the
DFG-Loop is observed, resulting in a type | interaction. 12 did not induce a helical DFG-
Loop upon binding in support of the hypothesis that the FAK/PYK2 selectivity can be

modulated via the induction of a helical DFG motif.

Next, we wanted to both validate our findings, as well as investigating whether
the effects observed in vitro translate to a cellular system. For that, we applied the
NanoBRET target engagement assay'??, using living cells under physiological conditions.
The full-length expressed FAK and PYK2 proteins were analyzed in a tracer competition

format with cellular substrate ATP present in cellular concentration®.

For the target engagement assay, the apparent tracer affinity was determined
and used as an assay input parameter to later make determined affinities comparable.
This apparent tracer Kp was found to be similar for both FAK and PYK2 (Suppl. Fig. S 11).
The target engagement assay was performed with a fixed tracer concentration and
resulting inhibitor /Cso values were converted to apparent K values using Cheng-Prusoff
correction?®. Representative results for 1 and 10 can be seen in Fig. 16 and Suppl. Fig. S
12. In comparison, the cellular affinity was 10-times higher than compared to SPR data
in vitro for both FAK and PYK2, likely because of intracellular ATP present in the assay.
However, we see an overall good correlation with our SPR data (Fig. 16). The in vitro
selectivity was translated to cells, with 5 being most selective for FAK over PYK2 showing

a 330-fold window and 12 being PYK2 selective with an 8-fold selectivity window.

The cell penetrant tracer for the NanoBRET assay as well allows for a kinetic
assessment of inhibitor half-lives in a wash-out format. To investigate the binding
kinetics, we hence performed wash-out experiments. The tracer used had sufficiently

rapid kinetics (Suppl. Fig. S 11). The respective inhibitors were incubated at 10x/Cso to
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guarantee 90% target occupancy as a starting point and to make results comparable.
We then diluted the samples 100-fold for the wash-out and tracer association upon
inhibitor dissociation was measured. From the resulting curves we fitted the half-live
(Table 6, Fig. 16, Suppl. Fig. S 16). We observed remarkably slow off-rates for 10 on FAK
and distinguishable slower kinetics for 1 on FAK while other inhibitors were within the
assay tracer association noise. We did not observe any slow compounds for PYK2 in cells

which is in agreement with our SPR data.

Table 6: NanoBRET target engagement and wash-out data. The in cellulo potency and kinetics of a series of
inhibitors based on 1 were determined using NanoBRET target engagement and wash-out assays. Ki, app= Cheng-
Prusoff corrected Inhibitory Concentration for 50% (/Cso) observed under cellular conditions, kops= observed kinetic
constant, t1/, = half-life calculated as In(2)/kobs

NanoBRET, FAK PYK2
in cellulo Ki, app [M] kobs [L/min]  ti/2 [min] Ki, app [M] Kobs [1/s] t1/2 [min]
1 (9.3+1.2)E-09  (5.9%0.2)E-02 11,8 | (1.50.2)E-07 (5.1+3.0)E-01 1,4
2 (4.1+1.3)E-06 n.d. n.d. (2.3+0.4)E-05 n.d. n.d.
3 (1.2¢0.1)E-08  (2.2%0.7)E-01 3,1 (1.2¢0.1)E-7  (6.3%5.3)E-01 1,1
a4 (3.2+0.3)E-09  (4.0+0.8)E-02 17,5 (8.4+0.7)E-08  (2.7+0.2)E-01 2,6
5 (1.1+0.1)E-08  (2.7+0.6)E-01 2,6 (3.640.3)E-06  (7.3+3.9)E-01 1,0
8 (7.6+1.4)E-06 >1 0,7 (2.641.2)E-05 >1 0,7
10 (8.7¢+1.0)E-10  (1.2#0.8)E-02 57,3 (8.0+0.4)E-08  (4.9+3.0)E-01 1,4
11 (1.0¢0.2)E-09  (1.3%0.2)E-01 5,4 (6.3+1.1)E-07  (5.5%+2.2)E-01 1,3
12 (7.8+0.3)E-06 >1 0,7 (9.7¢+1.6)E-07  (5.3+1.0)E-01 0,7

In summary, we confirmed that 10 and 1 which had the longest residence time
within this series are as well slow in cells. As expected from the SPR data we only
observed fast binding rates for PYK2. Gratifyingly, the observed rank order for the
kinetics is in agreement with the SPR data on FAK. Inhibitor 5 showed cellular selectivity
for FAK via a more potent affinity, while 10 may show kinetic selectivity for FAK over
PYK2. We demonstrated, that the residence time can be used as a parameter for
determining cellular selectivity. Hence, the NanoBRET technique proved useful in

determining both cellular potency and binding kinetics.
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Fig. 16: Both binding potency and Kkinetics translate from in vitro into the cellular system. (A) Target engagement
assays for FAK and PYK2 for 1 and 10 as indicated in the figure legend. (B) Correlation of the in cellulo potency with
the potency determined in vitro by SPR for entire inhibitor series as indicated in the figure. (C) NanoBRET wash-out
experiments for 10 and 1 in comparison to background data and tracer only (DMSO added instead of test compound).
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9 Results

9.2.6 Structural mechanisms affecting the protein binding site flexibility in FAK and

PYK2

Lastly in this study, we wanted to investigate structural differences in FAK and
PYK2 on the inhibitor binding behavior and both answer whether PYK2 can assume a
helical DFG-motif or show slow off-rate kinetics and if the FAK slow kinetics could be
reversed by mutagenesis. Hence, we made 12 mutant constructs and tested them in
both NanoBRET target engagement (Table 7, Suppl. Fig. S 13, Suppl. Fig. S 14, Suppl.
Fig. S 15) and wash-out (Table 8, Suppl. Fig. S 17, Suppl. Fig. S 18) assays (Fig. 17).

Table 7: NanoBRET site directed mutagenesis to validate FAK-L567 as the driver of slow off-rate inhibition of FAK.
Depicted is the fold-change to FAK and PYK2 wild type protein /Csos for the FAK and PYK2 mutants, respectively,
determined using NanoBRET target engagement assay. Blue indicates a fold-change of more than 2, indicating the
potency decreased for the mutant in comparison to the WT while red indicates a fold change of less than 0.5,
indicating the potency increased for the mutant compared to the WT. This table is graphically displayed in Suppl. Fig.
S 15.

FAK PYK2
Y576F Y579F
Cpd | WT | R426S R426A L567A E506Q E5061 E430S E430Q +Y577F WT | FA435R E474Q F435Q +Y580F
10| 1,0 0,91 13 1,6 19 1,3 0,90 1,0 10| 1,8 8,8 1,4 1,1

1,0 1,7 1,4 28 2,3 2,1 2,0 1,9 1,5 |[10]| 1,4 5,1 1,1 1,4
1,0 1,2 1,0 42 2,4 1,5 1,4 1,3 1,2 |10| 16 6,2 0,8 0,7
1,0| 1,4 1,2 3,2 6,6 1,9 1,3 1,2 1,2 (10| 1,2 2,1 0,5 0,5

o v A W R

10| 16 1,2 1,6 3,4 2,0 2,5 15 1,7 10| 14 4,9 0,7 0,7
10 | 10| 1,6 1,3 46 1,8 2,3 1,6 1,5 1,3 10| 19 5,4 0,9 0,8
11 {10 1,6 1,7 98 3,4 2,2 1,8 1,4 1,5 10| 1,6 3,1 0,8 0,7
12 | 1,0 | 0,68 1,6 0,38 19 0,00038 3,4 0,65 1,0 10| 14 9,5 0,7 0,9

Table 8: NanoBRET site directed mutagenesis to validate FAK-L567 as the driver of slow off-rate inhibition of
FAK. Depicted is the fold-change to FAK and PYK2 wild type protein kobs for the FAK and PYK2 mutants,
respectively, determined using NanoBRET wash-out assay. Blue indicates a fold-change of more than 2, indicating the
Kobs increased for the mutant in comparison to the WT (overall faster kinetics). A fold change of less than 0.5 is marked
in red, indicating the kobs decreased for the mutant compared to the WT (overall slower kinetics).

Normalized kobs Ratio

Mutant / WT 1 3 4 5 8 10 11 12
FAK 10 10 10 10 10 10 10 1.0
FAK-R426S 09 08 132 0.7 10 10 08 1.0
FAK-R426A 10 08 16 07 10 14 10 1.0
FAK-L567A 50 32 79 07 06 227 6.0 06
FAK-E506Q 22 25 21 11 10 19 38 1.0
FAK-E506I 14 17 16 30 10 11 21 1.0
FAK-E430S 09 14 10 06 10 11 11 10
FAK-E430Q 08 10 09 07 10 08 09 1.0
FAK-Y576F+Y577F 10 11 10 05 10 12 07 1.0
PYK2 10 10 10 10 10 10 10 1.0
PYK2-F435R 20 16 38 14 10 20 18 1.9
PYK2-F435Q 02 06 09 03 01 04 05 03
PYK2-E474Q 08 08 13 11 09 11 14 16

PYK2-Y579F+Y580F 04 03 08 04 03 04 05 03
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9 Results

First, we tested the FAK-L567 interaction by mutagenesis to alanine (FAK-L567A).
Gratifyingly, we observed a large decrease in potency for the inhibitors involved in FAK-
L567 interactions —1, 3, 4, 5 and 10 - as judged by the crystal structures (Fig. 5, Fig. 14,
Fig. 15), but an increase in potency for 12 which did not show a crystal contact to FAK-
L567. More interestingly, we were able to demonstrate a reversed binding kinetic effect,
where the half-lives for the inhibitors 1, 3, 4, 10 and 11 reversed from a slow binding for
FAK wildtype to a fast binding for FAK-L567A (Fig. 17). For 11, where we did not obtain
crystallographic information, the FAK-L567A shows very strong effects, indicating a
similar binding mode as to the other slow off-rate inhibitors 1, 3, 4, 5 and 10. For 5, the
hydrophobic interaction to FAK-L567 seems to only be affected in potency, but not in
kinetics which fits the FAK wild-type NanoBRET results that showed high selectivity for

FAK versus PYK2, but no prolonged kinetic selectivity.

To investigate the polar interaction of the inhibitors oxindole moiety in R? with
FAK-R426, we mutated to alanine (FAK-R426A). We observed no change in potency nor
binding kinetics for the inhibitor series, suggesting that the involvement of FAK-R426 in
the binding behavior as observed by crystal structure interactions seems to have no
impact. Indeed, crystallographic analysis showed that the interaction with FAK-R426 is
only present in half of the molecules in the asymmetric unit cell. Otherwise the
interaction was observed to be unstable and mediated by water. For 4, we observed
similar potency for the FAK-R426S mutant but did interestingly observe a largely faster
kinetics. As judged from the crystal structure (Fig. 14) the FAK-R426 interaction is
mediated by a water molecule here and the replacement of water may be connected to
the faster kinetics here, as the binding of the water cannot happen with the hydroxyl
group of the serine residue in the mutant. It can be hypothesized, that the incorporation

of a water into the wild-type binding interface happens as an induced fit mechanism.

In 1, we observed an interaction of PYK2-E509 with the pyridine nitrogen (Fig. 5)
but not for FAK-E506. To test whether this rigidifies the PYK2 protein binding site we
mutated FAK-E506 to E506Q to test different electrostatics and E506] to add more
hydrophobicity to the binding site. Both showed a decreased potency indicating that a

change is unfavored in FAK. Specifically, for FAK-E506Q we observed less potency for all
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9 Results
inhibitors but 1 and 10, indicating this interaction does not play a role in their binding
interfaced supporting what was seen in the crystal structures. 12 on the other hand was
largely affected and showed decreased potency because of a main interaction with FAK-
E506. Changing the electrostatics is hence unfavored for FAK. The binding kinetics were
changed for 1, 3, 4 and 11. For 4 and 11 we saw a water mediated bond. Changing the
electrostatics may influence the corporation of this water and hence change the kinetics
to more fast kinetics. When making the residue more hydrophobic as in FAK-E506I, we
observed a large decrease in potency for 1. This is in accordance with the pyridine ring
being more polar than the phenyl in 10, suggesting more hydrophobicity is unfavoured
for 1. For 12 on the other hand we observed a large increase in potency, which makes
sense as judged from the crystal structure, where the hydrophobic five membered ring
of 12 is now in a more hydrophobic surrounding. The kinetics did change for 5 and 11
when more hydrophobic, suggesting a potential water displacement here. Altogether,
this may indicate an interaction of E506 with the binding site when mutated and this

residue to make the protein more rigid and potentially prevent a helix formation in PYK2.

The PYK2 P-Loop was observed to be stabilized by polar interactions of the PYK2-
E432 sidechain with the PYK2-G347 backbone. In FAK FAK-E430 is oriented towards the
solvent and does not stabilize the P-Loop. Hence, the PYK2 active site might be limited
in flexibility to not be able to form the helical DFG needed for slow off-rates. We
prepared two mutants, FAK-E430S and FAK-E430Q to try to establish a similar rigid FAK
P-Loop, potentially preventing the helical DFG. The potency was decreased for 3, 8 and
12 indicating a P-Loop interaction lost here, but the kinetics were similar to wild-type
FAK. The slow off-rate inhibitors still were able to induce the helix and P-Loop rigidity
may not be a part of the helix prevention in PYK2. We as well prepared a mutant for
PYK2-F435 which was a glutamine in FAK. PYK2-F435Q and PYK2-F435R did not show a
change in potency for the series, and an even reduced binding kinetics for PYK2-F435R.
Gratifyingly, we observed a shift to slower kinetics for the FAK-like PYK2-F435Q mutant
which indicates this residue is crucial for the low off-rate kinetics. Whether PYK2 could
form a helix in this construct can only be speculated on, as no crystal structure was

obtained.

Next, we observed that PYK2-E474 located in the aC might contribute to less

flexibility in PYK2 and hence we mutated it to PYK2-E474Q. We observed a decreased
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potency but similar binding kinetics as for PYK2 WT. This may support the hypothesis

that the interaction increases PYK2 rigidity.

Lastly, we tested whether protein phosphorylation in the cell may impact binding
properties for this series and prepared phosphodead mutants for both FAK and PYK2,
mutating FAK-Y576+Y577 and the respective PYK2-Y579+Y580 to phenylalanine. In FAK
we did not observe a difference in potency, while in PYK2 there was 2-fold increase in
potency. We did not observe an impact on the binding kinetics for the FAK phosphodead
mutant but observed shifts to slower kinetics for the PYK2 phosphodead mutant,

indicating a phosphorylated version in the in-cell NanoBRET wild type experiments.

The SPR in vitro data suggested FAK-R426 might impact the binding kinetics,
specifically the inhibitors on-rate. Comparing the mutagenesis and NanoBRET data to
the SPR data, we could not confirm this behavior. Likewise, for 4, where we observed an
on-rate at the SPR detection limit, we can report slower kinetics on FAK in support of
our hypothesis in the cellular system. In conclusion, the SPR data may be miscalculated

here.

In summary, for PYK2 no mutants showed slower binding kinetics. As a
representative we chose 10, that only shows fast kinetics for PYK2. Basted on crystal
structures and mutagenesis, we hypothesize it is the overall reduced mobility of PYK2 as
compared to FAK that prevents the helical DFG and hence slow kinetics. Likewise, the
mutagenesis analysis showed that the FAK-L567 interaction is crucial for slow off-rate
kinetics in FAK and proves to be targeted for slow off-rates and avoided in order to yield

fast binding kinetics.
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Fig. 17: Structural stability of the ligand binding sites in FAK and PYK?2 explored by site-directed mutagenesis:
A) Mutant potency determined by NanoBRET for the inhibitors indicated in the figure. B) Representative wash-out
experiment for 10 on the mutants tested on FAK and PYK2 respectively. The signal was normalised to the tracer control
and fitted using a one phase exponential decay. FO Ctrl=Full occupancy control (no wash-out performed).
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10 DISCUSSION

Most inhibitors target the ATP binding site either directly or allosterically. As a
consequence, cellular ATP directly competes with inhibitor binding and the Kw for this
co-factor therefore influences the inhibitor potency. The concentration of ATP in cells is
estimated to be in the range of 1 to 3 mM and typical Kwus are in the micromolar range
and hence very potent inhibitors are needed for a full inhibition of the targets in
competition with ATP. Recently, we compared the activity of the approved drug
crizotinib for its designated targets ALK and MET and its off targets measured in enzyme
kinetic assays and in cells using NanoBRET assays® (Fig. 18). The results of the cellular
NanoBRET assay correlate with traditional in cell ELISA /Csgs. In order to deconvolute the
effect of compound cell penetrance and the effect of the cellular ATP present, we
studied inhibitor potency in both permeabilized cells and ATP depleted cells (after
addition of an ATP-pump inhibitor). This comparison revealed the influence of cell
penetration and the presence of high ATP concentration on inhibitor potency for
individual kinase targets and inhibitor tested (Fig. 18D). As the Kwus for ATP differ for
each kinase but the ATP concentration remains similar, inhibitor potencies are affected
based on the individual kinases Kwus, which led to a much narrower selectivity profile for
the kinome when comparing in vitro KinomeScan binding data with in-cell NanoBRET
data (Fig. 18C). In our study, kinases which have a higher Ku did not shift to lower
potencies as much as kinases showing a low Ky for ATP in cells. Furthermore, the Ku for
ATP for individual kinases is dependent on kinase activation states34 and interaction

partners. These influences need to be addressed in future studies.
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Fig. 18 In cellulo profiling of the approved drug crizotinib®. Literature known biochemical hits of
crizotinib were determined in cells and compared to in vitro biochemical data (C). The hits were validated
in a follow up titration (A) and this data correlated well with an in vitro ELISA (B). However, differences
between cellular and in vitro data were observed, which we investigated further. We found the Ky for ATP
and hence the competition of the compound against ATP to be a main reason for differences (D). This
behavior was not observed for all kinases tested but differs for each individual kinase.

10.1.2 Examples of unexpected cellular selectivity

During my thesis, | contributed to the characterization of several chemical
probes, which are tool compounds used to question a specific targets biology and
therefore have several very tight criteria: A chemical probe needs to be very potent both
in vitro (< 50 nM) and in cells (< 1 uM) and show a very narrow selectivity profile where
the closest off-target needs to show an at least 30-fold window. Additionally, a
chemically related negative control compound with a potency window of at least 100-
fold needs to be developed. Within these projects, we frequently investigated the
selectivity profile derived from in vitro assays for their effect in live cells. Some of these

are presented here:

In a first project, we developed a chemical probe for Cyclin-G associated kinase
(GAK)™. The probe candidate presented a very narrow selectivity with very potent /Cso
values for GAK and the closest off-target as the related kinase RIPK2 with a 50-fold

window. When testing the compound in cells, we observed a complete shift to lower
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potency for the target GAK but a near 1:1 correspondence of the potency of the off-
target RIPK2 in cells — shrinking the selectivity window to only 3-fold. This led us to
propose the compound as a dual GAK/RIPK2 probe molecule which we supplemented
with both a negative control compound and a control for RIPK2 that was very potent in
cells, but not probe material for RIPK2. Likewise, the chemical probe PF-04554878 was
suggested as a dual FAK/PYK2 probe based on in vitro ICsos (0.2 nM/0.1 nM,
respectively), but the potency in cells shows it was more potent on FAK versus PYK2

(ICs0= 36 nM/820 nM) giving opportunity to unravel FAK biology as a tool compound?3>,

In another project, we aimed to develop a probe molecule for ALK4 and ALKS5,
two closely related kinases involved in TGF-B signalling®. Our probe candidate was
observed to have some off-targets in vitro, which we could clear using NanoBRET, where
we observed potency shifts to lower potency for the off-targets. This was as well seen

for our p38a/B probe’.

In different projects, we observed cellular potency to be different from in vitro
determined potencies. These include a study on the ephrin receptors?, a study on JAK3?

and a project for CLK3®,

Within this study, we used different techniques to assess the potency of the
inhibitors. The choice of our assays resembles a more classical screening cascade: With
the differential scanning fluorimetry assays we have a very cost effective and fast
primary assay available, that only delivers a ranking of compounds for a target kinase,
but not in between different target kinases, as only nominal values are obtained. This
ranking however can be confirmed with a more accurate tracer displacement assay such
as homogenous TR-FRET used here for STK10/SLK. As the tracer binding properties
influence the ICso determined, a Cheng-Prusoff correction can be performed taking the
individual tracer concentration used into account with the individual tracer Kp

determined in that assay system which delivers inter-target comparable values.

As a more direct assay system, surface plasmon resonance has proven helpful in
determining a binders Kp for its target. As this assay is lower in throughput it usually is

used for closely characterizing a representative set of compounds. The only problem is
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the immobilization of the target, which can happen in different confirmations with a
resulting binding preference of the compound for one target conformation. We

observed this for STK10 when comparing different protein constructs with SPR.

A more functional readout is an activity assay. Here, the OMNIA assay'?° has
proven helpful, which enables a kinetic readout of the phosphorylation of a substrate
based on the artificial SOX amino acid that enriches fluorescence upon forming a
complex of the phosphorylation in proximity with a chelating magnesium ion. With this
assay, a functional inhibition of the target can be confirmed, as well as the Ku can be

accurately determined as we did here for STK10 (see Fig. 9).

Lastly, to investigate the cellular potency of an inhibitor, the NanoBRET target
engagement assay has proven very helpful. As a tracer competition assay, we can
observe the inhibitors effect in living cells. This adds information about a compounds

ability to cross the cell membrane and to inhibit its target with cellular ATP present.

A next step would be an in cellulo functional assay which utilizes a phenotypic
readout. We applied such assay in a different study, where we discovered that dasatinib
inhibits the cell migration of AGP01 gastric cancer cells using a cell migration scratch

wound assay.

In this cascade, the assays offer increasing information with increasing cost in
time, money and know-how. However, to investigate a compounds effect, several

additional experiments must be done in vivo, before testing in clinical studies.

The kinetics of binding have only recently emerged as an important but largely
neglected factor of kinase inhibitor efficacy33. To efficiently suppress a signaling
pathway, the targeted kinase needs to be continuously inhibited. Thus, it has been
hypothesized that fast binding on-rates and slow off-rates would be the preferred
property of an efficacious inhibitor. Despite optimizing the potency of kinase inhibitors,
in the past decade optimization of kinetic selectivity has therefore gained interest as a
molecule cannot be active unless it is bound, as Paul Ehrlich once stated. The IMI
campaign ‘kinetics for drug discovery’, where we had a project, has proven the concept

helpful in many cases®” and has shown, that the limited information of an enzymatic
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assay often is not capturing the complexity of the interaction of a target with a
compound. Additionally, we have shown, that with increasing clinical stages, we observe

an enrichment in high residence time inhibitors3.

In the STK10 study, we confirmed that STK10 and SLK are potently inhibited by
clinical kinase inhibitors. However, we found this potency to be decreasing in cells.
Investigating the potential reasons for this shift in potency, we found the cellular
concentration of ATP to be a main competitor for the STK10 active site that shifted
compound /Csps at least 10-times. Other factors not investigated could be STK10
autoinhibited states that were reported previously®®, other intracellular factors
competing for the binding site such as protein-protein interactions or the compounds

ability to cross the cell membrane.

To confirm the effect of cellular ATP we compared literature values in different
assays to our in vitro data (Fig. 19). We observed a good correlation with literature
reported in vitro values (Ambit3?), but observed a 10- to 100-fold shift when comparing
our results to the cell lysate assay Kinobeads!3® and a shift of 100-1000-times when
comparing to our cellular data. Strikingly, this staged shift of the potency correlates with
increasing ATP concentrations in these assays. While the HTRF assay does not use ATP
(but a tracer at K; determined before) and the Ambit assay (an immobilized probe
competition assay) used ATP at its Km for STK10, the Kinobeads assay shows elevated
ATP concentrations. However, it becomes clear that not only the ATP concentration, but
as well other factors included in cell lysates right-shift the compound potency as
different shift from 10-100-fold can be observed. The NanoBRET assay uses cellular ATP

concentrations and hence a concentration in the millimolar range.
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After having shown that the clinical compounds potency is much weaker in cells,
including that of erlotinib, which was reported to cause skin-related side-effects because
of its inhibition of STK10. Nevertheless, we observed a 15-fold lower potency for
gefitinib, which was not reported to cause the side-effects. After we investigated cellular
binding kinetics behavior of erlotinib and gefitinib on STK10, we observed a much longer
inhibition of STK10 by erlotinib than by gefitinib. As the binding kinetics was reported to
be related to the drug’s efficacy in vivo, we think the long residence time of erlotinib on
STK10 might be an explanation for the side-effects. The plasma concentration after oral
administration of erlotinib was reported to be 2.8 uM and decreases to 1.5 uM within
12 hours'38, Therefore, it is likely that the prolonged residence time of erlotinib in cells
may be responsible for the observed skin rash side effect of this drug. Also, the slowest
compound, bosutinib, was reported to show rash as a common side-effect. The severity
of the skin-rash of EGFR targeting drugs like erlotinib is not reported for bosutinib3°,
This shows, that not only affinity but as well binding kinetics should be investigated in

pre-clinical stages of drug development as an optimization parameter of drug safety.

Based on the analysis of the STK10 structures with different inhibitors bound, we
found structural rearrangements of the protein to be a good explanation for the
prolonged residence times. In particular, we found BIRB-796 and foretinib, two type Il

kinase inhibitors, to be effectively trapped by a folded and stabilized P-Loop. We assume
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a two-step mechanism, that was described as induced fit before®®. The two-step binding

might happen less fast resulting in a reduced on-rate.

Additionally, we found hydrophobic interactions, in particular with bosutinib and
BIRB-796, to be an explanation for prolonged residence times. The sandwiched n-

stacking was linked to prolonged residence times before4°,

In this study, we investigated the inhibitor binding of Amino-pyrimidines and
confirmed existing FAK SARs. With our SPR data, we provided the first SKR study for FAK.
Essentially, the induction of a helical DFG-motif that was proposed as a selectivity
mechanism for selectivity over PYK2 was shown to be a cause for a kinetic selectivity
and proved to be a general mechanism for the design of slow off-rate inhibitors on FAK.
We as well showed that PYK2 is not able to form this helical motif despite the high
sequence similarity between FAK and PYK2. The SPR data translated into the cellular
context of a NanoBRET wash-out assay and proved PF-431396 (10) to be as well the
slowest inhibitor in this set in cells. Nevertheless, PF-431396 was not used in clinical
trials due to a lack of efficacy in phenotypical assays'*!. The half-life in NanoBRET was
determined to be 1 h which was rather short in clinical contexts, highlighting that future
drug discovery efforts should optimize for prolonged residence times to improve clinical
efficacy. To improve the inhibitor behavior, the Amino-pyrimidine-series was developed
into a macrocyclic compound*? and as well the development of covalent inhibitors43
was shown to have an impact on the effectiveness of a drug. Future efforts should

include the knowledge about the stabilization of the helical activation loop in FAK and

be combined with prolonging the residence time on FAK.

This study highlights, that minor changes in the sequence between related
proteins can result in different mechanisms of protein-ligand interactions and result in

distinct protein conformations.

As a major indicator for a slow off-rate inhibitor for FAK, we observed the
structural stabilization of an induced helical structure of the DFG-motif. We believe that

this structural rearrangement happened in a two-step mechanism, highlighting the
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importance of the induced-fit model. Inhibitors of the amino-pyrimidine series not
inducing this structural rearrangement were not observed to be slow off-rate binders.
The rearrangement was based on the hydrophobic interaction of L567 with the
inhibitors hydrophobic core, resulting in a very stable conformation. Increased
hydrophobicity of the compound correlated with increased residence time for FAK. For

PYK2, we did not observe this interaction.

In vivo the lifetime of a drug-target complex is an important parameter for later
efficacy and in many cases, cellular and in vivo pharmacological activity and duration

correlate33.

Hence, we want to assess whether the NanoBRET cellular wash-out assay used
in both case studies for STK10/SLK and FAK/PYK2 is a suitable assay for assessing the

cellular binding kinetics of a compound and what potential limitations the assay has.

First, the NanoBRET wash-out assay relies on the availability of a suitable tracer
molecule. The wash-out assay starting point is typically set at high target occupancy.
Then, unbound compound is removed and the wash-out starts by tracer and substrate

addition and subsequent luminescence measurement.

As an initial input we hence require the NanoBRET /Cso of the compound for its
target. However, this value typically shows an error in the range of 2-3 times, which
means in the worst-case scenario we may have one inhibitor 1 at not 10-fold /Cso as
desired, but at 30-fold, while the other inhibitor 2 is at 3-fold /Cso. This means, the
occupancy of inhibitor 1 would likely be 95%, while the occupancy of inhibitor 2 would
start at approximately 75%. Subsequently, inhibitor 2 would appear to be washed-out
much faster than inhibitor 1, even when having similar /ICsos and in reality, similar half-
lives. When comparing the two, the determination of an accurate half-life will be difficult

and hence only sufficient replication may result in a half-life with sufficient accuracy.

Next, we have seen, that a use of a fast kinetics tracer will result in more accurate
half-lives as more information can be captures. If suitable tracers are available, the

tracer with the fastest kinetics should be chosen.
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As this assay is a luciferase assay, the assay quality will decrease upon substrate
consumption and hence a reduction in luciferase signal produced to be used in the BRET
to the tracer molecule. We found a detection of up to 2 h to be optimal which can be
expanded to 4 h with good quality. Longer measurements will result in very inaccurate
signals and high error bars between replicates. The manufacturer (Promega) developed
a new substrate with improved stability, that enables measurements up to 24 h. This
substrate however was not tested in the studies presented here and the improved

substrate should be tested in future kinetic studies.

Using the normal substrate and tracer kinetics, we found the determination of
half-lives in the range of 0.5 h to 5 h to be most accurate, regarding measurement times
of up to 4 h. We observed curves showing plateaus that do not reach the expected 100%
mark of the tracer. Here, an insufficient wash-out lead to an insufficient removal of
unbound inhibitor, allowing it to rebind to the target establishing an equilibrium that
did not result in the complete wash-out expected by a 100-fold dilution of the sample.
Therefore, a sufficient wash-out is necessary to get accurate half-lives in the NanoBRET
assay. Similarly, it might be that the previously determined /Cso was not accurate enough

to allow the system to start at 10-times /Cso, or 90% occupancy.

Especially with STK10, we observed potentially different kinetic stages of the
reaction where an initial compound wash-out might be faster for a subpopulation of
STK10 to be not fully bound and a section to be correctly kinetically trapped as expected
from the crystal structures which results in a two-step kinetic mechanism. This is what
we as well observed in the SPR data. As we use a cellular system, not all proteins might
be in the same conformation despite equilibrating the inhibitor and cells for 2 h prior to
the wash-out. Unfortunately, there was no two-step kinetic fit identified to confront this
problem, nor would be clear which kinetic half-live is the resemblance of the true state.
Likely, depending on the protein population different half-lives will be determined and

the usual fit will deliver a mix of these populations.

Additionally, in an open system, we do observe drug rebinding. Although the
tracer is used between /Cso or 10x ICso, depending on the tracer /Cso determined and the
upper tracer toxicity limit of 1 uM, drug rebinding could occur. In an open system as in
vivo however, drug rebinding has been invoked as a major mechanism for higher efficacy

of slow kinetics inhibitors and hence may be both desired and consequently considered
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as a global wash-out system in NanoBRET. As this global system, the NanoBRET wash-
out assay delivers a ranking of the half-lives of inhibitors for a given target. It is designed
to take several obstacles into account with defined starting point and endpoint of the
assay. | believe that NanoBRET might serve as a useful model for in vivo blood wash-out
experiments although the validation of this hypothesis is out of the scope of our
standard laboratory techniques. We however think, that the NanoBRET cellular wash-

out assay is a useful technique to determine cellular half-lives in a more global context.

Based on the two case studies investigated here, STK10/SLK and FAK/PYK2, it can
be emphasized that two underlying mechanisms were the most likely interactions

promoting slower residence times.

Firstly, we saw that hydrophobic interactions prolong the drug target residence
time. For STK10 it was the largely hydrophobic backpocket, which offered hydrophobic
interactions to the type Il inhibitors foretinib and BIRB796, while in FAK it was a specific
hydrophobic interaction with L567 that triggered the stabilization of the activation loop
upon inhibitor binding. This is in good agreement with the hydrophobic effect.
Desolvation of the hydrophobic pocket to allow inhibitor association presents an energy
barrier, which — if overcome by the system — will result in a prolonged residence time

because of a kinetically more stable complex®%:144,

Secondly, protein flexibility allows for more interactions conformationally
locking the inhibitor as seen especially with the clearly resolved P-Loop folding over the
pocket in STK10 and bosutinib or in the stabilization of the helical DFG-Loop in FAK upon
inhibitor binding which was not possible in the very related PYK2 protein. Ordering
otherwise flexible loops is known as a cause for prolonged residence times and is in

agreement witch the findings for e.g. DOT1L%8,

In conclusion, in the case studies of STK10/SLK and FAK/PYK2 we found new
examples supporting existing hypothesis for prolonging drug-target residence times. In
the future, more structure-kinetic-relationships are necessary to both understand how
to modulate a specific targets kinetic properties to design a molecule with the required

binding kinetic behavior and to consider slow binding kinetics a factor for the
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development of unwanted off-target effects — even if affinity assays suggest a selectivity

window.
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Bosutinib Bosutinib GW830263A GW683134 Foretinib BIRB-796 Dovitinib Dasatinib
isomer (Doramapimod)
1 0,
O-IM TRIS PH 8.1, 0.2M NAI, 0.1M 10% 0-2Msodium | 0 bEG6000,10% | 0.1M sodium | 0% PEG 300,
L 0.1M MAGNESIUM 0.1M SPG chloride -- 25% 0.20M Ca(ac)2,
Crystallization BISTRISPROPANE PH PEG1000, ethylene glycol, 0.1M formate,
.. CHLORIDE, PH 7.0; PEG3350 -- 0.1M
condition 30%(W/V) PEG 60% MPD 6.5, 20% PEG3350, 10% 10% 0.1M bis-tris MES pH 6.0, 0.1M 15%(w/v) cacodvlate oH
? ? ETHYLENE GLYCOL PEG8000 ’ magnesium chloride PEG 3350 y P
10000 pH 5.5 6.5
Inhibitor Type Type | Type ll Type ll Type ll Type | Type |
PDB ID 5AIQ 4BC6 4A0T 6eim 6i2y 6GTT 50wQ 50WR
Space group P22121 1222 P212121 P212121 P212121 P6422 P21 1222
No. of molecules
in the 2 1 2 2 2 1 2 1
asymmetric unit
Unit cell 51.2,114.0 49.5,99.8 50.9, 95.2 57.6,50.4 49.7,111.7
dimensions 41.2,108.1, 144.3 - - 55.7, 87.5, 148.6, 90, e PG 100.7, 100.7, 145.8, 90, e v o
ab C(A) o B 90 90. 90 134.3, 90, 90 90 125.8, 90, 132.8 90 120 114.6, 90.0, 133.2, 90, 90,
' (o)' B Y e 90, 90 ! 90, 90 90, 90, 120 ! 96.6, 90.0 90
Data collection
Resolution range 86.51-2.20 19.18-2.20 56.64-2.33 46.39-1.43 95.20-2.40 87.18-2.25 57.19-2.70 85.58-2.30
(A (2.27-2.20) (2.32-2.20) (2.42-2.33) (1.48-1.43) (2.63-2.56) (2.32-25) (2.86-2.70) (2.38-2.30)
Unique 20251
observations® 33518 (2809) (2949) 31773 (3276) 46390 (1430) 21389 (1011) 21422 (1920) 16619 (2672) 16890 (1643)
Average
multiplicity? 4.1 (3.4) 4.4 (4.5) 6.1(6.4) 4.1 (3.9) 6.3 (5.8) 17.7 (18.3) 2.8(2.7) 4.3 (4.3)
Cosz!;;f"ess 99.6 (98.3) 99.9 (99.8) 99.8 (99.9) 96 (94.8) 99.9 (100.0) 100.0 (100.0) 91.4(91.8) | 99.9(100.0)
(]
Rmerge? 0.05 (0.62) 0.04 (0.72) 0.14 (1.19) 0.05 (0.84) 0.11(1.12) 0.07 (1.70) 0.14 (0.61) 0.10(1.03)
Mean ((/)/a(/))? 12.0(1.9) 16.3 (1.9) 9.8(2.1) 12.6 (n/a) 5.8(1.1) 22.8(2.1) 4.7 (1.3) 37.2(1.7)

-111 -




11 Supplemental Information

Bosutinib Bosutinib GW830263A GW683134 Foretinib BIRB-796 Dovitinib Dasatinib
isomer (Doramapimod)
Mean CC(1/2)° 0.988 (0.665) n/a 0.996 (0.523) 0.999 (0.535) | 0.996 (0.534) 0.999 (0.589) 0.984 (0.692) | 0.997 (0.667)
Refinement
Reso'“t('g)” range 86.51-2.20 19.18-2.20 75.40-2.33 41.81-1.43 54.50-2.56 87.18-2.25 113.81-2.70 | 85.58-2.30
R-value, Riree 0.22,0.26 0.21,0.25 0.22,0.25 0.16,0.17 0.26, 0.28 0.24, 0.30 0.27,0.30 0.22,0.25
r.m.s. deviation
from ideal bond 0.010 0.010 0.014 0.004 0.003 n/a 0.014 0.008
length (A)
r.m.s. deviation
from ideal bond 1.42 1.08 1.59 0.68 0.67 n/a 1.69 1.18

angle (°)

2 Values within parentheses refer to the highest resolution shell.
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Suppl. Table S 2: KPCA, ePCA, DSF and NanoBRET data for STK10 and ePCA, DSF and NanoBRET data for SLK. KPCA= kinetic probe competition assay, ePCA= equilibrium probe competition
assay, SD= standard deviation, SEM= standard error of the mean, kon=association kinetic constant, korr=dissociation kinetic constant, Ko=dissociation constant, Ki=dissociation constant, DSF=Differential
Scanning Fluorimetry

STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
kon SD Kott kot SD Ko Ko SD K SD Ki ATm ET ICso ICso SEM  kinetics Halflife  kinetics SD | K SD K SLK potency ICso
Cpd Name [1/Ms] [1/Ms] (1/s) [1/s] [M] [M] [M] [M] K] [M] [M] [min] Halflife [min] [M] [M] ATw [K]  [M]
Staurospori | 7,64E 6,16E+0 5,98 2,16E- 1,00 2,43 3,71
ne +06 5 E-10 n=1 09 3,15E-10 360,50 277,79 E-10 n=1 E-09 E-10
2,55E 1,80E+0 5,13E  3,04E- 1,44 8,57E- 7,68 4,12E- 9,86E- 4,72 5,52E- 2,32 4,86
Ponatinib +06 5 -04 04 E-10 11 E-10 10 09 8,49E-10 389,20 97,18 E-10 11 14,62 E-07 E-08
1,47E 2,15e+0 1,18 9,18E- 9,14 7,00e- 9,76 3,70E- 19,0 2,92E- 5,34  7,10E- 6,33 8,59
Rebastinib +05 4 -04 04 E-10 09 E-10 10 5 06 2,88E-06 202,90 155,00 E-10 11 E-06 E-07
3,56E 2,65E+0 2,85E 4,41E- 585 583E- 1,85 2,07E- 14,5 1,91E- 8,25 7,63 1,42
Tivozanib +06 5 -03 04 E-10 11 E-09 10 0 07 3,79E-08 83,90 4,75 E-10 n=1 E-07 E-07
3,66E 1,16E+0 4,31E  2,43E- 5,59 3,69E- 1,29 4,02E- 12,2 7,32E- 8,50 3,92 1,09
LY2874455 +06 6 -02 02 E-08 09 E-08 09 8 08 1,10E-08 175,33 30,58 E-10 n=1 E-08 E-08
4,13E 1,25e+0 1,37E  4,95E- 2,82 2,27E- 4,43 11,0  3,04E- 1,35 2,12 5,55
AZD7762 +06 6 -02 03 E-09 10 E-09 n=1 2 07 4,61E-08 128,30 E-09 n=1 5,70 E-06  E-07
5,67E 1,42E+0 1,30E  4,10E- 2,23 1,90E- 4,27 1,56
CHIR-124 +05 5 -02 03 E-08 09 E-08 n=1 9,04 E-09 n=1
1,87E 1,71E+0 4,76E  4,60E- 1,96 1,11E- 2,82 1,20E- 1,58 9,92 6,12
KW-2449 +06 6 -02 02 E-08 09 E-08 n=1 7,77 06 2,26E-07 76,88 25,91 E-09 n=1 E-07 E-08
Foretini
(gsitlgéjgo 6,56E  4,64E+0 1,20E 4,11E- 1,41 6,25E- 3,58 1,40E- 14,4 3,41E- 2,21 6,51 4,12
89) +05 4 -03 04 E-09 10 E-09 09 9 07 8,15E-08 n.d. n.d. E-09 n=1 E-06 E-07
Golvatinib 1,82E 7,73E+0 5,03E  2,24E- 2,87 1,81E- 6,39 11,2 1,63E- 2,38 570 5,40
(E7050) +07 6 -02 02 E-09 10 E-09 n=1 9 06 7,43E-07 n.d. n.d. E-09 n=1 4,40 E-05 E-06
3,26E 9,27E+0 1,69E  4,80E- 580 4,82E- 4,41 1,15E- 2,59
Tamatinib +06 6 -01 01 E-08 09 E-08 09 8,61 E-09 n=1
2,52E 1,41E+0 2,57E 1,67E- 7,95 6,70E- 4,74 2,60
KIN001-132 | +05 5 -02 02 E-08 09 E-08 n=1 6,07 E-09 n=1
6,73E 1,16E+0 1,18 2,04E- 1,91 1,95E- 4,61 10,0 1,31E- 2,75
TAE684 +06 7 -01 01 E-08 09 E-08 n=1 9 07 1,35E-08 231,90 78,21 E-09 n=1 2,38
3,69E 3,86E+0 3,89E  8,46E- 9,57 2,40e- 1,73  2,06E- 2,33E- 2,93 3,60 5,61
MGCD-265 | +05 4 -03 04 E-09 09 E-08 09 8,55 05 3,24E-06 120,01 66,34 E-09 n=1 2,01 E-05 E-06
3,67E 7,34E+0 8,31E  2,49E- 2,53 2,07E- 3,75 2,94
Dovitinib +05 4 -03 03 E-08 09 E-08 n=1 7,14 E-09 n=1
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STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
kon sD Kott kot SD Ko Ko SD K SD Ki ATm ET ICso [ICso SEM  kinetics Halflife  kinetics SD | Ki SD K@ SLK potency ICso
Cpd Name [1/Ms]  [1/Ms] (1/s) [1/s] [M] [M] [M] [M] K] [M] [M] [min] Halflife [min] [M] [M] ATw [K]  [M]
2,01 4,48e+0 8,88  2,78E- 3,68 3,44E- 5,67 1,99E- 3,03
TAK-901 +05 4 -03 03 E-08 09 E-08 08 9,25 E-09 n=1
1,93t 4,28e+0 1,11E  3,23E- 5,23 3,91E- 9,03 10,1  3,45E- 3,73 1,68 6,82
Crenolanib +06 5 -02 03 E-09 10 E-09 n=1 2 06 4,31E-07 166,90 53,17 E-09 n=1 5,26 E-05 E-07
Cabozantini | 1,65E 1,95e+0 7,42E 2,03E- 5,16 5,15e- 5,19 1,28e- 13,1 8,18E- 3,92 2,23E- 2,19 1,87
b +06 5 -03 03 E-09 10 E-09 09 8 07 1,89E-07 156,13 37,85 E-09 10 E-05 E-06
2,38 6,91E+0 1,62E 5,61E- 6,80 5,31E- 7,09 4,86E- 10,1 4,22
pf234 +05 4 -02 03 E-08 09 E-08 08 8 E-09 n=1 5,73
1,77E  4,90e+0 1,51E 5,39E- 1,05 7,79e- 8,73  4,33E- 4,33
PIK-75 +05 4 -02 03 E-07 09 E-08 08 6,78 E-09 n=1 4,02
1,92 5,45E+0 1,62E 6,59E- 8,54 6,36E- 1,10 8,24E- 4,75
AP26113 +05 4 -02 03 E-08 09 E-07 08 8,26 E-09 n=1 5,20
GSK107091 | 4,86E  5,34E+0 7,27E  8,07E- 1,55 1,28E- 2,92 2,89E- 4,94 421 6,62
6 +06 6 -02 02 E-08 09 E-08 n=1 8,67 05 2,70E-06 86,22 7,61 E-09 n=1 2,41 E-05 E-06
8,20E 1,85e+0 1,26E  3,57E- 2,39 1,39e- 2,12 7,59E- 5,37 466 3,86
Neratinib +05 5 -02 03 E-08 09 E-08 n=1 6,29 07 1,87E-07 27,65 9,91 E-09 n=1 E-07 E-08
5,26E 1,02E+0 7,18E  2,14E- 1,36 1,66E- 2,03 5,37
AZ 960 +04 4 -03 03 E-07 08 E-07 n=1 7,34 E-09 n=1
9,65E 2,78E+0 1,66E 5,48E- 1,57 1,11E- 191 7,70E- 2,40E- 5,58 3,70 1,61
Pazopanib +05 5 -02 03 E-08 09 E-08 09 8,75 05 3,98E-06 109,12 29,29 E-09 n=1 4,56 E-05 E-06
3,50E 1,95E+0 3,29E  2,00E- 9,41 7,00E- 1,26 5,64
AEE-788 +05 5 -02 02 E-08 09 E-07 n=1 8,01 E-09 n=1
1,72E  4,62E+0 9,54E 3,48E- 5,53 6,78E- 1,08 5,72
AZD3463 +05 4 -03 03 E-08 09 E-07 n=1 9,11 E-09 n=1
6,52E 1,77E+0 1,19E  4,12E- 1,82 1,82E- 2,37 6,10
PF-562271 +04 4 -02 03 E-07 08 E-07 n=1 5,79 E-09 n=1
9,69E 2,88E+0 2,03E 7,38E- 1,48 8,43E- 2,06 191E- 14,1 2,93E- 6,20 1,92 2,90
Bosutinib +05 5 -02 03 E-08 10 E-08 08 0 07 2,26E-08 409,03 165,45 E-09 n=1 7,70 E-07 E-08
Desmethyl 5,08E 1,13e+0 9,61E  2,90E- 1,76  1,55E- 2,46 6,58
Erlotinib +05 5 -03 03 E-08 09 E-08 n=1 8,22 E-09 n=1
3,85E  7,26E+0 5,77E  1,85E- 1,50 2,25e- 3,14 6,70
Danusertib | +04 3 -03 03 E-07 08 E-07 n=1 4,73 E-09 n=1 1,46
INJ- 1,686 4,39e+0 1,44E 4,61E- 8,60 6,75E- 1,06 10,7 6,83
7706621 +05 4 -02 03 E-08 09 E-07 n=1 0 E-09 n=1 5,38
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STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
Kon SD Kot kot SD Ko Ko SD K SD Ki ATw ET ICso ICso SEM kinetics Halflife  kinetics SD | K SD K SLK potency ICso
Cpd Name [1/Ms]  [1/Ms] (1/s) [1/s] [M] [M] [M] [M] K] [M] [M] [min] Halflife [min] [M] [M] ATw [K]  [M]
BIRB 796
(Doramapi 3,06 2,42E+0 1,74E 4,08e- 4,42 7,73E- 9,58 195E- 14,0 2,37E- 7,12
mod) +05 4 -03 04 E-09 10 E-09 09 0 06 2,80E-07 261,80 134,49 E-09 n=1 7,19
4,23t 9,82E+0 1,02E 3,17E- 2,40 2,41E- 2,51 8,13
PF-562271 +04 3 -02 03 E-07 08 E-07 n=1 5,23 E-09 n=1
1,738 5,40E+0 1,80E 6,55E- 1,04 7,80E- 1,26 1,36E- 9,73
CYC-116 +05 4 -02 03 E-07 09 E-07 08 6,21 E-09 n=1
3,19e  7,16E+0 9,51E  2,90E- 2,88 2,62E- 4,19 2,04E- 9,82
Cediranib +05 4 -03 03 E-08 09 E-08 08 9,04 E-09 n=1 5,77
1,34E  2,74E+0 6,96E 2,18E- 518 6,69E- 6,08 2,47E- 1,02
AZ23 +05 4 -03 03 E-08 09 E-08 08 7,77 E-08 n=1
1,258 3,45E+0 1,48E 4,96E- 1,18 9,56E- 3,17 1,12
Sunitinib +05 4 -02 03 E-07 09 E-07 n=1 E-08 n=1
4,45E 1,34E+0 1,24E  4,72E- 2,78 2,96E- 3,02 2,56E- 1,25
PF 431396 +04 4 -02 03 E-07 08 E-07 08 8,87 E-08 n=1 5,24
1,62E  4,56E+0 2,61E  8,01E- 2,49 2,47E- 2,52 7,57E- 3,24E- 1,26 1,51 4,93
Icotinib +06 5 -02 03 E-08 09 E-08 09 8,16 06 5,57E-07 83,39 25,63 E-08 n=1 4,85 E-06 E-09
BMS77760 9,10E  2,36E+0 2,97E  8,27E- 3,88  2,82E- 8,08 10,0 3,72E- 1,29 1,41 1,20
7 +06 6 -02 03 E-09 10 E-09 n=1 5 06 5,22E-07 142,88 66,64 E-08 n=1 5,08 E-05 E-06
6,29E 1,43E+0 1,02 3,11E- 1,63 1,58E- 1,71  4,59E- 1,35
Sunitinib +04 4 -02 03 E-07 08 E-07 08 6,26 E-08 n=1
BMS- 1,10e  2,60E+0 9,93E 3,16E- 9,00 9,31E- 1,47 1,49
582664 +05 4 -03 03 E-08 09 E-07 n=1 6,03 E-08 n=1
GSK- 3,20E  7,38E+0 8,89E  2,86E- 2,78 3,18E- 3,60 1,53
461364 +05 4 -03 03 E-08 09 E-08 n=1 5,56 E-08 n=1
Sotrastauri 1,69e 7,08e+0 2,78E 1,28E- 1,65 1,086- 1,51 7,92E- 1,65
n +05 4 -02 02 E-07 08 E-07 08 6,41 E-08 n=1
1,64E 4,75e+0 8,17E 3,42E- 4,98 7,78E- 4,39 1,51E- 1,66
Gandotinib | +04 3 -03 03 E-07 08 E-07 07 6,49 E-08 n=1
5,23E 1,40E+0 1,17E  4,02E- 2,23 2,24E- 2,70 1,67
SB1518 +04 4 -02 03 E-07 08 E-07 n=1 4,80 E-08 n=1
2,65E 1,69e+0 3,80E  2,60E- 1,43 1,05e- 8,18 1,73
cuDc-101 +05 5 -02 02 E-07 08 E-08 n=1 7,83 E-08 n=1
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STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
Kon SD Kot kot SD Ko Ko SD K SD Ki ATw ET ICso ICso SEM kinetics Halflife  kinetics SD | K SD K SLK potency ICso
Cpd Name [1/Ms]  [1/Ms] (1/s) [1/s] [M] [M] [M] [M] K] [M] [M] [min] Halflife [min] [M] [M] ATw [K]  [M]
1,34 3,74E+0 1,79E  5,94E- 5,62 4,72E- 9,79  4,02E- 1,83
AT-9283 +06 5 -02 03 E-08 09 E-08 08 8,21 E-08 n=1 5,03
1,03 8,53E+0 2,14E 4,75E- 1,76  3,67E- 4,54 4,77E- 13,9 9,17E- 1,94  2,21E- >1,0
AMG458 +06 4 -03 04 E-09 10 E-09 09 1 06 1,18E-06 82,78 24,54 E-08 10 4,82 E-04
ENMD- 1,86E 1,33e+0 4,62E 3,51E- 2,49 1,70e- 3,09 1,95
2076 +05 5 -02 02 E-07 08 E-07 n=1 3,78 E-08 n=1
5,20E 1,31E+0 1,29E 4,12E- 2,45  2,13E- 2,01 1,31E- 1,96
BX-912 +04 4 -02 03 E-07 08 E-07 07 4,78 E-08 n=1
7,69e 9,81E+0 1,10E 1,37E- 1,63 1,16e- 2,03 3,97E- 6,83E- 2,01 1,04 9,99
Lenvatinib +06 6 -01 01 E-08 09 E-08 10 9,60 07 8,97E-08 64,33 11,24 E-08 n=1 4,68 E-05 E-07
7,97E  2,20eE+0 2,12E  1,02E- 7,47 5,00E- 9,13 4,02E- 3,59E- 2,01 581 6,15
Erlotinib +04 4 -02 02 E-07 08 E-08 08 7,36 06 1,68E-07 188,03 73,81 E-08 n=1 E-06  E-07
2,69  2,15E+0 4,62E 4,41E- 1,39 1,09E- 9,86 2,96E- 2,02
Nintedanib | +05 5 -02 02 E-07 08 E-08 08 6,65 E-08 n=1 2,98
GSK- 5,00E 1,24e+0 1,07E  3,51E- 2,15  2,18- 1,19 2,28
1059615 +04 4 -02 03 E-07 08 E-07 n=1 6,40 E-08 n=1
7,49E 1,76e+0 1,11E  3,42E- 1,49 1,37E- 1,97 2,88
Brivanib +04 4 -02 03 E-07 08 E-07 n=1 8,75 E-08 n=1 4,66
6,46E 1,59e+0 1,12E 3,58E- 1,73 1,66E- 1,67 3,04
AC-480 +04 4 -02 03 E-07 08 E-07 n=1 7,37 E-08 n=1 2,53
5,70 3,08
P505-15 E-07 n=1 E-08 n=1
5,60E 1,85e+0 1,60E 6,32E- 2,86 2,57E- 3,44 3,12
VX-680 +04 4 -02 03 E-07 08 E-07 n=1 8,95 E-08 n=1 4,40
1,386 3,14E+0 6,61E 2,37E- 4,79 7,34E- 6,33 3,14
LY2835219 | +04 3 -03 03 E-07 08 E-07 n=1 3,75 E-08 n=1
BMS- 9,10E 1,88E+0 6,77E  2,26E- 1,18 2,10E- 2,36 5,06E- 3,25
754807 +04 4 -03 03 E-07 08 E-07 08 6,13 E-08 n=1
Ruboxistaur | 5,15E 1,29e+0 1,16E  3,75E- 2,25 2,13e- 2,01 1,87E- 3,54
in +04 4 -02 03 E-07 08 E-07 07 7,24 E-08 n=1 4,07
2,73E 1,70E+0 4,49E  2,96E- 1,66 9,92E- 1,57 4,53E- 3,74
Axitinib +05 5 -02 02 E-07 09 E-07 08 8,69 E-08 n=1 4,07
3,03E 9,05E+0 1,14E  4,40E- 3,75 4,29e- 3,11  1,04E- 3,89
Saracatinib | +04 3 -02 03 E-07 08 E-07 07 7,75 E-08 n=1
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STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA  kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
kon sD Kott kot SD Ko Ko SD K SD Ki ATm ET ICso ICso kinetics Halflife  kinetics SD | Ki SD K@ SLK potency ICso
Cpd Name [1/Ms]  [1/Ms] (1/s) [1/s] [M] [M] [M] [M] [K] [M] [M] Halflife [min] [M] [M] ATw [K]  [M]
3,51E 8,54E+0 9,51E  3,18E- 2,71 3,07E- 2,87 1,20E- 4,49
PF-477736 +04 3 -03 03 E-07 08 E-07 07 4,01 E-08 n=1 2,50
2,17E 5,66E+0 1,08 3,71E- 4,97 5,24E- 4,99 4,83
Motesanib +04 3 -02 03 E-07 08 E-07 n=1 4,04 E-08 n=1
2,93E 7,85e+0 1,11E  3,88E- 3,77 4,00E- 5,55 4,88
PF-477736 +04 3 -02 03 E-07 08 E-07 n=1 5,36 E-08 n=1
5,34E 4,86E+0 4,42E  1,55E- 2,43 4,00E- 3,99 2,27E- 4,91
ASP-3026 +05 4 -03 03 E-07 08 E-07 07 4,71 E-08 n=1 2,18
8,99E 3,84E+0 2,46E 1,17E- 2,73 2,08E- 2,49 4,46E- 5,11
Alisertib +04 4 -02 02 E-07 08 E-07 09 5,44 E-08 n=1 3,22
RAF265 2,99E 2,44E+0 8,17E  5,07E- 2,30 1,50E- 5,12 3,75E- 14,0 9,97E- 5,22 1,94 3,14
(CHIR-265) +04 3 -04 04 E-08 08 E-08 09 3 06 2,47E-06 n.d. E-08 n=1 E-05 E-06
6,45E 1,46E+0 9,37E  2,92E- 1,45 1,55E- 2,03 5,71
VX-689 +04 4 -03 03 E-07 08 E-07 n=1 9,07 E-08 n=1
7,37E 2,47E+0 1,90E 7,38E- 2,58 1,98E- 2,48 5,81
0S1-930 +04 4 -02 03 E-07 08 E-07 n=1 5,85 E-08 n=1
8,54E 2,76E+0 1,78  6,70E- 2,10 1,71E- 2,33 1,54E- 5,95
SGI-1776 +04 4 -02 03 E-07 08 E-07 07 5,93 E-08 n=1 2,58
1,58E 5,36e+0 1,73E  6,52E- 1,72 1,87E- 2,41 7,12E- 6,75
Linifanib +05 4 -02 03 E-07 08 E-07 08 8,36 E-08 n=1
3,18E 8,29e+0 1,15 3,87E- 3,60 3,58E- 3,15 4,44E- 7,35 4,03 6,70
Gefitinib +04 3 -02 03 E-07 08 E-07 n=1 7,80 05 6,46E-06 29,72 E-08 n=1 3,45 E-05 E-06
3,62E 7,44E+0 8,18E  2,44E- 2,26 2,53E- 2,97 8,00
MLN-8054 +04 3 -03 03 E-07 08 E-07 n=1 4,55 E-08 n=1 1,28
5,17E 1,14E+0 5,74  2,17E- 1,11 1,98E- 4,07 8,04
SU5416 +03 3 -03 03 E-06 07 E-07 n=1 3,52 E-08 n=1
2,29E 5,07E+0  7,22E  2,44E- 3,16 4,34E- 4,70 8,10
Canertinib +04 3 -03 03 E-07 08 E-07 n=1 4,27 E-08 n=1
1,52E 5,33e+0 1,74 7,17E- 1,14 9,91E- 8,40 8,12
AVL-292 +04 3 -02 03 E-06 08 E-07 n=1 4,95 E-08 n=1 2,01
1,82E 7,40E+0 2,65E 1,23E- 1,46 9,87E- 1,43 6,65E- 12,8 8,29
Sorafenib +05 4 -02 02 E-07 09 E-07 08 1 E-08 n=1
6,80E 1,96E+0 1,64E 5,72E- 4,99 4,30E- 7,05 2,08E- 8,66
Dasatinib +04 4 -02 03 E-07 08 E-07 07 6,80 E-08 n=1 4,10
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STK10 SLK
kPCA kPCA kon kPCA kPCA kPCA kPCA ePCA ePCA DSF NanoBR NanoBRET NanoBRET NanoBRET ePCA ePCA DSF NanoBRET
kon sD Kott kot SD Ko Ko SD K SD Ki ATm ET ICso [ICso SEM  kinetics Halflife  kinetics SD | Ki SD K@ SLK potency ICso
Cpd Name [1/Ms]  [1/Ms] (1/s) [1/s] [M] [M] [M] [M] K] [M] [M] [min] Halflife [min] [M] [M] ATw [K]  [M]
2,A0E  8,12E+0 1,56E 6,33E- 6,47 6,06E- 5,13  3,95E- 9,04
Ibrutinib +04 3 -02 03 E-07 08 E-07 07 5,06 E-08 n=1 2,04
3,26 9,25
PF299804 E-07 n=1 E-08 n=1 3,33
2,95E 1,42E+0 2,20E  1,12E- 1,15 1,40E- 1,52 4,51E- 9,27
Dabrafenib | +05 5 -02 02 E-07 08 E-07 08 7,05 E-08 n=1 3,55
Momelotini | 5,46E  2,03E+0 1,62E  6,70E- 8,24 1,18E- 5,39  3,66E- 9,58 1,31E-
b +04 4 -02 03 E-07 07 E-07 07 3,61 E-08 08
ARRY33454 | 1,19e  2,72E+0 5,53 2,17E- 4,63 8,64E- 3,86 1,05
3 +04 3 -03 03 E-07 08 E-07 n=1 6,90 E-07 n=1 1,34
NVP- 1,29e  4,95E+0 2,18 9,47E- 1,68 1,29e- 1,72 1,20
BGJ398 +05 4 -02 03 E-07 08 E-07 n=1 4,52 E-07 n=1 2,25
6,79e  2,52E+0 1,38  6,33E- 2,04  2,39E- 1,34 1,37
MK-2461 +03 3 -02 03 E-06 07 E-06 n=1 E-07 n=1
1,13 3,98E+0 1,67E 6,97E- 1,48 1,35e- 7,25 1,81
CP-724714 | +04 3 -02 03 E-06 07 E-07 n=1 4,70 E-07 n=1 1,79
2,10  6,08e+0 1,18 4,38E- 561 596E- 4,12 2,19
0S1-027 +04 3 -02 03 E-07 08 E-07 n=1 3,75 E-07 n=1
1,02E 5,17E+0
Lapatinib +02 1
Fostamatini
b
1,66 4,82E+0 1,95E 6,56E- 1,18  7,64E-
Vandetanib | +05 4 -02 03 E-07 09 4,29
KX2-391 1,81
Regorafeni 5,28E 1,87E+0 2,20  8,83E- 4,17  2,99E-
b +05 5 -02 03 E-08 09
1,16E- 1,02 1,04
0SI-420 06 1,35E-07 61,23 0,71 E-06  E-07
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Suppl. Table S 3: Comparison of the Omnia activity, NanoBRET potency, SPR potency, KPCA kinetics, SPR kinetics and the NanoBRET halflifes for 8 representative compounds.

. potenc poten . L L . . L kinetic kineti kineti L
what to determine potency potency potency potency v potency potency potency potency oy kinetics kinetics kinetics kinetics kinetics kinetics s cs o kinetics
[STK1 [STK1 [STK1
[Protein] [STK10] [STK10] = [STK10] [STK10] = [STK10 [STK10]~ [STK10]=5 [STK10]=2 [STK10]~p o [STK10]=5 [STK10]=5 [STK10]=5 [STK10]~p [STK10]~p [STK10]~p [STK10 o o [STK10]~p
=5nM 5nM =5nM 5nM pM oM 00 pM UM M Mp 00 pM 00 pM 00 pM M M M oM Mp Mp M
OMNIA OMNIA OMNIA OMNIA NanoB NanoBRE HTRF HTRF HTRF HTRF SPR NanoBRET
assay used Activity Activity Activity Activity RET TE TTE ePCA DSFTm SPRKi SPRKi kPCA kPCA kPCA SPR kon SPR ket SPR ¥o SPR kon Kott SPRKo 1 ash-out
STK10- STK10- STK10- STK10 STK10- STK10 STK10
Protein used FL STK10-KD FL STK10-KD FL STK10-FL STK10-KD STK10-KD STK10-KD L STK10-KD STK10-KD STK10-KD STK10-KD STK10-KD STK10-KD L L L STK10-FL
multipl 2 2 multipl 2 2 2 multi 2 2 2 2 2 2 multipl multi multi
Phospho-State o p Phosphor multiple Phosphor e P multiple Phosphor Phosphor Phosphor e P Phosphor Phosphor Phosphor Phosphor Phosphor Phosphor e P e P e P multiple
ylations ylations ylations ylations ylations ylations ylations ylations ylations ylations ylations
cellular,
60 pM 60 uM 1000 1000 pM cellula !
[ATP] ATP ATP UM ATP ATP . low 0 ATP 0 ATP 0ATP 0 ATP 0 ATP 0 ATP 0 ATP 0 ATP 0 ATP 0ATP 0ATP 0ATP 0ATP cellular
tracer
-~ kon .
Bindin ICso, ICso, ICso, Ko, kon kon kost Ko, Halflife
1 ™M 1 M I ™M K, [M Ten, [K] Ko, [M kot [1 Ko, [M kot [1 Ko, [M 1, |
wd e | L UL B Co, MI | 1Gso, [M] i (M) m [K] oM | a/mares Ker1/s] oM | [1/meprsy Kon (/5] o, M| ﬁrsr;o ol M fmie]
Gefitini 7,30E- 7,36E- 4,44E- 1,68E- 5,74E+  6,80E-  1,16E-
b type | 08 9,41E-08 pt 7,78E-07 05 3,80E-06 3,16E-07 7,80 5,70E-07 o6 3,18E+04 1,15E-02 3,60E-07 5,54E+05 2,82E-01 4,97€-07 05 01 e 102,95
Erlotini 1,28E- 4,11E- 3,59E- 2,36E- 1,44E+ 1,70E- 1,17E-
b type | 08 5,60E-08 07 1,95E-07 06 2,31E-06 1,37E-07 7,36 8,36E-08 07 7,97E+04 2,12E-02 7,47E-07 9,58E+05 6,77E-02 6,99E-08 06 01 07 307,45
Bosutin 2,04E- 1,03E- 2,93E- 3,09E- 8,40E+  9,82E-  1,16E-
ib type | 09 3,20E-09 08 1,48E-08 07 9,78E-08 2,39E-08 14,10 1,18E-08 07 9,69E+05 2,03E-02 1,48E-08 7,58E+06 4,13E-02 5,48E-09 05 02 07 819,9
B'R:79 type Il 7’;;& 1,20E-06 5’;‘;E' 2,45E-06 Z'EEE' 2,69E-07 9,73E-09 14,00 6,39E-06 3,06E+05 1,74E-03 4,42E-09 205,35
AP245 1,78E- 6,65E- 9,86E-
34 type Il 09 6,42E-10 09 1,66E-08 09 <200 pM 2,55E+06 5,13E-04 1,44E-10 1155,7
Stauros 3,38E- 3,79E- 2,16E- 7,25E+ 2,08E- 2,97E-
t | ! 6,82E-10 ! 1,03E-09 ! 200 pM 1,36E-10 7,64E+06 ! ! ! 134,21
porine ype 10 10 09 <20p * 05 04 10
C:tki’:ii)a type Il Z'EZE- 7,70E-08 1'(1)3& 1,84E-07 8'(1]3& 9,09E-09 5,01E-09 13,18 2,41E-08 1,65E+06 7,42E-03 5,16E-09 1,79E+05 1,95E-03 1,11E-08 419,1
F°:Et'” typelll 1,(3’51;5- 6,14E-08 1'(2)5;5' 2,17€-07 3’3;5' 7,84E-09 | 539E-09 14,49 3,66E-08 6,56E+05  1,20E-03 1,41E-09 371,7
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STK10 [Tracer 236], [nM] Fit results 8000 ; ; 2500
10000 — 100 Koff 000777 N e a [P B P —
S 1] — 50 Kon 308172 5 / g ¢ .
To- Hotnm =1000 £ 000 . 1500 f
= - 25 Bmax 7377 E £ 1000
Im —- 125 Kd 5.765e-009 E 2000 : : [ . | :
x — 6.25 Std. Error : i sTK10 ; j SLK
g 3.125 Koff 0.0001246 ° 0 50 100 160 ¢ L y y
- — A 0 0 10 20 30
Kon 7108 [Tracer 236, [nM] [Tracer 236], (M)
= 1.5625 Bmax 57.24
Kd=8.814 nM Kd= 0.8698 nM
-2000 time [sec] —— 0.78125 Kd 3.388e-010 Std Kd= 0.4317 nM Std Kd= 0.3718 nM

Suppl. Fig. S 1: HTRF tracer 236 properties for STK10 (association Kinetics and potency) and SLK (potency only). Results are indicated in the figures.
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Suppl. Fig. S 2: Examples of ePCA compound titrations and resulting fits. Compound name and ICso are indicated in each respective graph.
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Suppl. Fig. S 3: Examples of KPCA data curves and resulting fits. Compound name, kon and Kofr as well as the calculated kinetic Ko (Kp=Kkon/koff) are indicated in each respective graph.
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Suppl. Fig. S 4: Representative NanoBRET potency of inhibitors on STK10. ICso of this single run is indicated in the figure.
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Suppl. Fig. S 4: Representative NanoBRET potency of inhibitors on STK10. IC50 of this single run is indicated in the figure.
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Suppl. Fig. S 5: Representative NanoBRET potency of inhibitors on SLK. ICso of this single run is indicated in the figure.
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Suppl. Fig. S 9: Titration of STK10 full-length (FL) or kinase domain only (KD) proteins using 1 mM ATP and
1 mM SOX substrate in the OMNIA assay. We decided to use 5 nM final STK10 concentration in following
assays.
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Suppl. Fig. S 10: Stability of insect cell expressed STK10 proteins. NanoDSF experiments for STK10 full-length
(=STK10 FL) and STK10 kinase domain only (STK10 KD) constructs show a high stability of STK10 FL but a low
window for stabilization. It shows low stability of STK10 KD, which starts denaturing at 27 °C. Upon ligand addition
the Kinase domain is stabilized to 49 °C creating a good assay window.
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Suppl. Table S 4: Data collection and refinement statistics for FAK structures.

Structure 2 3 4 5 (PF-573228) 8 10 (PF431396) 12 (PF-719)
Data Collection
Space Group P1 Cc2 Cc2 P212121 Cc2 C2 Cc2
cell parameters (A) 45.35, 51.35, 67.07 118.05, 77.13,174.93 112.53, 75.75, 173.27 42.53, 48.40, 129.33 114.17, 76.08, 172.85 110.22 74.54 172.55 113.97, 75.86, 172.64
cell angles (°) 99.36, 102.89, 92.51 90.00, 101.34, 90.00 90.00, 102.37, 90.00 90.00, 90.00, 90.00 90.00, 102.53, 90.00 90.00 103.11 90.00 90.00, 102.66, 90.00
Molecules/AU 2 4 4 1 4 4 4
Resolution (A)? 64.35-1,54 (1.64-1.54) 171.52-2.30 (2.57-2.30) 62.37-1.78 (2.02-1.78)  45.33-1.36 (1.44-1.36)  84..37-1.81 (2.035-1.81)  84.03-1.93 (2.17-1.93)  56.49-1.92 (1.98-1.92)
Unique reflections 56803 44522 82421 47762 81043 48069 88953
Completeness (%)? 82.7 (64.9) 92.6 (64.7) 93.2 (67.9) 89.8 (51.7) 92.0 (69.5) 88.0 (72.8) 85.6 (71.7)
Multiplicity® 1.9 (1.9) 3.3(3.4) 4.1(3.8) 7.6 (5.1) 3.4 (3.4) 3.4 (35) 49 (5.1)
Ryim (%) 2.8 (57.0) 3.5 (42.7) 4.2 (34.4) 3.2 (58.1) 3.5(39.2) 3.4 (40.7) 3.5 (36.6)
CC(1/2) 0.999 (0.522) 0.999 (0.710) 0.998 (0.786) 0.999 (0.387) 0.999 (0.728) 0.999 (0.670) 0.997 (10.730)
Mean I/s(1)* 10.5 (1.2) 12.3 (1.9) 10.5 (2.2) 16.0 (1.2) 11.7 (1.8) 14.3 (1.9) 11.9 (1.7)
Refinement
Ruwork: (%0)° 19.0 23.2 18.3 17.1 19.2 19.2 21.4
Riree, (%0)° 21.2 20.2 21.4 19.8 215 21.8 235
No. of atoms 4553 8654 9648 2479 8983 8664 8960
Protein® 4125 8387 8576 2081 8244 8349 8323
Water 360 138 922 364 622 175 508
Ligands 67 124 144 34 116 140 124
other solvent molecules 1 5 6 0 5 0 5
RMSD bonds (A) 0.008 0.008 0.008 0.008 0.008 0.008 0.008
RMSD angles (°) 0.88 0.98 0.89 0.95 0.85 0.86 091
Mean B (A% 329 60.78S 31.0 17.0 39.2 384 39.2
Ramachandran (%)
Favoured 92 93 92 94 93 93 93
Allowed 8 7 8 6 6 7 7
Outliers 0 0 0 0 0.1 0.1 0
PDB entry 6YT6 6YXV 6YQ1 6YO0J 6YVS 6YR9 6YVY
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Suppl. Fig. S 11: Tracer parameters determined in NanoBRET for FAK and PYK2. NanoBRET tracer potency
were determined for FAK (A) and PYK2 (B), respectively. The tracer kinetics of FAK (C) and PYK2 (D) were
determined using intact cells.
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Suppl. Fig. S 12: NanoBRET potency for the inhibitor series on FAK and PYK2 as indicated in the figure.
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Suppl. Fig. S 13: NanoBRET potency for the inhibitor series on FAK mutants as indicated in the figure.
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Suppl. Fig. S 14: NanoBRET potency for the inhibitor series on PYK2 mutants as indicated in the figure.
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Suppl. Fig. S 16: NanoBRET wash-out data on wild type FAK and PYK?2 for the inhibitor series investigated
here.
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Suppl. Fig. S 17: NanoBRET wash-out data on FAK mutants as indicated in the figure for the inhibitor series
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12 Abbreviations

12 ABBREVIATIONS

ABL ... Abelson murine leukemia viral oncogene homolog 1
L 2 SRR Protein kinase B synonym
APE .o e e ra e e e e e enanns Aspartate-Proline-Glutamate
L ISP Adenosine Triphosphate
2T USSPt breakpoint cluster region
BRET ..ttt eereennees Bioluminescence resonance energy transfer
B A e e e e e e e e e e s e arraaaaes Bovine Serum Albumin
CAMK ... calcium/calmodulin dependent protein kinases
1 USSR Cyclin dependent kinase
1 Casein Kinase 1
LK ettt e e e e e e e e e e e e e e e e een———araeeeeeeernnrraraaeaaeaaan CDC-like kinase
[ ] o USSR Aspartate-Phenylalanine-Glycin
DMEM oo e e e e Dulbecco's modified eagles medium
117 Y © SR Dimethylsulfoxide
DSF .o Differential Scanning Fluorimetry, Differential Scanning Fluorimetry
EGFR ...t Epidermal Growth Factor Receptor
ELISA. .ot Enzyme linked Immuno Sorbent Assay
EBPCA equillibrium probe competition assay
o 2 AV SRR ezrin, radixin, moesin
FAK ..ot e e e e e e e e e e e e e e s nnnnes Focal Adhesion Kinase
) P UPPPR focal adhesion targeting
P B S ittt ettt e e e e e e e et e e e e nareeeeaaaaaaeeenaaaeeeans Fetal Bovine Serum
FDA ettt e e e e e e e e e e e e e aeeeean Food and drug administration
L 2 Y 4.1 protein, ezrin, radixin, moesin
G 2 PR fibroblast growth factor receptor
F L ettt ettt ettt e et e e e e e e e e e e et e —a e e e e e e e e se b b r—aaaeeeeeaaaatrraaraeeeeeeanrarraraaeeens full-length
FRET et s Fluorescence resonance energy transfer
GAK ..o Cyclin G associated kinase, Cyclin-G associated kinase
[C1Y TSRS Glycogen synthase kinase 3
HBS ... e e e e e e e e e e e e e ennaraees HEPES buffered saline
HEK 23T .ttt et e e e e e e s e raer e e e e e e e e e ennnes Human embrionic kidney
HEPES ..o, N-2-hydroxyethylpiperazine-N-ethanesulfonic acid
[ 1 1 2R homogenous TR-FRET
JC50.uueeeeeee et a e inhibitory concentration for 50%
IMIL e e e e e e e e e e e e e e e e Innovative Medicines initiative
) I O Isothermal Titration Calorimetry, Isothermal titration calorimetry
KDttt e e s dissociation constant, Kinase Domain
G dissociation constant
K Off v teeeeeeeeeeeeeeirttee e e e e e e se s et ereeeeeeeee s e astbeeeeaaeeeeaannraraeeaaaeeeaannnees kinetic dissociation constant
KO vttt ee e ettt ettt e e e e e e e e e e e e e e e e e e e e e e rraa e e e aaeeeaannrraees kinetic association constant
[ O USSR kinetic probe competition assay
S PPt Laurea Bertani
LOK ottt ettt e e et et e e e e e s e b rr e e e e e e e e s enanrrrrraeaeeeean lymphocyte oriented kinase
1Y N Mitogen activated protein



12 Abbreviations

YA ] S mitogen activated protein kinase
Y7 Gt S MAPK kinase 1
Y7 S MAPK kinase 2
IMIEIVL .. e Minimal essential medium
MET oot Synonym of hepatocyte growth factor receptor
IMIOPS ...ttt s 3-(N-morpholino)propanesulfonic acid
MTOR e s e e e e e e e mammalian target of rapamycin
NLUC et e e e s e sttt e e e e e e s e bet e e e e e e e s e ssnanbeaaaeas Nanoluciferase
O nitrilotriacetic acid
PBS ... e e e e s tr e Phosphate Buffered Saline
PDB ..ottt Protein Databank
PE G e e e s et e e e e e e s e abaeaes Polyethylenglycole
o] = PP Polyethylenimine
T N A =Y o T PP PP PPPPPPN Penicillin Streptomycin
o] 151 PP PRPP Phosphoinositide 3-kinase
PR A e aaan Protein Kinase A
o T RPN Protein Kinase C
o Protein Kinase G
o X PP Polo-like Kinase
PY K . e e Proline-rich tyrosine kinase 2
3 S Receptor Ligand complex
R e e e high affinity receptor ligand complex
) SR ribosomal s6 kinase
17 SRS Streptavidin
) U structure activity relationship
K] PP PPPPPRY Structural Genomics Consortium
1] 3 PR structure-kinetic-relationship
L) U UPUUR STE20 like kinase
] 2 2 RSP Surface Plasmon Resonance
R 16 O TR Serine/Threonine kinase 10
TCEP ...t e e s e e e e e e tris(2-carboxyethyl)phosphine
L3PPSR tobacco etch virus
T ettt e e e e ee e e e e e e e e e s et bbr e e e e e e e eeaatbrrrartaaeeesenanrrrraaaeaeeann Tyrosine kinase
TR ettt e e e e e eer e e e e e eesestaraereeeeeeeesentrraeaeeeeeesennrrreaeeas tyrosine kinase-like
L3 RS time-resolved
TRIS et e e e e e tris(hydroxymethyl)aminomethane
WNK .ottt e e e e e e e e e e s tbrr e e e e e e e e sennnrraeeens with no lysine kinases
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