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Summary

Integrins are heterodimeric receptors that are crucial for cell attachment, spreading
and migration through their binding to proteins of the extracellular matrix (ECM).
Since these receptors possess no enzymatic activity, signaling via Integrins requires
the recruitment of adaptor proteins and enzymes forming the so called Integrin
adhesome. In adherent and migrating cells, these dense protein complexes
comprise structures of ECM-attachment that were termed focal adhesions (FA). The
adaptor protein Paxillin and the protein tyrosine kinase focal adhesion kinase (FAK)
are core proteins of such focal adhesions.
In this study we analyzed the direct interaction of the Integrin β3 cytoplasmic tail with
Paxillin LIM domains that are known to be important for its FA localization. Based
on the NMR structure of the Paxillin LIM2/3 domains we could observe a direct in
vitro binding to peptides encompassing the Integrin β3 cytoplasmic part. 3D-NMR
measurements determined residues on both sites of the binding interface that are
crucial for the interaction. The binding was verified in cellular systems by a new
approach called Opa protein triggered intracellular clustering (OPTIC) that enables
the microscopic visualization of protein-protein interactions. Functional studies in
Integrin β3 and Paxillin knockout cells that re-express the respective wildtype or
binding-deficient mutant revealed an important role of the Paxillin-Integrin
interaction for cell adhesion. The identified interaction might represent one
possibility how Paxillin gets recruited to sites of clustered Integrins.
Paxillin localization at FAs is a prerequisite for the recruitment of FAK, which is a
key regulator of FA assembly, maturation and disassembly. A second line of
investigations in the current work describes the characterization of a new class of
scaffold inhibitors, termed FootLocker that displace the FAK/Paxillin complex from
adhesion sites. We could demonstrate that FootLocker shows selectivity towards
the FAK/Paxillin signaling complex without affecting the localization of other focal
adhesion proteins such as Talin, Vinculin or Zyxin. The displacement of the
FAK/Paxillin complex strongly impaired the protein dynamic of FAs and led as a final
consequence to reduced cell migration. The described features of FootLocker make
it a suitable tool in basic research to investigate FAK/Paxillin dependent processes
1
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but might also represent a basis for a new therapeutic strategy in pathological
situations of aberrant cell motility such as cancer metastasis.
Integrins can not only bind to ECM but also soluble ligands. One example is the
binding of complement-opsonized particles by the complement receptor (CR,
Integrin αmβ2), which is important for the innate immune defense. The engagement
of CRs by complement-opsonized pathogens leads to the efficient phagocytosis of
the particle by professional phagocytes. In the current study we investigated the role
of the FAK-family member proline rich tyrosine kinase 2 (Pyk2) in CR3-dependent
phagocytosis. We could show that Pyk2 localizes to sites of clustered CR3 and is
important for phagocytosis via the complement but not via the Fcγ-receptor. The
crucial role for CR3-mediated phagocytosis was demonstrated by different methods
such as Pyk2 inhibition, siRNA-mediated knockdown as well as CRISPR/Casmediated knockout of the kinase. These results integrate Pyk2 in the CR3 signaling
pathway and demonstrate its value for this important process of the innate immunity.
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Integrine sind heterodimere Rezeptoren, die Proteine extrazelluläre Matrix (EZM)
binden können und somit wichtige Funktionen für die Adhäsion und Migration von
Zellen übernehmen. Für eine effiziente Integrin-vermittelte Signaltransduktion
müssen zytoplasmatische Enzyme und Adapterproteine rekrutiert werden, da
Integrine keine eigene enzymatische Aktivität besitzen. Dieses Integrin-assoziierte
Protein-Netzwerk bildet in adhärenten und migrierenden Zellen sogenannte
Fokalkontakte, welche Kontaktpunkte zur EZM darstellen. Das Adapterprotein
Paxillin und die Protein Tyrosinkinase FAK (focal adhesion kinase) sind
maßgebliche Bestandteile solcher Fokalkontakte.
In der vorliegenden Arbeit wurde die direkte Interaktion zwischen dem
zytoplasmatischen Teil der Integrin β3 Untereinheit und den LIM Domänen von
Paxillin untersucht, welche wichtig für dessen Lokalisation an Fokalkontakten sind.
Anhand der Struktur der Paxillin LIM2/3 Domänen konnte eine direkte in vitro
Interaktion mit Integrin β3 Peptiden gezeigt werden. 3D-NMR Messungen
ermöglichten

zudem

für

beide

Bindungspartner

die

Identifizierung

von

Aminosäuren, die wichtig für die Interaktion sind. Verifiziert wurde die Bindung in
einem neu entwickelten zellulären System, dem sogenannten OPTIC (Opa protein
triggered intracellular clustering). Dieser experimentelle Ansatz ermöglicht die
mikroskopische Visualisierung von Protein-Protein Interaktionen und deren
Analyse. Funktionelle Untersuchungen in Integrin β 3 und Paxillin Knockout-Zellen,
die die jeweiligen Wildtyp- bzw. mutierten Proteine re-exprimieren zeigten, dass die
Paxillin-Integrin Bindung wichtig für die Zelladhäsion ist. Die beschriebene
Interaktion mit dem zytoplasmatischen Teil von Integrin β 3 könnte eine der
Möglichkeiten darstellen, wie Paxillin an Integrine rekrutiert wird.
Die Lokalisation von Paxillin an Fokalkontakten ist Voraussetzung für die
Rekrutierung von FAK, das als Schlüsselenzym für die Bildung, Reifung und
Auflösung der fokalen Adhäsionen fungiert. Eine Reihe weiterer Untersuchungen in
dieser Arbeit beschäftigte sich mit der Charakterisierung einer neuen Klasse von
Gerüst-Inhibitoren. Diese Inhibitoren wurden FootLocker genannt und verdrängen
den FAK/Paxillin Komplex aus Fokalkontakten. Es konnte gezeigt werden, dass
3

Zusammenfassung

FootLocker selektiv auf den FAK/Paxillin Signalkomplex wirken und andere
Fokalkontaktproteine, wie z.B. Talin, Vinculin oder Zyxin, in ihrer Lokalisation nicht
beeinflusst werden. Das Verdrängen des FAK/Paxillin Komplexes führte zu einer
starken Beeinträchtigung der Proteindynamik in Fokalkontakten und schließlich zu
reduzierter Zellmigration. Durch die beschriebenen Eigenschaften kann FootLocker
als Werkzeug in der Grundlagenforschung eingesetzt werden um FAK/Paxillinabhängige Prozesse zu untersuchen. Des Weiteren können diese Gerüstinhibitoren
die Basis für eine neue Strategie darstellen um anomale Zellbewegungen wie z.B.
in Tumormetastasen zu inhibieren.
Integrine binden nicht nur Proteine der EZM sondern auch lösliche Liganden. Ein
Beispiel, das wichtig für die angeborene Immunabwehr ist, ist die Bindung des
Komplementrezeptors (CR, Integrin αmβ2) an Partikel (z.B. pathogene Bakterien),
die vom Komplementsystem opsoniert wurden. Diese Interaktion führt zur
effizienten Phagozytose

des opsonierten

Pathogens durch professionelle

Phagozyten. In dieser Arbeit wurde die Rolle der Protein Tyrosinkinase Pyk2
(proline rich tyrosine kinase 2), ein Mitglied der FAK Familie, während der CR3abhängigen Phagozytose untersucht. Es konnte gezeigt werden, dass Pyk2 an CR3
rekrutiert wird und eine wichtige Rolle für die Phagozytose über den Komplementaber nicht Fcγ-Rezeptor einnimmt. Diese wesentliche Funktion wurde durch
verschiedene experimentelle Methoden, wie chemische Inhibition von Pyk2, den
Knockdown von Pyk2 mittels siRNA und den Knockout mittels CRISPR/Cas gezeigt.
Die beschriebenen Ergebnisse stellen eine Verbindung zwischen Pyk2 und der
Signaltransduktion über den Komplementrezeptor dar und demonstrieren eine
funktionelle Rolle für diese Kinase in diesem wichtigen Prozess der angeborenen
Immunität.
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1. General Introduction

1.1. Integrins

Sensing, integration and transduction of extracellular signals are counted among
the most important processes in eukaryotic cells. For this purpose, cellular systems
evolved a diversity of surface receptors that are engaged on the extracellular side
and enable a ligand-specific reaction inside cells. An evolutionary old class of
surface receptors that is expressed in all multicellular animals and even has
prokaryotic homologs is the Integrin family (Johnson et al., 2009). Integrins are
highly glycosylated heterodimers consisting of an α- and a β- subunit that are
engaged by soluble, cell surface or extracellular matrix (ECM) ligands and recruit
intracellular signaling and cytoskeletal proteins (Barczyk et al., 2010; Iwamoto and
Calderwood. 2015). Based on the property to establish and sustain the integrity of
the ECM-cytoskeleton connection, the term “Integrin” was coined after the first
cDNA cloning and expression of the Integrin β1 subunit (Tamkun et al., 1986;
Hynes, 2004). Integrin-dependent signaling is important for many physiological
processes like embryonic development, immune responses or thrombus formation.
Furthermore, it is also linked to a variety of pathological situations, such as cancer
and auto-immune diseases (Hynes.2002; Winograd-Katz et al., 2014). Interestingly,
Integrins serve as target sites for invasive bacteria such as Staphylococcus aureus
or Yersinia species (Hauck and Ohlsen, 2006; Isberg et al., 2000). Since their
discovery in 1986, Integrins have become a highly interesting object of research
with 3-4 thousand “Integrin”-entitled publications per year during the last two
decades (Fig. 1.1A). This extensive research identified in higher vertebrates 18 αand 8 β- subunits that are able to form 24 α-β-heterodimers with specific expression
patterns and ligand recognition (Fig. 1.1B) (Barczyk et al., 2010). Growing
knowledge of Integrin structure, activity and downstream signaling contributes to the
stepwise understanding of the complexity and diversity of Integrin biology and may
help to therapeutically control dysregulated Integrin-processes in pathological
situations (Winograd-Katz et al., 2014).
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Figure 1.1: (A) Search results in the Web of Science database for the query “Integrin” presented in averaged
publications per year in the indicated time periods from 1986 to 2015. (B) Representation of Integrin α/β
heterodimer combinations and their ligand and/or cell type specificity. 8 β subunits can associate with 18 α
subunits to form 24 distinct Integrins. Dashed frames mark α-subunits that contain an I-domain (modified after
Hynes, 2002 and Barczyk et al. 2010).

1.1.1. Integrin structure and activity

Both Integrin α and β subunits consist of a large extracellular domain, a
transmembrane domain and a relatively short cytoplasmic tail. The extracellular
domains are responsible for ligand binding and therefore determine ligand specificity
of the respective heterodimers. The extracellular part of the Integrin α-subunit
consists of a seven-bladed propeller, a thigh and two calf domains (Fig. 1.2A). Some
of the α subunits exhibit an inserted 200 amino acid I-domain (αI-domain) between
the second and the third β-sheet of the propeller region, which is responsible for the
collagen binding properties of the corresponding Integrin heterodimers (Larson et
al., 1989; Bahou et al., 1994; Tuckwell et al., 1995). Integrin β-chains contain a
plexin-semaphorin-Integrin (PSI) domain, a hybrid domain, four epidermal growth
factor (EGF) repeats and a βI domain (Fig. 1.2A). The αI domains as well as the βI
domain contain an Mg2+ coordinating metal-ion dependent adhesion site (MIDAS),
required for ligand binding (Fig. 1.2A). In the βI domain a second metal-ion binding
site adjacent to the MIDAS (ADMIDAS) possesses regulatory functions depending
6
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on Ca2+ (inhibition of Integrin activity) or Mn2+ (activation) binding (Humphries et al.,
2003). In the majority of Integrins, the ligand-binding site is formed by the noncovalent interaction of the N-terminal β-propeller of the α-Integrin and the βA domain
of the β-Integrin subunit (Fig. 1.2B; Xiong et al., 2001). The Integrin heterodimer can
occur in two major conformational states either a closed or an open form. In the
closed conformation the extracellular domains are bent towards the membrane (Fig.
1.2C). This bent conformation is stabilized by an interaction between the
transmembrane domains (TMD) of the α- and the β-subunit. The connection
between the TMDs is mediated by two clasp-like binding interfaces, the outer
membrane clasp (OMC) and the inner membrane clasp (IMC; Fig. 1.2C). The OMC
is made possible by glycine packing interactions between both TMDs, while the IMC
results from stacking of hydrophobic residues enabling the formation of an
αIIb(D723)/β3(R995) salt bridge (Yang et al., 2009; Kim et al., 2011; Iwamoto and
Calderwood, 2015). The breakup of these clasps is crucial for Integrin activation and
can be mediated either via intracellular signals (inside-out activation) or through
extracellular ligand binding (outside-in activation) that stabilizes the active
conformation (Fig. 1.2D). For Integrin inside-out activation it could be shown that the
cytosolic adaptor protein Talin plays a major role (Fig. 1.2C). Talin can bind with its
FERM domain to a conserved NPXY motif in the Integrin β chain leading to the
replacement of the inhibitory salt bridge between the Integrin heterodimer TMDs
with a new salt bridge between Talin and the β tail (Kim et al., 2012; Ye et al., 2014;
Iwamoto and Calderwood, 2015). This disengages the inhibitory clasps and leads
to conformational changes in the Integrin extracellular domains and increased ligand
binding affinity. Besides Talin, also the Kindlin family proteins (Kindlin-1, Kindlin-2
and Kindlin-3) are connected to Integrin activation, however their mode of action is
still unclear (Calderwood et al., 2013). Kindlin can bind the membrane distal NPXY
motif of Integrin β chains (Fig. 1.2E). It is suggested that Kindlins cooperate with
Talin in Integrin activation and are mainly responsible for Integrin clustering and not
directly promoting conformational Integrin activation (Calderwood et al., 2013; Ye et
al., 2014).
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Figure 1.2: (A) Domain structure of Integrin subunits. 9 out of 18 Integrin α chains contains an αI domain, while
all Integrin β subunits contain a βI domain. Stars indicate divalent cation-binding sites. (taken from Barczyk et
al., 2010). (B) Integrin αIIbβ3 heterodimer structure based on crystal structures. The bent conformation (left)
can be unfolded to visualize the domain arrangement (right). Ligand binding is mediated mainly by the βpropeller of the α- and the βA domain of the β-chain (taken from Shattil et al., 2010). (C) Model of conformational
Integrin activation through the release of inhibitory outer (OMC) and inner (IMC) membrane clasps by Talin
binding to NPLY motif of Integrin β3 (taken from Iwamoto and Calderwood, 2015). (D) Schematic model of
Integrin activation through either ligand-binding (outside-in) or intracellular signals (inside-out) (taken from
Shattil et al., 2010). (E) Protein-binding sites along the β3-Integrin tail. Proteins that have been shown to bind
to the β3-Integrin cytoplasmic tail are indicated by solid lines. Positions of adaptors that have binding sites on
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other Integrins are indicated by broken lines. Residues that are normally buried in the membrane are colored
green. Residues that can be phosphorylated by various kinases are highlighted in red (Taken from Legate and
Fässler, 2009).

In addition to Integrin activators, there are also proteins, like Filamin or ICAP-1 that
lead to the inactivation of Integrins (Bouvard et al., 2013). Filamin is one of the best
studied Integrin inactivators and shares with Talin an overlapping binding region on
Integrin β tails (Fig. 1.2E). Thus, Filamin competes with Talin for Integrin binding
and is able to displace this Integrin activator leading to an inactive Integrin (Kiema
et al., 2006). Although inside-out and outside-in activation are regarded separately
it needs to be mentioned that both processes are often closely connected as ligand
binding may activate inside-out signals and Integrin activation can increase ligand
binding leading to outside-in activation.
Once activated, Integrins induce a complex signaling cascade without exhibiting
enzymatic activity on their own. This is possible through the regulated recruitment
of a plethora of adaptor and signaling proteins to Integrin cytoplasmic tails (Legate
and Fässler, 2009). The majority of direct interactions have been shown to occur at
Integrin β tails while for the alpha subunit only a few well-characterized interactions
exists, like the binding of α4 to Paxillin (Liu et al., 1999). Figure 1.2E depicts some
annotated binding sites of proteins shown to interact with the Integrin β3 tail. The
interactions listed in this scheme are a result of a variety of biological, biochemical
and spectroscopic methods. Thus, depending on the experimental set-up, the
significance and the physiological relevance of these interactions may vary. For
example, the mentioned interactions with Paxillin and FAK are based on pulldown
experiments from cell extracts and in vitro studies with Integrin-mimicking peptides
(Schaller et al., 1995; Chen et al., 2000). These approaches cannot answer
completely, if the binding is indeed direct and/or if it is functionally relevant.
Nevertheless, it becomes obvious that there is a huge variety of cytosolic proteins
that bind to the relatively short Integrin cytoplasmic tails. Of course, these
interactions need to be tightly controlled to ensure a proper spatiotemporal signal
transduction. To this aim, an important regulatory mechanism is the phosphorylation
of the Integrin tail and/or the binding partner to decrease or enhance the binding
9
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affinity. For some proteins, like Talin and Tensin, a quite detailed model of such a
regulatory switching exists. Both proteins bind to the same sequence on the Integrin
β tail, but are recruited at different time points (Fig. 1.2E). The Integrin activator Talin
associates with Integrins in early adhesion sites, whereas Tensin predominantly
localizes to mature adhesions (Katz et al., 2000; Zaidel-Bar et al., 2003). The
sequence within the Integrin cytoplasmic tail that is targeted by Talin and Tensin
contains a conserved NPXY motif. NPXY tyrosine phosphorylation was shown to
inhibit Talin binding to the Integrin tail, whereas Tensin binding is independent of the
phosphorylation status (McCleverty et al., 2007; Oxley et al., 2008). This
phosphorylation-mediated switch might be involved or even responsible for the
transition between Talin-mediated Integrin activation to the establishment of a stable
adhesion site (Legate and Fässler, 2009). A similar mechanism is conceivable for
the fine-tuned binding of other FA proteins that share a common Integrin binding
site.
Conclusively, increasing the knowledge on the regulation of the Integrin activation
state either by intracellular signals or via extracellular ligand binding is important to
understand the underlying mechanisms for many physiological processes such as
cell migration, blood clotting or phagocytosis.

1.1.2. Complement-receptor mediated phagocytosis

Phagocytosis is an important process during innate and adaptive immune
responses enabling the clearance of pathogenic particles (Flannagan et al., 2012).
Phagocytosis describes an active uptake of particles ≥0.5 μm and was first
discovered by Elie Metchnikoff in 1884. A general prerequisite for all kinds of
phagocytosis is the recognition of the particle by specific receptors on the surface
of professional phagocytes, like neutrophils, macrophages, dendritic or microglial
cells. The type of recognition depends on the involved class of phagocytic receptors
(Freeman and Grinstein, 2014). There are receptors that directly bind specific
structures on the surface of pathogens, the so called pathogen-associated
molecular patterns (PAMPs). Examples for such receptors are Dectin-1 that binds
zymosan on yeast cells (Herre et al., 2004, Goodridge et al., 2011) or CEACAM3
10
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(carcinoembryonic antigen-related cell adhesion molecule 3), which directly
recognizes Neisseria, Moraxella and Haemophilus species (Schmitter et al., 2004).
Fc receptors (FcR) form another important class of phagocytic receptors enabling
the ingestion of pathogens opsonized by specific immunoglobulins (mainly IgG) of
the adaptive immunity. FcRs bind the Fc part of these immunoglobulins, which leads
to efficient phagocytosis of the opsonized pathogens (Anderson et al., 1990). The
third important type of phagocytic receptors is the complement receptor (CR) family.
There are two main complement receptors CR3 (also known as Mac-1,
CD11b/CD18, αMβ2) and CR4 (also known as gp150/95, CD11c/CD18, αVβ2)
belonging to the Integrin receptor family. Whereas CR4 is predominantly expressed
in tissue macrophages, CR3 is mainly present on blood monocytes and DCs
(Myones et al., 1988; Sándor et al. 2013). The CRs specifically recognize particles
that are opsonized via the complement system. This opsonization is an element of
the innate immune system and involves a cascade of proteolytic cleavage events of
complement factors that mark foreign particles for phagocytosis with the factor C3bi
(van Lookeren Campagne et al., 2007). As CRs are Integrin family members, they
can be activated via inside-out or outside-in signaling (Fig. 1.3). In CR-mediated
phagocytosis, external stimuli via toll-like receptors (TLR) or G-protein coupled
receptors (GPCR) lead to a Talin- (and partially Rap1-) dependent Integrin activation
that enables high affinity binding of C3bi-coated particles (Lim et al., 2007; Dupuy
and Caron, 2008). Subsequent receptor clustering at sites of phagocytosis results
in actin remodeling, involving RhoA, Myosin II and Arp2/3 complex activity, which
terminates in the efficient uptake of the prey particle (Caron and Hall, 1998; Olazabal
et al., 2002). These features are also important for other Integrin-dependent
processes like focal adhesion signaling during cell migration and, despite many
differences, emphasize the presence of common signaling characteristics upon
Integrin engagement.

11
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Figure 1.3: Inside-out activation of the complement receptor 3 (Integrin αMβ2) via Rap1/Talin increases its affinity
to complement opsonized particles. Ligand binding induces outside-in signaling that involves RhoA-dependent
actin remodeling leading to the uptake of the opsonized prey (taken from Dupuy and Caron, 2008).

1.1.3. Focal adhesions

In addition to the binding to soluble ligands such as opsonized particles, Integrins
are also engaged by components of the ECM like fibronectin, vitronectin or collagen.
The binding to these ECM ligands leads to local Integrin clustering and the
recruitment of cytosolic proteins. This first “sensing” of the ECM can result in the
assembly of a complex protein network at sites of Integrin clustering leading to the
formation of so called focal adhesions (FA). Thus, FAs can be described as
attachment sites of cells connecting the surrounding ECM with the actin
cytoskeleton (Fig. 1.4A). FAs undergo a maturation process from initial, transient
Integrin clusters to nascent adhesions, which further mature into larger focal
complexes and adhesions (Fig. 1.4B; Scales and Parsons, 2011; Geiger and
Yamada, 2011). The connection to the actin cytoskeleton enables the cell to sense
forces within FAs, but also to apply force through Actomyosin based contraction
(Horton and Astudillo et al., 2015). The turnover of FAs (namely assembly,
maturation and disassembly) is crucial for Integrin-mediated cell migration. Clearly,
Integrins as the responsible receptor molecules are main components of FAs.
12
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However, a plethora of additional proteins are described to be associated with FAs
and many studies aim to characterize the proteins that are mostly abundant and/or
consistent within FA networks. Recent curation of candidate-based microscopic and
biochemical studies of focal adhesion proteins served to define a theoretical Integrin
adhesome (Winograd-Katz et al., 2014; Zaidel-Bar et al., 2007; Zaidel-Bar and
Geiger, 2010). In addition, integration of proteomic datasets of isolated Integrin
adhesion complexes led to a relatively defined consensus adhesome of FAs
encompassing about 60 core proteins (Horton and Byron et al., 2015). A majority of
these core proteins are linked to the mechanosensing properties of focal adhesions
as their association with Integrins is tension-dependent (Schiller and Fässler, 2013).
In particular, the recruitment of adaptor proteins that contain LIM (LIN-11, Isl1 and
MEC-3) domains is highly dependent on Myosin II-based contraction (Schiller et al.,
2011; Horton and Astudillo et al., 2015). LIM domains are characterized by two zinc
finger domains, each of which contains two orthogonally packed β-hairpins and are
often connected to the actin cytoskeleton, although a consensus binding motif is
unknown so far (Kadrmas and Beckerle, 2004). Relevant LIM proteins in the context
of tension-dependent recruitment to focal adhesions are e.g. Paxillin, Hic-5, Zyxin,
Migfilin, Trip6 or Lasp1 suggesting a role of LIM domains in tension sensing (Schiller
et al., 2011). In addition to the variety of biochemical and proteomic analysis also
microscopic approaches contributed to a more detailed view on focal adhesion
composition. Especially, 3D super resolution microscopy (SRM) techniques such as
iPALM (interferometric photoactivated localization microscopy) enable the
characterization of the spatial organization within focal adhesions. Using this
method, Kanchanawong and colleagues (2011) were able distinguish three spatially
separated layers within FAs, each encompassing characteristic core proteins (Fig.
1.4B). The layer close to the membrane was termed Integrin signaling layer and
contains the key FA signaling protein focal adhesion kinase (FAK) and its adapter
protein, Paxillin. Next to the signaling layer, a Talin and Vinculin-rich area is
described, the so called force transduction layer. The third layer within FAs is the
actin regulatory layer, consisting of actin and actin binding proteins like α-Actinin
(Kanchanawong et al., 2011). The visualization of the spatially regulated assembly
of FA proteins by SRM emphasizes the importance of the correct localization of each
FA protein to fulfil its predetermined function and serves as a basis for a more
detailed understanding of focal adhesion signaling.
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Figure 1.4: (A) Mouse embryonic fibroblast on a fibronectin substrate. Focal adhesions are visualized by the
ectopic expression of the FA protein Talin-EGFP (green) and anti-phospho-tyrosine immunostaining (red). The
actin cytoskeleton (cyan) was stained using phalloidin. Shown is the merge image of all channels obtained by
wide field microscopy. (C. Paone et al., unpublished data). (B) Schematic model of the maturation process of
adhesion sites highlighting size and protein composition of the respective state (taken from Scales and Parsons,
2011). (C) Schematic model of focal adhesion molecular architecture, depicting experimentally determined
protein positions obtained by iPALM (taken from Kanchanawong et al., 2011).
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1.2. The focal adhesion kinase (FAK) family and its adapter
proteins
1.2.1. Pyk2 and FAK – the FAK family

The small family of focal adhesion kinases is composed of two members, the focal
adhesion kinase FAK and the proline rich tyrosine kinase (Pyk2). Both kinases
possess a common domain arrangement with a N-terminal FERM (4.1. band, ezrin,
radixin, moesin) domain, a central tyrosine kinase domain and a C-terminal domain
bearing proline-rich regions (PRR) and the focal adhesion targeting (FAT) sequence
(Fig. 1.5A) (Mitra et al., 2005). Despite similarities in their primary sequence (up to
60% similarity in the kinase domain region) and protein architecture, FAK and Pyk2
show basic differences in regard to expression pattern, subcellular localization and
signaling. While FAK can be found in all cell types, Pyk2 expression is restricted to
cells of the nervous system and the hematopoietic lineage, (Avraham et al., 1995,
Sasaki et al., 1995). As one of the core proteins of the Integrin adhesome complex,
FAK predominantly localizes to focal adhesions (Schaller et al., 1992; Horton and
Byron et al, 2015). In clear contrast, Pyk2 exhibits a cytoplasmic or perinuclear
distribution within cells and could only rarely be localized in cell-cell or cell-matrix
contacts (Sasaki et al., 1995; Duong et al., 1998; Matsuya et al., 1998). These
variations emphasize the presence of different regulatory mechanisms for Pyk2 and
FAK depending on the cell type and environmental condition.

1.2.2. Insight into FAK structure and activity

The FAK N-terminus consists of three lobes F1-F3 forming a classical FERM
domain (Girault et al., 1999; Ceccarelli et al., 2006). Within all lobes, structural
analogies to reported protein domains like PTB (phospho-tyrosine binding) domains
can be found. However, the FAK-FERM domain exhibit striking differences on the
surface-exposed areas of the subdomains, which may determine its specificity in
protein-protein interactions (Hall et al., 2011). The FERM domain was shown to
interact with a variety of proteins and thus, is important for the regulation of FAK
15

General Introduction

activity. The probably most important interaction to control FAK activity is the
intramolecular binding between the FERM F2 lobe and the kinase domain (Fig.
1.5B). This “closed” conformation hides the catalytic cleft and prevents FAK
autophosphorylation at tyrosine residue Y397 (Cooper et al., 2003; Lietha et al.,
2007). This in turn inhibits Src binding to pY397 and subsequent phosphorylation of
the FAK activation loop at residues Y576 and Y577 (Lietha et al., 2007). The release
of this inhibitory FERM-kinase interaction is therefore crucial for FAK activation (Fig.
1.5C). This can be achieved by ligand binding to the FERM domain resulting in the
displacement of the FERM from the kinase domain. A wide range of ligands were
shown to bind to the FERM domain, including phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2] or epidermal growth factor receptors (EGFR), to promote FAK activation
via various signaling pathways (Cai et al., 2008; Sieg and Hauck et al., 2000). For
the growth factor receptors EGFR, hepatocyte growth factor receptor Met and
platelet-derived growth factor receptor (PDGF) it could be shown that they directly
phosphorylate FAK on Tyr194, which leads to the release of the inhibiting FERMkinase interaction and activates FAK (Chen et al., 2010). Furthermore, the FERM
domain is suggested to be responsible for a pH dependent activation of FAK through
the protonation state of histidine residue H58 (Ritt et al., 2013; Choi et al., 2013).
The FAK kinase domain contains two lobes, an N-terminal lobe consisting of an αhelix and a five-stranded β-sheet and a C-terminal lobe that is larger and mostly αhelical (Lietha et al., 2007). The activation loop shows a disordered structure for
inactive FAK, but upon phosphorylation at tyrosine residues Y576/577 within the
activation loop it changes its conformation to a β-hairpin loop that is characteristic
for many other kinases (Hall et al., 2011).
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Figure 1.3: (A) Pyk2 and FAK exhibit a similar arrangement of domains namely, N-terminal FERM domain,
kinase domain and focal adhesion targeting (FAT) domain. In addition three proline rich regions (PRRs) and
four tyrosine phosphorylation sites are conserved. Phosphorylation at these residues enables binding of proteins
with SH2 domains (e.g. Src or Grb2) (taken from Mitra et al., 2005). (B) Crystal structure of the FAK FERMkinase domain fragment (31-686) in the ‘closed’ autoinhibited conformation (taken from Walkiewicz et al., 2015).
(C) Schematic model of FAK activation by conformational changes. Ligand binding to the FERM domain
releases autoinhibition and enables full FAK activity by autophosphorylation and Src binding (Taken from Frame
et al., 2010). (D) Isolated FAT domain (purple) predominantly forms a four-helix bundle structure. FAT binds two
Paxillin LD motifs (yellow helices) on two sites between helices 1 and 4 (H1/H4) and between H2 and H3 (taken
from Walkiewicz et al., 2015). (E) Model of FAK-Src signaling upon Integrin engagement. Integrin clustering
leads to an active FAK-Src complex that activates Rho GTPases like Rac and promotes cell migration.
Furthermore, activation of ERK2 may be involved in a feedback mechanism controlling FAK association with
FAs (taken from Mitra et al., 2005). (F) FAK controls many aspects of directional cell migration including FA
formation, maturation and disassembly (taken from Tomar and Schlaepfer, 2009).
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Besides the control function of the FERM domain, another important determinant of
proper FAK function is its subcellular localization that is mainly influenced by the Cterminal FAT domain (Hildebrand et al., 1993). The FAT domain consists of four
amphipathic α-helices assembled in an antiparallel, right-turn bundle that is
maintained mainly by hydrophobic interactions (Fig. 1.5D) (Arold et al., 2002;
Hayashi et al., 2002; Liu G. et al., 2002). The FAT domain contains binding sites for
the focal adhesion proteins Talin and Paxillin (Tachibana et al., 1995; Chen et al.,
1995; Scheswohl et al., 2008). Regarding focal adhesion localization, it seems that
the interaction with Paxillin is more relevant than binding to Talin (Lawson et al.,
2012; Deramaudt et al., 2014). The binding to Paxillin is mediated by hydrophobic
patches on the surface of the FAT domain that are flanked by basic residues. These
patches are located at the interface between α-helices 1 and 4 (H1 and H4) and
between H2 and H3 (Fig. 1.5D). The hydrophobic patches engage N-terminal
leucine-rich motifs (LD) of Paxillin, namely LD2 and LD4 (Fig. 1.5D) (Bertolucci et
al., 2005; Scheswohl et al., 2008). The C-terminal FAT domain is also part of a
natural occurring isoform of FAK, called FAK-related non-kinase (FRNK).
Expression of FRNK leads to the inhibition of FAK localization and FAK-dependent
processes resulting in decreased cell motility (Richardson and Parsons 1996; Hauck
et al., 2000; 2001 and 2002a; Koshman et al., 2011).
Through its interaction with diverse receptor tyrosine kinases, including EGFR or
PDGFR, and the variety of possible activation events, FAK is able to integrate and
link different signaling pathways. The best understood pathway leading to FAK
activation involves Integrin engagement through ECM proteins (Fig. 1.5E), which
induces the recruitment of FAK to adhesion sites in a Paxillin-dependent manner
(Deramaudt et al., 2014). Local increase of FAK molecules and the binding to
Paxillin favors the formation of FAK dimers through FERM-FAT interactions (BramiCherrier et al., 2014). FAK autophosphorylation at Y397 enables the binding of Src
family kinases and results in the phosphorylation of Y576/577 in the activation loop
by Src (Calalb et al., 1995). The active FAK/Src complex phosphorylates
downstream substrates including Paxillin and p130cas (Schaller and Parsons, 1995;
Tachibana et al., 1997). Src-mediated phosphorylation of FAK at Y925 enables the
binding of growth factor receptor bound protein 2 (Grb2), which activates the
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extracellular signal-regulated kinase-2 (ERK2) (Fig. 1.5E). ERK2 can phosphorylate
FAK at serine residue S910 leading to a decreased FAK-Paxillin binding (HungerGlaser et al., 2005). This might be part of a cycling process of Src- and ERK2mediated phosphorylation events that could promote FAK release from old and its
association at new adhesion sites (Mitra et al., 2005). Signaling of FAK leads to
actin reorganization events that are responsible for leading edge formation and cell
contractility and thus are crucial for cell migration. At nascent adhesions autoinhibited FAK can recruit the Arp2/3 complex via its FERM domain facilitating
leading edge protrusions (Serrels et al., 2007). Furthermore, FAK regulates the
activity of Rho GTPases Cdc42, Rac1 and RhoA that promote actin polymerization
and formation, as well as disassembly of FAs (Totsukawa et al., 2000). FAK can
associate with p190RhoGAP and p190RhoGEF to modulate RhoA activity, which in
turn is antagonistic to Rac activity (Lim and Lim, 2008; Tomar et al., 2009). Rho/Rac
activation cycles are important for the stabilization of the leading edge of a migrating
cell. Rac activity drives actin polymerization to form new lamellipodia, whereas
active RhoA increases the Actomyosin based contractility at FAs that enables cell
migration and is associated with FA disassembly (Tomar and Schlaepfer, 2009).
Recent data also suggest a role of FAK for the polarized reformation of FAs (Nader
et al., 2016). FAK, together with Talin and phosphatidylinositol phosphate kinase
(PIPKIγ90), keep endocytosed Integrins in an active conformation enabling a rapid
and local reformation of adhesion sites at the leading edge of migrating cells (Nader
et al., 2016). Taken together, FAK can be seen as a key regulator of all states of FA
maturation and is therefore involved in all aspects of directed cell migration (Fig.
1.5F).

1.2.3. Pyk2 specific features

As mentioned before, Pyk2 and FAK show a similar architecture of FERM, kinase
and FAT domain and share common features in regard to auto-inhibition and
activation (Fig. 1.6). However, also important differences within their structure exist
that are responsible for differences in FAK versus Pyk2 signaling. Pyk2 was shown
to be activated upon stimuli that increase intracellular Ca2+-levels and its FERM
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domain is suggested to directly bind Ca2+-bound calmodulin (Fig. 1.6) (Lev et al.,
1995; Kohno et al., 2008; Xie et al., 2008). This binding is specific for the Pyk2FERM domain and was shown to induce dimerization or even oligomerization of
Pyk2 resulting in trans activation at the auto-phosphorylation site Y402 (Kohno et
al., 2008; Riggs et al., 2011). Similar to FAK, also Pyk2 is able to bind Src family
kinases (SFK) upon auto-phosphorylation at Y402 resulting in the phosphorylation
of additional tyrosine residues (Y579/580) and full activation of the kinase (Sasaki
et al., 1995; Dikic et al., 1996; Li et al., 1996). The Pyk2 kinase domain shows
classical conformational features as seen for FAK and other protein tyrosine kinases
including the bi-lobed folding and structural flexibility of the activation loop (Han et
al., 2009). Similar to FAK, Pyk2 also harbors proline rich regions (PRR) between the
kinase and the FAT domain enabling interactions with adaptor proteins like p130cas
(Nojima et al., 1995; Astier et al., 1997). Also the FAT domain of Pyk2 shows a quite
high sequence similarity (~40%) to FAK-FAT and exhibits a similar domain
arrangement (Mitra et al., 2005; Lulo et al., 2009). Although both FAT domains were
shown to interact with Paxillin, the FAT domain of Pyk2 does not promote such
strong focal adhesion localization of the full-length protein as it can be observed for
FAK (Turner et al., 1993; Tachibana et al., 1995; Salgia et al., 1996; Hoellerer et al.,
2003). This might be due to different binding partners and/or variations in the binding
affinity. In contrast to the FAK-FAT domain Pyk2-FAT does not bind to the FA protein
Talin (Chen et al., 1995; Zheng et al., 1998). Although Talin is not the main
determinant of FAK FA localization this may at least partially contribute to the weak
FA localization of Pyk2. In addition to Paxillin, Pyk2-FAT is reported to bind the
Paxillin-related protein Hic-5 that localizes to FAs but can also enter the nucleus and
may be responsible for nuclear shuttling of Pyk2 (Matsuya et al., 1998; Aoto et al.,
2002). The interaction between Pyk2-FAT and another Paxillin family member
(Leupaxin) might represent a relevant, cell-type specific interaction as both proteins
are expressed in hematopoietic cells (Lipsky et al., 1998; Vanarotti et al., 2016). By
comparing the interactions of Pyk2 and Paxillin or Leupaxin, it could be shown that
Pyk2 preferably binds Leupaxin, which suggests that Leupaxin is the native Pyk2
binding partner (Vanarotti et al., 2016). Similar to FRNK, there exists also a Pyk2
variant consisting of only the C-terminus without any kinase function, called PRNK
(Pyk2-related non-kinase). PRNK is also mainly expressed in hematopoietic cells
and shows a better focal adhesion localization compared to full-length Pyk2 (Xiong
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et al. 1998). As seen for FRNK and FAK, also the overexpression of PRNK is able
to inhibit Pyk2-dependent processes like cell migration (Watson et al., 2001; Zhu et
al., 2008; Wang et al., 2010). PRNK could therefore enable a cell type-specific
control of cellular processes depending on its expression pattern.

Pyk2

Figure 1.4: Pyk2 has adopted the domain organization of FAK. The structures of the isolated Pyk2 FERM
(green) and kinase (cyan) domains are shown. Pyk2 key residue F599 (blue), corresponding to FAK Y596, is
highlighted. Reported Ca2+/Calmodulin binding motifs are mapped onto the FERM and kinase domains (orange)
(taken from Walkiewicz et al., 2015).

Pyk2 was shown to be involved in a variety of cellular processes. Knockdown or
knockout of Pyk2 in macrophages strongly impaired cell migration (Duong and
Rodan, 2000; Okigaki et al., 2003). This might be due to defects in the contractile
activity within lamellipodia through reduced Rho GTPase activity (Okigaki et al.,
2003). Pyk2 was not only shown to be important for the mobility of blood cells, but
is also crucial for migration of astrocytes during wound healing (Giralt et al., 2016).
The importance of Pyk2 for cell migration connects this kinase also to Integrin
signaling. Indeed, stimulation of different Integrin heterodimers, like αVβ3 or αMβ2
(CR3) leads to the activation and recruitment of Pyk2 (Duong and Rodan, 2000;
Butler et al., 2005; Gao et al., 2009; Wang et al., 2010). In addition to migration,
Pyk2 was also shown to be involved in the Integrin-dependent uptake of pathogenic
bacteria. Infection with Yersinia species that express the virulence factor YadA,
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which can indirectly bind to β1 Integrins leads to the activation of Pyk2 and FAK
(Bruce-Staskal et al., 2002; Eitel and Dersch, 2002; Hudson et al., 2005; Owen et
al., 2007). Furthermore, Pyk2 was uncovered to be important for the generation of
a respiratory burst after Salmonella and Listeria infections, but not for the
intracellular killing of these pathogens (Han et al., 2003). Contrastingly, another
study connects Pyk2 to the degranulation response upon Staphylococcus aureus
infection, but shows no role of Pyk2 for the respiratory burst (Kamen et al., 2011).
Increased Pyk2 activity and expression in blood cells from patients with the
autoimmune disease systemic lupus erythematosus (SLE) further demonstrates a
role of Pyk2 in inflammatory immune responses (Wang et al., 2009).
In addition to its conventional role, Pyk2 can also partially take over FAK specific
functions and is overexpressed in cells lacking FAK (Lim et al., 2008). For example,
FAK deletion or inhibition in endothelial cells leads to a switch to Pyk2-dependent
signaling that can compensate for FAK-loss during angiogenesis (Weis et al., 2008).
Furthermore, targeting the Pyk2 FERM/kinase domains to focal adhesions via fusion
to the FAK C-terminus restores fibronectin-induced migration in FAK knockout
fibroblasts (Klingbeil and Hauck et al., 2001). This shows that Pyk2 is able to act in
part like FAK and both kinases need to be controlled differentially to execute their
characteristic functions.

1.2.4. The adaptor protein Paxillin

Paxillin was first described in 1990 when this protein was characterized as a 68 kDa
focal adhesion protein that shows a similar localization like the known focal adhesion
proteins Talin and Vinculin (Fig. 1.7A) (Turner et al., 1990). Subsequently, Paxillin
was shown to be tyrosine phosphorylated together with FAK upon cell attachment
to the ECM linking them to Integrin-mediated signaling (Burridge et al., 1992). In
addition, the importance of FAK and Paxillin in focal adhesion signaling was
strengthened by the observations that mice lacking FAK or Paxillin show an early
embryonic lethality (Ilic et al., 1995; Hagel et al., 2002). Further characterization of
Paxillin revealed different structural domains that have been identified as proteinprotein interaction modules (Turner and Miller, 1994; Brown et al., 1996). Paxillin
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comprises five N-terminal leucine-rich LD motifs that mediate a variety of protein
interactions (Fig. 1.7B). The LD motifs have the consensus sequence LDxLLxxL and
are known to be highly variable protein binding modules (Tumbarello et al., 2002;
Alam et al., 2014). The LD domains form amphipathic α-helices with leucine side
chains forming a hydrophobic face of the helix (Tumbarello et al., 2002; Hoeller et
al., 2003). Despite their sequence conservation and small size, the LD motifs are
able to mediate multiple specific and also overlapping interactions. For example the
LD motifs 1 and 4 mediate Vinculin binding, whereas LD motifs 2 and 4 are
responsible for FAK binding (Turner and Miller, 1994; Brown et al., 1996). The Nterminus of Paxillin also contains a proline-rich region (PRR) that was identified as
a binding site for the SH3 domain of Src (Weng et al., 1993).
The Paxillin C-terminus contains four LIM (Lin11, Isl-1, Mec-3) domains. These
domains are double zinc-finger motifs that are found in eukaryotes and are as
abundant as SH2 domains (Kadrmas and Beckerle, 2004; Zheng and Zhao, 2007).
LIM domains can mediate specific protein interactions, but a consensus recognition
motif could not be determined so far. Cytoplasmic LIM domain proteins, like PINCHor Zyxin-family members are often involved in cytoskeleton organization and are
therefore connected to cell migration (Zheng and Zhao, 2007). The LIM domains of
Paxillin are essential for its recruitment to focal adhesions and might be regulated
by phosphorylation (Brown et al., 1996 and 1998). How the LIM domains mediate
the recruitment of Paxillin to FAs is currently unknown. In addition to FA targeting,
the LIM domains of Paxillin are able to bind to the tyrosine phosphatase PTP-PEST
and the cytoskeleton protein tubulin (Côte et al., 1999; Herreros et al., 2000; Brown
and Turner, 2002).
Paxillin can be tyrosine, serine and threonine phosphorylated throughout its
structure providing docking sites for other proteins and enabling the regulation of
the diversity of interactions (Brown and Turner et al., 2004; Webb et al., 2005). As
Paxillin can be phosphorylated by a variety of kinases, such as FAK, Src, ERK, cJun amino-terminal kinase (JNK) or receptor for activated C kinase 1 (RACK1), it
serves as a signaling node for different stimuli (Thomas et al., 1999; Ku and Meier,
2000; Huang et al., 2003; Doan and Huttenlocher, 2007). Two important tyrosine
residues in the context of Integrin signaling are Y31 and Y118 (Fig. 1.7B). Both
residues get phosphorylated upon Integrin engagement in a FAK-Src dependent
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manner (Burridge et al., 1992; Schaller and Parsons, 1995; Petit et al., 2000). The
adaptor protein CrkII is able to bind these phosphorylated residues with its SH2
domains promoting cell migration via Rac1 activation (Petit et al., 2000; Vallés et
al., 2004). In addition, Paxillin pY31 and pY118 are able to compete with
p190RhoGAP for the binding to p120RasGAP and therefore promoting local RhoA
inhibition at the plasma membrane (Tsubouchi et al., 2002). Through the indirect
activation of Rac1 and the inhibition of RhoA, Paxillin has an important role in
leading edge formation during cell migration. Phosphorylation of Paxillin may also
contribute to a feedback response that inactivates for example Src kinases through
the recruitment of negative regulators like C-terminal Src-kinase, Csk (Sabe et al.,
1994). Important serine residues that are phosphorylated are located in Paxillin LIM
domains and might be implicated in the regulation of Paxillin FA localization (Brown
et al., 1998). S178 of Paxillin is another important serine residue and can be
phosphorylated by JNK (Huang et al., 2003). Phosphorylation of S178 is suggested
to be crucial for cell migration and invadopodia formation in cancer cells (Huang et
al., 2003; Ueno et al., 2015).
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Figure 1.5: (A) Paxillin localizes to focal adhesions as well as Talin. Shown are Paxillin and Talin
immunostainings in chick embryo dermal fibroblasts (taken from Turner et al., 1990). (B) Schematic
representation of protein domains and interaction partners of Paxillin.

Paxillin was shown to be one of the earliest proteins that are present in nascent
adhesion at the leading edge of a migrating cell (Digman et al., 2008). This fact,
together with its multiple protein interaction domains suggests that Paxillin
possesses an important role in the assembly of new adhesion sites and the
definition of the molecular architecture within focal adhesions. In addition,
phosphorylation of Paxillin is connected to the maturation of FAs and may be used
as a signal for subsequent disassembly of FAs (Zaidel-Bar et al., 2006; Webb et al.,
2004). Thus, Paxillin is crucial for all steps of FA maturation and therefore, similar
to its binding partner FAK, a key protein in Integrin-dependent migration processes.
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1.3. Small molecule inhibitors of Integrin signaling
1.3.1. Small molecule Integrin inhibitors

The fact, that Integrins are involved in many pathological situations like cancer,
thrombosis or immune disorders makes Integrin-signaling an interesting target for
inhibitors (Hynes.2002; Winograd-Katz et al., 2014). The first Integrin-targeting
drugs were developed to treat thrombosis and function by inhibiting the Integrin
αIIbβ3-fibrinogen binding that is responsible for platelet-platelet interactions during
thrombus formation (Coller and Shattil, 2008). This inhibition of ligand-binding is
achieved either by β3 specific antibodies, small RGD-like peptides or small
molecules that act as competitive inhibitors. Tirofiban is an example for such a small
molecule inhibitor (Fig. 1.8A). This inhibitor was developed on the basis of the viper
venom peptide, echistatin and is approved for the treatment of acute coronary
syndromes (Bledzka et al., 2013). Most of the inhibitors that are currently used to
interfere with Integrin signaling target the ligand-binding, extracellular part or
modulate Integrin expression (Cox et al., 2010). Novel strategies involve the usage
of peptides or small molecules that specifically inhibit the interaction of Integrin
cytoplasmic tails with their binding partners. One such molecule is the small
molecule compound 6-B345TTQ that is able to disrupt binding of Paxillin to the
cytoplasmic tail of Integrin α4 (Fig. 1.8A), an interaction that was shown to be
important for immune cell migration (Liu et al., 1999; Rose, 2006). A proof of
principle study demonstrates the inhibitory potential of this molecule to inhibit T-cell
migration and its potency to be used as a strategy to reduce inflammation (Kummer
et al., 2010). In contrast to the few available small molecules that inhibit Integrin
signaling, an emerging number of protein-protein interactions within the Integrin
adhesome are implicated in pathological processes and therefore strongly
suggested as potential therapeutic targets. One such important protein-protein
interaction within the Integrin signaling pathway is the binding of FAK to Paxillin that
is crucial for FAK recruitment to FAs and FAK-mediated signaling (Deramaudt et al.,
2014). Alterations of this interaction reduce cell migration and invasion and thus
make the FAK-Paxillin interaction an interesting target for the development of small
molecule inhibitors (Deramaudt et al., 2014) Inhibition of Integrin signaling at the
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level of downstream cytoplasmic proteins may enable a new specificity for particular
Integrin functions while sparing others (Cantor et al., 2008).

1.3.2. Phenotypic high content screen and target identification

Clearly, a variety of interactions within focal adhesions may serve as a potential
therapeutic target. One strategy to identify new compounds that disrupt proteinprotein interactions and influence the subcellular localization of a protein of interest
is the use of high content screens (HCS) that are based on microscopy techniques
(Fig. 1.8B). This procedure involves automated cell-seeding and compound transfer
as well as image acquisition and analysis (Kau et al., 2004). After the successful
identification of small molecules that are responsible for a desired phenotype, the
molecular target needs to be determined. For this purpose, a variety of methods are
available ranging from next-generation sequencing, radiolabeling of molecules to
the affinity-based purification of target proteins (Farha and Brown, 2016). Among
them, the affinity-based approach can be applied to a variety of experimental
questions and is the most frequently used method for target identification. More
specifically, the compound is either directly conjugated to a resin (e.g. agarose) or
linked to an affinity moiety such as biotin and incubated with cell extracts containing
the putative target(s) (Fig. 1.8C, I.-II.). The purified proteins can then be eluted and
identified for example via mass spectrometry. In addition to the classical
approaches, there are several improvements and modifications that might facilitate
the experimental procedure and/or enable a more specific purification strategy (Fig.
1.8C, III.-VI.). For example, magnetic particles can be easily dispersed and
recovered and have the advantage of a large surface area as well as resistance to
organic solvents (Kawatani and Osada, 2014). The use of a rather bulky tag like
biotin often has influence on the activity of the compound and prevents the
purification of targets from living cells (Kawatani and Osada, 2014). To circumvent
this problem, bioorthogonal chemistry can be applied. This method uses the coppercatalyzed Huisgen-azide-alkyne cyclo-addition (click chemistry) to conjugate a
functional tag at the desired step of the purification procedure (Fig. 1.8C). Such
bioorthogonal molecules can be further improved by the addition of a photoreactive
group, like benzophenone (Lapinsky, 2012). These modifications lead to
trifunctional probes that enable a covalent crosslinking of the small molecule and its
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target, which makes the complex stable throughout the purification process
(Kawatani and Osada, 2014).
Although the affinity-based approaches represent a straight forward method it
contains many steps that influence success or failure in target identification. Critical
steps are for example the design of the probe and the determination of possible
modifications that do not alter the compounds activity. Furthermore, linker type and
length as well as the used buffers may influence non-specific binding and/or the
accessibility of the target protein.
Considering the described (and also all unmentioned) obstacles that can arise
during affinity-based target identification, it becomes clear that this method might
demand a relatively high effort and could tremendously increase the time period
between the initial phenotypic screen and the determination of the molecular target.
This could, at least partially, explain that several studies report the identification of
compounds through HCS without providing a detailed knowledge of the molecular
targets. For instance, Peppard et al (2015) described a phenotypic screen for
compounds specifically stimulating the differentiation of oligodendrocyte precursor
cells that can serve as a basis of the treatment of multiple sclerosis. They were able
to identify 22 interesting compounds which need to be analyzed further in regard to
their detailed biological activity (Peppard et al., 2015). Another fluorescence
microscopy based screen, identified small molecule inhibitors of the Rho pathway,
termed Rhodblocks (Castoreno et al., 2010). The group of Rhodblocks
encompasses eight compounds that inhibit cytokinesis but might have different
molecular targets along the pathway. Despite the lack of knowledge on the direct
molecular target, the complexity and the set-up of such HCS as well as the functional
relevance of the involved signaling pathway are of special interest. Due to this, such
studies contribute strongly to the improvement of microscope-based screening
procedures, which will help to identify new small molecule inhibitors.
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Figure 1.6: (A) Small molecule compounds that inhibit Integrin signaling. Tirofiban functions as competitive
inhibitor for the fibrinogen binding of Integrin αIIbβ3. 6-B345TTQ represents a novel strategy for inhibition of
Integrin signaling by disrupting the Integrin alpha4-Paxillin interaction (taken from Cox et al., 2010). (B) Workflow
of a microscope-based high-content screen (taken from Kau et al., 2004). (C) Strategies for the affinity-based
target identification. I. The small molecule is immobilized and used for purification of target proteins that can
finally be identified using mass spectrometry. Immobilization can be directly on an agarose resin (II.) on a
streptavidin resin using a biotin tag (III.) or on magnetic nanoparticles (VI.). For in situ labeling with minimal
structural perturbations compounds can be modified with a bioorthogonal tag alone or within a trifunctional probe
to enable covalent crosslinking between the small molecule and the target protein. (taken from Kawatani and
Osada, 2014).
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2. Aims of the study

The studies of this thesis are separated into three main topics. Firstly, the role of the
proline rich tyrosine kinase (Pyk2) in phagocytosis via the complement receptor 3
(CR3) was investigated (Chapter I). Secondly, the regulation of Integrin-mediated
protein interactions within focal adhesion was analyzed (Chapter II) and finally, a
class of focal adhesion inhibitors was identified and characterized (Chapter III).
I.

The proline rich kinase (Pyk2), a member of the focal adhesion kinase
(FAK) family was shown to be activated upon Integrin β2 engagement
and play a role for a variety of Integrin-dependent processes. Using
pharmacological inhibition as well as knockdown and knockout of Pyk2
in murine macrophages the role of Pyk2 in complement receptor 3
(CR3, Integrin αMβ2) mediated phagocytosis should be analyzed.

II.

Paxillin is a core focal adhesion protein that is recruited early to sites of
Integrin clusters. The LIM domains of Paxillin were shown to be crucial
for this recruitment event. Using 3D NMR analysis the structure of the
tandem LIM2/3 domains of Paxillin should be solved and serve as a
basis for the investigation of direct interactions with Integrin β tails. The
analysis should be extended to functional studies based on
CRISPR/Cas mediated deletion of Paxillin and Integrin in fibroblasts
combined with the re-expression of mutant proteins that are binding
deficient.

III.

Focal adhesion kinase (FAK) serves as a key signaling protein within
focal adhesions. A microscope-based high content screen identified two
promising molecules that are able to specifically displace FAK from focal
adhesions and inhibit cell migration in fibroblasts. These small molecule
inhibitors should be further characterized in regard to structure-activity
relationship (SAR), functional phenotypes and their potential for further
applications in research and therapeutics.

30

Chapter I:

3. Chapter I:

The tyrosine kinase Pyk2
contributes to complementmediated phagocytosis in
murine macrophages
Christoph Paone1,2, Natalie Rodrigues1, Ella Ittner1, Carina Santos1, Alexander
Buntru1,2,, Christof R. Hauck1,2

1Lehrstuhl

für Zellbiologie, Universität Konstanz, 78457 Konstanz, Germany

2Konstanz

Research School Chemical Biology, Universität Konstanz, 78457
Konstanz, Germany

Journal of Innate Immunity
(2016)

31

The tyrosine kinase Pyk2 contributes to complement-mediated phagocytosis in murine macrophages

3.1. Abstract

Pyk2 (proline rich tyrosine kinase 2) is a member of the FAK (focal adhesion kinase)
family and is mainly expressed in neuronal and hematopoietic cells. As FAK family
members are involved in signaling connections downstream of Integrins, we studied
the role of Pyk2 in complement-receptor 3 (CR3, Integrin M2, CD11b/CD18)mediated phagocytosis, a key process in innate immunity. Using three independent
approaches, we observed that Pyk2 contributes to CR3-dependent phagocytosis by
Raw 264.7 macrophages, but is dispensable for FcγR-mediated uptake. Reduction
of Pyk2 expression levels via siRNA, pharmacological inhibition of Pyk2 kinase
activity, as well as macrophage treatment with a cell permeable TAT fusion protein
containing the C-terminus of Pyk2 (TAT-PRNK) significantly impaired CR3mediated phagocytosis without affecting FcγR-mediated uptake. In addition Pyk2
was strongly recruited to complement opsonized E. coli and pharmacological
inhibition of Pyk2 significantly decreased uptake of the bacteria. Finally,
CRISPR/Cas–mediated disruption of the pyk2 gene in Raw 264.7 macrophages
confirmed the role of this protein tyrosine kinase in CR3-mediated phagocytosis.
Together, our data demonstrate that Pyk2 selectively contributes to the coordination
of phagocytosis-promoting signals downstream of CR3, but is dispensable for FcγRmediated phagocytosis.

3.2. Introduction

Phagocytosis is an important process for both unicellular and multicellular
eukaryotes. In metazoa, internalization of apoptotic bodies contributes to tissue
homeostasis. Moreover, phagocytosis of microorganisms, such as fungi or bacteria,
limits infections (Desjardins et al. 2005). Therefore, phagocytosis is a major part of
the first line defense against pathogens and plays a pivotal role in the innate immune
response. Moreover, phagocytosis is linked to the release of proinflammatory
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cytokines and is a pre-requisite for antigen presentation. Thus, it is also instrumental
to orchestrate the adaptive immunity (Flannagan et al. 2012).
Professional phagocytes, namely granulocytes, macrophages and dendritic cells
are able to recognize and ingest pathogenic microorganisms via specific phagocytic
receptors. Some phagocytic receptors, such as Dectin1 or CEACAM3, directly
recognize characteristic structures on bacterial or fungal cells (Herre et al. 2004;
Buntru et al. 2012; Goodridge et al. 2012), whereas other phagocytic receptors
require prior opsonization of the particles. For example, Fc receptors (FcRs)
mediate the uptake of pathogens decorated by specific immunoglobulins via
recognition of the Fc part of antibodies (Anderson et al. 1990). A further mechanism,
which does not require specific antibodies, is the opsonization of pathogens with
factors of the complement system, mainly iC3b. Phagocytosis of complementopsonized particles occurs via binding and signaling through complement receptors
(CRs) (Groves et al. 2008). The two main complement receptors, CR3 (also known
as Mac-1, CD11b/CD18, Integrin αMβ2) and CR4 (also known as gp150/95,
CD11c/CD18, Integrin αXβ2), are Integrin family members with a common β2 subunit.
While CR4 is mainly expressed in tissue macrophages, CR3 expression is
predominant in blood monocytes and granulocytes (Myones et al. 1988).
A family of cytoplasmic non-receptor protein tyrosine kinases (PTKs), which is
connected to Integrin signaling in many cell types, is the focal adhesion kinase
family consisting of the focal adhesion kinase (FAK) and the proline rich kinase 2
(Pyk2, also known as FAKB, CAK beta, RAFTK, or FAK2). Pyk2 and FAK have a
common domain structure with the central kinase showing a sequence similarity of
60% (Kanner et al. 1994; Avraham et al. 1995; Lev et al. 1995; Sasaki et al. 1995).
However, while FAK is ubiquitously expressed, Pyk2 expression is restricted to cells
of the central nervous system and hematopoietic cells. Both kinases have been
linked to Integrin-mediated cell adhesion and migration (Mitra et al. 2005). For
example, macrophages with decreased Pyk2 expression or genetic deficiency in
Pyk2 are significantly impaired in their migratory potential (Duong and Rodan 2000;
Guinamard et al. 2000; Okigaki et al. 2003). In line with this functional impairment,
Pyk2-deficient macrophages show a reduced contractile activity of lamellipodia and
diminished membrane ruffling (Okigaki et al. 2003). Importantly, stimulation of
Integrins, such as αVβ3 or αMβ2 (CR3), results in activation of Pyk2 and its co33
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localization with Integrins (Duong and Rodan 2000; Butler and Blystone 2005; Gao
and Blystone 2009; Wang et al. 2010). The functional connection between Integrins
and Pyk2 in hematopoietic cells is in line with the observed functional role of Pyk2
in migration and spreading of phagocytes. These observations also raise the
question, if additional Integrin-dependent processes in phagocytic cells, such as
complement receptor-mediated phagocytosis, might be influenced by Pyk2.
Interestingly, Pyk2-deficient mice show an impaired immune response to
Staphylococcus aureus infection in vivo (Kamen et al. 2011). However, in vitro
experiments with serum-opsonized bacteria or polystyrene beads did not reveal an
altered uptake or reduced bacterial killing in the case of Pyk2-deficient murine
granulocytes (Kamen et al. 2011).
To resolve these apparent discrepancies, we have directly addressed the function
of Pyk2 in CR3-mediated phagocytosis. By using pharmacological inhibition, protein
transduction with dominant-negative mutants, siRNA-mediated knock-down, as well
as CRISPR/Cas–mediated knock-out of Pyk2 we observe a significant contribution
of Pyk2 to CR3-mediated, but not FcR-mediated phagocytosis. In murine
macrophages, Pyk2 is recruited to complement-, but not IgG-opsonized particles
and bacteria opsonized by IgG-depleted serum are internalized in a Pyk2dependent manner. Together, our results demonstrate that Pyk2 positively
contributes to Integrin-mediated phagocytosis in macrophages.

3.3. Material and Methods

Cell culture and transfection
Raw 264.7 macrophages were cultured in DMEM/10% heat-inactivated fetal bovine
serum at 37°C, 5% CO2. Pyk2 siRNA or siGLO control siRNA (Dharmacon,
Lafayette, United States) were delivered using INTERFERin ® transfection reagent
(Polyplus-Transfection, Illkirch-Cedex, France) according to the manufacturer’s
recommendations.
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Reagents, antibodies and coupling of polystyrene beads
Pyk2/FAK inhibitor PF431396 was purchased from Tocris Bioscience (WiesbadenNordenstadt, Germany). Pervanadate was freshly prepared by incubation of 50 mM
H2O2 and 10 mM sodium orthovanadate for 5 min and subsequent addition of 1 mg
catalase.

Carboxylated

polystyrene

microbeads (Polysciences,

Eppelheim,

Germany) were covalently coupled to proteins according to the manufacturer’s
protocol. Beads were coupled to 400 µg murine IgG1, ovalbumin or recombinant
protein G (Sigma Aldrich, Hamburg, Germany). Protein G coupled beads were
incubated with rat monoclonal Ab against CD11b, purified from hybridoma cell
supernatants (clone M1/70.15.11.5.2, Developmental Studies Hybridoma Bank,
University of Iowa) or the isotype-matched control rat Ab (IgG2b, ImmunoTools,
Friesoythe, Germany). During protein coupling, the beads were also biotin labelled
with 0.5 mg/ml sulfo-NHS-LC Biotin (Thermo Fisher Scientific, Bonn, Germany). For
Western blot analysis, rabbit polyclonal Pyk2 Ab (H-102, Santa Cruz Biotechnology,
Heidelberg, Germany), rabbit polyclonal phospho-Pyk2 [pY402] Ab (17HCLC, Life
Technologies, Darmstadt, Germany), monoclonal tubulin Ab (clone E7), polyclonal
C3 Ab (MP Biomedicals, Eschwege, Germany) were used.

Cloning and purification of TAT-GST fusion proteins
The sequence of the transactivator protein (TAT) was inserted via complementary
oligonucleotides (5’-TACCGCGGCGGCGCTGGCGGCGTTTCTTGCGGCCGTAC
AT-3’ and 5’-TAATGTACGGCCGCAAGAAACGCCGCCAGCGCCGCCGCGG-3’)
in the NdeI site of pET-42a(+) (Merck Millipore, Darmstadt, Germany) resulting in
pET-42-TAT. The C-terminal part of human Pyk2, hPRNK, or the fluorescent protein
EGFP were amplified by PCR (PRNK sense: 5’-TGCATGACTAGTAGTGACGTTTA
TCAGATGG-3’, PRNK antisense: 5-‘TGACAGGTCGACTCACTCTGCAGGTGG-3’;
EGFP sense: 5’- ATGCTGAC TAGTAGCAAGGGCGAGGAG-3’, EGFP antisense:
5’-ACTGCTGTCGACGTTA ATTAAGTTTGTGCCCCAG-3’) and inserted via SalI
and SpeI restriction sites in pET-42-TAT. The TAT-fusion proteins were expressed
in E.coli BL-21 DE3 and purified using a GSTrapFF column (GE Healthcare,
Freiburg, Germany). TAT-GST fusion proteins were applied 30 min before the actual
start of the experiment.
35

The tyrosine kinase Pyk2 contributes to complement-mediated phagocytosis in murine macrophages

Microbead phagocytosis assay
1 x 105 Raw 264.7 macrophages were seeded on gelatine-coated coverslips in 24well plates and serum-starved for 16 h (0.5% BSA in DMEM). The cells were
stimulated for 10 min with DMEM/10% hiFBS prior to the addition of the biotinylated,
protein-coupled beads. In some cases, the Pyk2 inhibitor PF431396 or DMSO were
added 10 min before bead addition. Protein coupled and biotinylated beads (30
beads/cell; MOI 30) were centrifuged onto the cells (3 min, 500x g). After 2 h, the
cells were fixed and extracellular beads were stained using rhodamine-streptavidin
(Jackson ImmunoResearch Laboratories, Suffolk, United Kingdom). Samples were
analyzed using wide-field microscopy (Leica AF6000 LX) and the ratio of
intracellular versus total cell-associated beads was determined.

Pyk2 immunostaining
For immunostaining of Pyk2, 1 x 105 cells were seeded as indicated on gelatine
(0.1%) or poly-L-lysine (10 μg/ml) coated coverslips in 24 well plates and serumstarved for 16 h. The cells were activated with growth medium or growth medium
containing 200 ng/ml PMA 10 min before infection with protein coupled microbeads
or E. coli for the indicated times and at the indicated MOI. Microbeads and bacteria
were labelled with 0.05 mg/ml fluorescein isothiocyanat (FITC; Sigma Aldrich,
Hamburg, Germany) in PBS for 1 h at 37°C prior to infection. After fixation and
permeabilization, samples were stained with polyclonal anti-Pyk2 Ab and
fluorescently

labeled

secondary

anti-rabbit

IgG

antibody

(Jackson

ImmunoResearch Laboratories, Suffolk, United Kingdom).) If indicated, cells were
additionally stained with Phalloidin-Cy5 (Life Technologies, Darmstadt, Germany).
For fluorescence intensity profiles, line plots with same distances were created for
each fluorescence channel at sites of bead or bacteria attachment using ImageJ
software. Intensities of Pyk2-Cy3 and Phalloidin-Cy5 (when indicated) were
normalized to the maximal fluorescence intensity of beads or bacteria, respectively.
Mean values of normalized data of 7-10 attachment sites in different cells were
combined.
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Scanning electron microscopy
1 x 105 cells were seeded and treated as indicated. After incubation with microbeads
or bacteria, fixation buffer (3% formaldehyde, 3% glutaraldehyde in sodium
cacodylate buffer containing 0.09 M sucrose, 0.01 M CaCl2, 0.01 M MgCl2, pH 6.9)
was added. After 5 min, the fixation buffer together with the medium was aspired,
fresh buffer was added and incubated for 30 min. Subsequently the fixation buffer
was changed again and incubated overnight at 4°C before the cells were washed
3x with sodium cacodylate buffer. After stepwise dehydration to 70%, critical point
drying with CO2 was performed and the samples were sputter-coated with 5 nm
gold-palladium in a BAL-TEC SCD 030. The preparations were analyzed on a Zeiss
Auriga CrossBeam Workstation at 15 kV using the secondary electron detector at
the electron microscopy center (emc) of the University of Konstanz.

Serum preparation and opsonization of E. coli
Fresh murine blood samples were allowed to clot at room temperature for at least
30 min. The clotted material was removed by centrifugation for 15 min at 3000 rpm
and the serum was snap-frozen in liquid N2 and stored at -80°C. IgG depletion of
the serum was accomplished by incubating 500 µl serum with 2 ml formaldehydefixed Streptococcus dysgalactiae suspension in PBS for 16 h at 4°C. IgG depletion
was confirmed via Western blot. For heat-inactivation, the IgG-depleted serum was
incubated for 30 min at 65°C. Opsonization of E. coli with serum samples was
achieved by incubation of 1 x 108 bacteria with 30% serum in PBS for 30 min at
37°C.

Flow cytometry based phagocytosis assay
1 x 106 Raw 264.7 macrophages were seeded in 6 well plates and serum-starved
for 16 h. Cells were activated with 200 ng/ml PMA 10 min prior to infection with
FITC-labeled and opsonized E. coli at a MOI of 100 in presence or absence of 10
µM PF431396. Bacteria were gently centrifuged onto the cells and samples were
incubated for 1 h at 37°C. Cells were washed three times with PBS, detached,
resuspended in PBS and analyzed via flow cytometry. Overall FITC fluorescence of
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cell-associated bacteria was measured before extracellular signals were quenched
with trypan blue to selectively detect fluorescence from internalized bacteria. Uptake
index was calculated by multiplication of the percentage of FITC positive cells with
the mean fluorescence.

CRISPR/Cas mediated knockout of Pyk2 in Raw 264.7 cells
Transfection of Raw 264.7 macrophages was performed using the NucleofectorTM
kit V for the NucleofectorTM device (Lonza Group Ltd, Basel, Switzerland) according
to the manufacturer’s protocol. Cells were co-transfected with plasmids containing
gRNAs targeting Exon1 (gRNA sequence: 5’-GGGCCCCCCAGAGCCCATGG-3’)
and Exon2 (gRNA sequence: 5’-GCTGCACCCACAGATGACCG-3’) of the Pyk2
gene; and a plasmid encoding for the Cas9 enzyme together with a puromycin
resistance cassette (pX459 provided by Feng Zhang via www.addgene.org; plasmid
#48139). Two days post-transfection cells harboring the Cas9 encoding vector were
selected using 1.5 µg/ml puromycin for three days and single cell clones were
propagated. Complete knockout of Pyk2 in selected clonal lines was verified via
immunoblotting against Pyk2 protein.

Statistical analysis
For microbead phagocytosis assays, shown data are medians, boxes represent the
25-75 percentiles and error bars 10-90 percentiles of three independent
experiments. For the flow cytometry based invasion assay, data are shown as
means ± SD. Differences between sample means were assessed using the MannWhitney test, * p<0.05; ** p<0.01, *** p<0.001.
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3.4. Results

CD11b antibody coated beads trigger CR3-mediated phagocytosis
To analyze the function of Pyk2 during opsono-phagocytosis, we used antibodycoupled microbeads, which selectively address either CR3-mediated or FcγRmediated uptake. Thus, carboxylated polystyrene microbeads were first covalently
coupled with protein G and then incubated with a rat monoclonal antibody directed
against the murine CD11b subunit of CR3 (anti-CR3 beads) or with an isotypematched rat control antibody (rat IgG beads), respectively. In addition, some beads
were directly coupled to murine IgG (Fc beads) to trigger phagocytic processes via
FcγR, and a further batch of beads was coated with ovalbumin (albumin beads) to
serve as an additional control. During coupling, the beads were also biotinylated by
the addition of sulfo-NHS-LC-biotin. The different protein-coated, biotinylated bead
preparations were incubated for 120 min with Raw 264.7 macrophages. Following
fixation, streptavidin-rhodamine was added to selectively stain extracellular beads.
Microscopic evaluation by phase contrast and fluorescence microscopy allowed the
visualization and quantification of extra- and intracellular beads (Fig. S1A). Albumin
bead internalization occurred, albeit at a low percentage of ~10% (Fig. S1A and C).
Slightly more uptake of rat IgG beads around 20%, was observed (Fig. S1A and C).
In contrast, 40-50% of the cell-associated particles were intracellular for Fc- or antiCR3-beads (Fig. S1A and C). To demonstrate the selective uptake of anti-CR3beads via CR3, parallel samples were incubated with beads in the presence of a
CR3-blocking antibody (Fig. S1B). Clearly, blocking of CR3 by antibodies reduced
the internalization of anti-CR3-beads down to the background level of control
antibody uptake, whereas blocking of the CR3 receptor had no effect on the uptake
of Fc, control or albumin beads (Fig. S1B and C). These results demonstrate that
the microbead phagocytosis assay is able to discriminate between FcγR- and CR3mediated phagocytosis and allowed us to analyze the role of Pyk2 during these
processes.
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Pyk2 is recruited to sites of CR3 mediated phagocytosis
In podosomes of migrating macrophages a co-localization of Pyk2 with Integrin αMβ2
has been observed (Duong and Rodan 2000). To elucidate whether Pyk2 localizes
to sites of CR3-mediated phagocytosis, Raw 264.7 cells were incubated with antiCR3, control, Fc, or albumin beads for 60 min and Pyk2 was visualized by
immunostaining (Fig. 3.1A). The additional staining of f-actin revealed a ring-like
accumulation of actin at the sites of internalization for Fc and anti-CR3 beads
confirming the involvement of the actin cytoskeleton in both processes (May and
Machesky 2001). A comparable f-actin accumulation could not be observed in
isotype control or albumin beads (Fig. 3.1A). Despite equivalent uptake of Fc and
anti-CR3 beads by the macrophages (Fig. S1), a clear enrichment of Pyk2 at sites
of internalization could only be observed for anti-CR3 coupled beads (Fig. 3.1A).
The recruitment of Pyk2 to CR3 was clearly visible in intensity profiles through
attachment sites of beads coated with anti-CR3 antibody, whereas control, albumin,
or Fc beads did not exhibit a local enrichment of Pyk2 staining (Fig. 3.1B). The
selective recruitment of Pyk2 during the uptake of anti-CR3 beads suggests a
function of Pyk2 during Integrin αMβ2-mediated phagocytosis.
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Figure 3.1: Pyk2 is recruited to cell-associated anti-CR3 beads. (A) Serum-starved Raw 264.7 cells were
activated with DMEM/10%hiFCS for 10 min and infected with CFSE labeled beads coupled to Albumin, rat
IgG2b (control), α-CD11b ab (anti-CR3) or IgG (MOI 15) for 30 min. After infection the cells were fixed and
immunostained with α-Pyk2 (1:50) and α-rabbit-Cy3 antibody. In addition actin was stained using phalloidinCy5. Regarded beads are indicated with arrows (Scale bar: 10 μm). (B) Normalized fluorescence intensity
profiles of sites of bead attachment over a 5 µm distance as indicated in A (dashed line). Intensities were
normalized to maximal CFSE fluorescence and mean values of 10 intensity profiles are shown with error bars
representing SEM.
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Knockdown and Inhibition of Pyk2 impairs CR3-mediated phagocytosis
To specifically interfere with Pyk2 function in CR3-mediated phagocytosis, we used
three independent experimental approaches for the microbead phagocytosis assay.
First, the expression level of Pyk2 in macrophages was reduced via siRNA
treatment. Western blot analysis revealed an efficient knockdown of Pyk2 in Raw
264.7 cells compared to scrambled siRNA or untreated cells (Fig. 3.2A).
Macrophages with a decreased level of Pyk2 were further used in microbead
phagocytosis assays to analyze their phagocytic potential. For control and albumin
beads the percentages of internalized beads, 30 and 20%, respectively, were not
altered by treatment with scrambled or Pyk2 siRNA (Fig. 3.2B). For Fc beads the
ratio of ~70% intracellular beads was also not affected in cells treated with siRNA.
However, Pyk2 siRNA significantly reduced the uptake of anti-CR3 beads to levels
of the rat IgG control beads (Fig. 3.2B). Thus, the decrease of Pyk2 expression
selectively interfered with the uptake of anti-CR3 beads suggesting a specific
functional role for Pyk2 during complement mediated phagocytosis.
In a second approach we analyzed, whether Pyk2 kinase activity is relevant for
complement mediated phagocytosis. To this end, we interfered with Pyk2 function
by pharmacological inhibition of its kinase activity using the Pyk2/FAK inhibitor
PF431396 (Buckbinder et al. 2007). To analyze the potency of the inhibitor
macrophages were treated either with PMA to stimulate Pyk2 autophosphorylation,
or with pervanadate (PV) to maintain the phosphorylation state, or with both PMA
and PV for 30 min. Western blot analysis of Pyk2 auto-phosphorylation revealed
enhanced phosphorylation of Pyk2 in macrophages treated with PV, which
increased slightly in cells co-treated with PMA (Fig. 3.2C). However, when cells
were treated with PMA and PV together with PF431396, Pyk2 auto-phosphorylation
strongly decreased (Fig. 3.2C), confirming the ability of the inhibitor to efficiently
block Pyk2 kinase activity. Next, macrophages were treated or not with PF431396
and microbead phagocytosis assays were performed. In line with the previous Pyk2
siRNA results, phagocytosis of Fc beads was not influenced by the Pyk2 inhibitor
and resulted in about 70% intracellular beads both in presence and in absence of
PF431396 (Fig. 3.2D). In contrast, the treatment with PF431396 led to a strong
decrease (~40%) in the internalization of anti-CR3 beads (Fig. 3.2D). Furthermore,
uptake of control or albumin beads was slightly, but significantly, affected through
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PF431396 treatment (Fig. 3.2D). Together, these data showed that the inhibition of
Pyk2 kinase activity or the specific reduction of its expression level significantly
reduce the phagocytosis of anti-CR3 beads suggesting an important role of Pyk2 in
the process of complement-mediated phagocytosis.
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Figure 3.2: Pyk2 expression and activity is essential for CR3-mediated phagocytosis. (A) Whole cell
lysates of Raw 264.7 macrophages treated with 100 nM Pyk2 siRNA or 100 nM scramble siRNA (siGLO) were
analyzed by western blot using α-Pyk2 antibody (1:400) and compared with untreated cells. (B) Pyk2 siRNA or
scrambled siRNA (siGLO) treated and untreated Raw 264.7 macrophages were seeded on gelatin-coated
coverslips and serum-starved before activation with DMEM medium containing 10% hiFCS and infection (2 h,
MOI 30) with biotinylated polystyrene beads coupled to Albumin, rat IgG2b (control), α-CD11b ab (anti-CR3) or
IgG. After infection, cells were fixed and extracellular beads were stained with streptavidin-rhodamine. Ratio of
internalized beads was calculated by counting extra- and intracellular beads per cell. (C) Cells were treated for
10 min with either 200 ng/ml PMA or 100 μM PV or PMA and PV together in presence or absence of the
PF431396 (10 μM). After incubation whole cell lysates were immunoblotted with α-pY402-Pyk2 specific antibody
(1:100). Tubulin served as a loading control. (D) Serum-starved macrophages were incubated with polystyrene
beads as in (B) in presence or absence of PF431396 (10 μM). For (B) and (C) whisker plots are derived from
150 cells / sample from three independent experiments. Groups were compared by Mann-Whitney test, *
p<0.05; ** p<0.01, *** p<0.001.
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TAT-PRNK reduces CR3-mediated phagocytosis
In a third approach, we used the Pyk2 related non-kinase (PRNK), resembling the
C-terminus of Pyk2, which is known to interfere with the subcellular localization of
Pyk2 (Xiong et al. 1998; Sun et al. 2008) (Supplementary Fig. S3.2E). To apply
PRNK during CR3-mediated phagocytosis, we fused PRNK with a short peptide
taken from the HIV transactivator protein (TAT-peptide). A recombinant TAT-EGFP
fusion protein was used to establish the efficient protein transduction into murine
macrophages. Incubation of macrophages with 100 µM of purified TAT-EGFP
resulted in significant intracellular EGFP fluorescence as confirmed via flow
cytometry and microscopy (Fig. 3.3A and B). Next, macrophages were preincubated for 30 min with TAT-PRNK or the TAT-EGFP control protein and were
subsequently incubated with microbeads for 2 h. The basal uptake of albumin or
control beads, as well as the internalization of Fc beads was not altered in the
presence of TAT-PRNK compared to TAT-EGFP (Fig. 3.3C). However, the
internalization of anti-CR3 beads was significantly reduced and only about 10% of
the anti-CR3 beads were intracellular in TAT-PRNK-treated cells (Fig. 3.3C). As
PRNK interferes with the proper subcellular localization of Pyk2, this result indicates
that the localization of Pyk2 to sites of infection is required for CR3-mediated uptake.
Together, our combined results suggest an important role for Pyk2 in complementdependent phagocytosis in macrophages.
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Figure 3.3: PRNK blocks CR3-mediated phagocytosis. (A) Serum starved Raw 264.7 macrophages seeded
on gelatin-coated coverslips were incubated for 90 min with DMEM/10%hiFCS medium containing 100 μM of
TAT-EGFP or buffer. After washing with acetic wash buffer (0.5% acetic acid, 0.5% NaCl in PBS), cells were
analyzed by flow cytometry to measure efficiency of protein transduction. (B) Cells were incubated as in (A) with
TAT-EGFP or TAT-PRNK. After incubation, the cells were washed once with acetic wash buffer prior to fixation
and analyzed by fluorescence microscopy (Scale bar: 10 μm). (C) Serum-starved cells were incubated as in (A)
with 100 μM TAT-EGFP or TAT-PRNK. Next, polystyrene beads coupled to albumin, rat IgG2b (control), αCD11b ab (anti-CR3), or IgG were added (MOI 30). After 2 h, cells were fixed and extracellular beads were
stained with streptavidin-rhodamine. Ratio of internalized beads was calculated by counting extra- and
intracellular beads per cell. Microscopic quantification was achieved by counting non-stained intracellular and
rhodamine stained extracellular beads. Whisker plots are derived from 150 cells / sample from three
independent experiments. Groups were compared by Mann-Whitney test, *** p<0.001.

Inhibition of Pyk2 does not alter the formation of membrane protrusions
The impaired uptake of anti-CR3 beads upon Pyk2 inhibition might be due to a role
of Pyk2 in the formation of membrane protrusions. To test this hypothesis, we
analyzed the morphology of macrophages incubated with microbeads using
scanning electron microscopy (SEM). SEM analysis revealed the formation of
distinct membrane protrusions upon incubation with Fc and anti-CR3 beads, while
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the incubation with albumin beads did not induce membrane ruffles (Fig. 3.4).
Interestingly, the inhibition of Pyk2 with PF431396 did not prevent the formation of
membrane ruffles in macrophages incubated with anti-CR3 beads. This observation
indicates that Pyk2 is not involved in the formation of membrane protrusions.

anti-CR3 + DMSO

anti-CR3 + PF431396

Fc

albumin

Figure 3.4: Pyk2 is not involved in formation of membrane protrusions during phagocytosis. SEM
analysis of macrophages incubated with albumin, anti-CR3 or Fc beads. Raw 264.7 macrophages were seeded
on gelatin coated coverslips and serum-starved before addition of DMEM, 10% hiFCS containing albumin, antiCR3, or Fc beads, respectively (20 beads/cell). In the case of anti-CR3 beads, cells were pre-incubated with
DMSO (control) or 10 μM of PF431396 as indicated for 10 minutes before addition of beads. After incubation
for 2 h, the samples were fixed, dehydrated and analyzed via SEM. Images show overviews of whole cells with
insets highlighting magnified details.
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Pyk2 is essential for efficient phagocytosis of complement opsonized
bacteria
Analyzing phagocytosis by antibody-coated microbeads affords precise control over
the phagocytic receptors involved. However, it might not reflect the physiological
situation, where multiple receptors, having both particulate and soluble ligands,
might be stimulated simultaneously. To analyze the role of Pyk2 in a more relevant
context, Escherichia coli were opsonized either with normal or with IgG-depleted
mouse serum. IgG was removed through incubation of serum samples with an
excess

of

inactivated,

protein

G-expressing

Streptococcus

dysgalactiae.

Immunoblotting of the resulting serum with an anti IgG/IgM antibody demonstrated
the successful depletion of IgG by S. dysgalactiae (Fig. S2A). Importantly, the serum
levels of C3 were only marginally affected by the IgG depletion (Fig. S2B). When E.
coli was incubated with IgG-depleted serum, immunoblotting with anti IgG antibody
revealed the lack of IgG opsonization by the IgG-depleted serum, whereas the
normal serum led to IgG deposition on the bacteria (Fig. S2C). Therefore, to
selectively opsonize bacteria with complement, we further used the IgG-depleted
serum. As controls, bacteria were incubated in PBS or heat-inactivated serum.
Western blot analysis of bacterial pellets showed a strong opsonization of bacteria
with C3-derived peptides, when incubated with IgG-depleted serum (Fig. 3.5A). In
contrast, incubation with PBS or the heat-inactivated serum resulted in no or very
poor opsonization (Fig. 3.5A).
Complement-opsonized E. coli were labeled with FITC and then used to study the
phagocytosis of bacteria via CR3. Therefore, macrophages were infected for 60 min
with FITC-labeled E. coli, which were either opsonized with complement via the IgGdepleted serum, or incubated with PBS, or with the heat-inactivated serum,
respectively. There was only moderate uptake of bacteria pre-incubated with heatinactivated serum or with PBS and the low levels of internalization were not
influenced by the presence of the Pyk2 inhibitor PF431396 (Fig. 3.5B). As expected,
complement opsonization of E. coli allowed increased uptake by the macrophages
compared to the control samples (Fig. 3.5B). Strikingly, the internalization of
complement opsonized E. coli by macrophages was significantly reduced in the
presence of PF431396, demonstrating the importance of Pyk2 kinase activity during
this process (Fig. 3.5B). To rule out, that the reduced cell uptake of complement47
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opsonized bacteria is based on an altered surface expression of CR3 upon
treatment with the Pyk2 inhibitor, we analyzed the surface levels of CR3 by antibody
staining and flow cytometry. Clearly, treatment with PF431396 did not cause any
alterations in CR3 surface expression (Fig. S2D). In contrast to complementopsonized bacteria, only few microbes, which had been incubated with PBS or heatinactivated serum, were associated with macrophages 1 h after infection. Moreover,
immunostaining of Pyk2 showed no co-localization of these macrophage-bound
bacteria with the kinase (Fig. 3.5C). However, when E. coli were opsonized with
complement containing IgG-depleted serum, a strong recruitment of Pyk2 to cellassociated bacteria could be observed (Fig. 3.5C). Intensity profiles through
attachment sites of complement-opsonized E. coli highlight the local enrichment of
Pyk2 around bacteria engaged CR3, whereas bacteria incubated with the heatinactivated, IgG-depleted serum do not induce recruitment of Pyk2 (Fig. 3.5D).
These findings confirm the positive contribution of Pyk2 to complement-mediated
phagocytosis of bacteria and suggest that in macrophages efficient Integrinmediated uptake of bacteria requires the activity of this non-receptor tyrosine kinase.
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Figure 3.5: Inhibition of Pyk2 reduces CR3-mediated phagocytosis of E. coli. (A) E. coli were incubated
with PBS, IgG depleted or heat-inactivated serum for 30 min at 37°C and analyzed for efficient opsonization via
western blot with an anti-C3 antibody. (B) Serum-starved macrophages were activated with 200 ng/ml PMA and
infected with FITC-labeled E. coli for 60 min (MOI 100) in presence or absence of 10 µM PF431396. Cells were
resuspended and analyzed via flow cytometry. Uptake indices (% positive cells x mean fluorescence) were
measured in presence of trypan blue and are presented as relative values (normalized to mean of DMSO treated
control). Groups were compared by Mann-Whitney test, * p<0.05. (C) Serum-starved Raw 264.7 cells seeded
on poly-L-lysine coated coverslips were activated with 200 ng/ml PMA and incubated for 30 min with FITClabeled E. coli incubated with PBS, IgG depleted or heat-inactivated serum. Cells were fixed and stained for
Pyk2 (Scale bar: 10 μm). (D) Normalized fluorescence intensity profiles of sites of E. coli infection over a 3 µm
distance in samples of C). Intensities were normalized to maximal FITC fluorescence of bacteria and mean
values of 7-10 intensity profiles are shown with error bars representing SEM.
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Knockout of Pyk2 impairs CR3-mediated phagocytosis without affecting
binding affinity to opsonized E. coli
To provide an unambiguous confirmation of Pyk2’s contribution to CR3-mediated
phagocytosis, we established a Pyk2-deficient Raw 264.7 cell line (Pyk2 KO) using
the CRISPR/Cas system. Lack of Pyk2 expression in the obtained clonal cell line
was confirmed by western blot analysis (Fig. 3.6A). To rule out, that genetic deletion
of Pyk2 alters the expression of the Pyk2-associated proteins Paxillin and Talin or
the expression of the second family member FAK, we tested Pyk2 KO cells for the
expression of these proteins (Fig. 3.6A). Immunoblotting against Paxillin, Talin, and
FAK revealed no change in their expression in Pyk2 KO in comparison to wildtype
cells. Furthermore, flow cytometry measurements confirmed that the expression of
the CR3 receptor is not reduced upon genetic deletion of Pyk2, but is rather slightly
increased (Fig. 3.6B). We next employed the Pyk2 KO macrophages to analyze
their ability to form membrane protrusions upon infection with opsonized E. coli.
Accordingly, cells were infected for 30 min with E. coli, which had been preincubated with IgG-depleted serum, and processed for SEM. No difference in the
formation of membrane protrusions at sites of infection could be observed between
Pyk2 KO and wildtype cells (Fig. 3.6C). In line with the observation that surface
expression of CR3 is slightly increased following disruption of the pyk2 gene, flow
cytometry based measurements also showed a minor increase in total cellassociated, opsonized E. coli after 30 min of infection of Pyk2 KO compared to
wildtype cells (Fig. 3.6D). However, there was a ~40% decrease in intracellular
bacteria in Pyk2 knock-out cells, again pointing to an important contribution of Pyk2
to CR3-mediated phagocytosis (Fig. 3.6E). The combined results obtained with
Pyk2 KO cells demonstrate that Pyk2 is not necessary for the initial binding of
complement-opsonized bacteria or for the formation of membrane protrusions at the
sites of infection. However, Pyk2 clearly contributes to the downstream signaling
upon CR3 engagement to promote the phagocytic process.
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Figure 3.6: CRISPR/Cas-mediated knock-out of Pyk2 impairs CR3-mediated phagocytosis of E. coli. (A)
Whole cell lysates of wildtype and Pyk2 knock-out (KO) Raw 264.7 macrophages were used for western blot
analysis against Pyk2, Talin, Paxillin, FAK. Tubulin served as loading control. (B) Surface localization of CR3 in
wildtype (solid black line) or Pyk2 KO (gray line) macrophages was detected by staining with anti-CD11b Ab
followed by flow cytometry. The signal derived from cells stained with an isotype-matched control antibody is
indicated by the gray shaded area. (C) Serum-starved Raw 264.7 cells seeded on gelatin coated coverslips
were infected (MOI 100) for 30 min with FITC-labeled E. coli opsonized with IgG depleted serum. After
incubation, samples were fixed, dehydrated and analyzed via SEM. Images show overviews of whole cells with
insets highlighting details of phagocytic processes (Scale bar: 2 μm). (D) Serum-starved wildtype or Pyk2 KO
macrophages were infected with FITC-labeled complement-opsonized E. coli for 30 min (MOI 100). Cells were
resuspended and analyzed via flow cytometry in the absence of trypan blue to measure total associated
bacteria. (E) Samples as in (D) were analyzed in presence of trypan blue to detect intracellular bacteria. Shown
are the means +-SEM of three independent experiments.
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3.5. Discussion

In the present work, we studied the contribution of Pyk2 to complement-mediated
phagocytosis by murine macrophages. Our results show that Pyk2 is recruited to
sites of complement-mediated internalization. Furthermore, we observe that the loss
of proper Pyk2 function strongly interferes with complement receptor-mediated
uptake of opsonized particles.
We employed a microscope-based assay that enables the discrimination between
FcγR- and CR3-mediated phagocytosis. Using this assay, we first analyzed the
localization of Pyk2 during phagocytosis via immunofluorescence staining. Staining
of the actin cytoskeleton revealed a ring-like actin organization at the sites of
internalization for IgG and anti-CR3 beads confirming that in both processes an
active actin assembly occurs (May and Machesky 2001). Such an active actin
reorganization was absent in macrophages in contact with control or albumin beads.
Interestingly, despite the similarity in actin rearrangements induced by IgG and antiCR3 beads, we could observe a selective recruitment of Pyk2 to anti-CR3 beads
only. In addition, Pyk2 was selectively recruited to sites of internalization of
complement opsonized E. coli and was not recruited in cells incubated with nonopsonized bacteria. The association of Pyk2 with sites of CR3-mediated
phagocytosis is in line with studies showing a co-localization of Pyk2 with Integrin
β2 in podosomes of migrating macrophages (Duong and Rodan 2000). Our novel
findings extent the functional association of Pyk2 and Integrin β2 to the process of
phagocytosis.
The RNAi-mediated knock-down of Pyk2 resulted in significant reduction of
internalized anti-CR3 beads without any influence on the phagocytosis of control,
albumin, or IgG beads. However, the pharmacological inhibition also affected the
uptake of control and albumin beads, albeit to a much lesser extent compared to
anti-CR3 beads. In addition, internalization of IgG beads was not influenced at all
by the pharmacological Pyk2 inhibitor. The effect on uptake of control beads could
be due to blockage of additional kinases by PF431396 (Han et al. 2009). Indeed,
the Pyk2-related kinase FAK is also inhibited by this compound (Buckbinder et al.
2007). Background levels of control bead uptake might be due to serum
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components, such as fibronectin or vitronectin, sticking to the microbeads. These
plasma proteins are recognized and endocytosed by Integrins α5β1 or αvβ3 via FAKdependent pathways explaining the reduced uptake of control beads in the presence
of PF431396 (Bretscher 1989; Caswell and Norman 2008; Hoffmann et al. 2010).
For competitive inhibition of Pyk2 localization and function we used the Pyk2 related
non-kinase (PRNK). To enable transport of recombinant PRNK into the cytosol of
macrophages, PRNK was fused to the TAT-peptide derived from HIV. The presence
of TAT-PRNK resulted in a significant decrease in CR3-mediated phagocytosis,
which is consistent with the results obtained after treatment with the Pyk2 siRNA or
with the Pyk2 kinase inhibitor. TAT-PRNK only had a negative effect on the
internalization of anti-CR3 beads without affecting the uptake of IgG-coupled beads
or the background uptake observed in the negative controls. Together, our
combined results hint at an important and selective role of Pyk2 in complementmediated phagocytosis in macrophages. In line with our results for the CR3dependent uptake, previous reports indicate a role for both, Pyk2 and FAK in the
Integrin β-dependent uptake of Yersinia pseudotuberculosis. In this regard, Pyk2
is mainly important for the uptake of Yersinia via YadA, an extracellular matrix- and
complement factor-binding protein (Bruce-Staskal et al. 2002; Owen et al. 2007).
However, which of the known YadA ligands triggers uptake in this scenario has not
been analyzed in detail.
In addition to the microbead assay, we also analyzed complement-mediated
phagocytosis in a more physiological context. Therefore we analyzed the
phagocytosis of complement-opsonized E. coli in presence or absence of the Pyk2
inhibitor PF431396. This analysis revealed a significant decrease in uptake of
complement-opsonized bacteria, when Pyk2 is inhibited. Importantly, the surface
expression of CR3 was not influenced upon treatment with PF431396. Again, these
findings strongly argue for an involvement of Pyk2 in CR3-mediated phagocytosis
of microorganisms.
SEM analysis of macrophages revealed no difference in the formation of membrane
protrusions around macrophage-associated Fc- or anti-CR3 beads. This
observation confirms recent data that also CR3-mediated phagocytosis involves
membrane ruffling (Hall et al. 2006; Patel and Harrison 2008). Strikingly, the
inhibition of Pyk2 had no effect on the formation of membrane protrusions during
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CR3-mediated phagocytosis. This might indicate that Pyk2 is not involved in the
actin reorganization occurring in CR3-dependent phagocytosis. This suggestion is
further supported by the analysis of Pyk2 KO macrophages in respect to their
association with complement-opsonized E. coli. Flow cytometry and SEM analysis
of infected Pyk2 KO versus wildtype cells showed no difference in their ability to
bind the bacteria and form membrane protrusions at the sites of infection. Although
the Pyk2 KO macrophages are able to bind complement-opsonized bacteria in a
comparable manner as wildtype cells, they show defects in CR3-mediated
phagocytosis. These effects are unlikely to be a result of an altered expression of
proteins that might be involved in the same signaling pathway as the expression
pattern of FAK, Talin, Paxillin and CR3 in Pyk2 KO cells is unchanged. In summary,
interfering with Pyk2 signaling, via its inhibition, knockdown, or genetic deletion
consistently leads to a clear reduction in phagocytosis of anti-CR3 beads or
complement-opsonized E coli. These findings place Pyk2 downstream of Integrininitiated signals necessary for efficient CR3-phagocytosis.
There are several possibilities how Pyk2 could be integrated in the CR3-initiated
signaling cascade. Although the inhibition of Pyk2 does not impair the formation of
membrane protrusions at sites of CR3-mediated uptake, Pyk2 could contribute in
other ways to CR3 downstream signalling. For example, Pyk2 was shown to
associate with phosphatidylinositol-3’ kinase (PI3K) and to get activated upon
Integrin β1 engagement and PI3K activation (Melikova et al. 2004). PI3K catalyses
the production of phosphatidylinositol(3,4,5)trisphosphate, which is necessary for
the closure of phagosomes (Araki et al. 1996; Tamura et al. 2009). As Pyk2-deficient
macrophages and platelets are impaired in activation of PI3K (Okigaki et al. 2003;
Consonni et al. 2012), this could explain the observed reduction of CR3-mediated
uptake. Besides several common downstream signaling molecules, such as the
small GTPase RhoG (Tzircotis et al. 2011) and the protein tyrosine kinase Syk
(Crowley et al. 1997; Kiefer et al. 1998; Shi et al. 2006), FcγR- and CR3-mediated
phagocytosis trigger distinct molecular mechanisms of uptake. For example, FcγRmediated phagocytosis depends on the small GTPases Rac2 and Cdc42, whereas
phagocytosis via CR3 involves RhoA (Caron and Hall 1998). Our study further
emphasizes that these two opsonin-dependent routes of phagocytosis rely on
distinct signaling modules to mediate internalization of particles. It could be
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speculated that these different uptake routes also dictate distinct fates of the
internalized microbes, an area of research that warrants further exploration.
Taken together we could show that Pyk2 activity and its localization at sites of
internalization are crucial for efficient CR3-mediated phagocytosis. These results
highlight an additional function of Pyk2 in phagocytic cells. It remains to be seen,
how Pyk2 is linked to the CR3 upon receptor engagement. Given the known
interaction of Pyk2 with several Integrin-associated proteins such as Paxillin and
Hic-5, Pyk2 might be closely connected to the Integrin 2 subunit. Further analysis
of the spatial and temporal regulation of this kinase in CR3-mediated signaling will
clarify the contribution of Pyk2 to this important process of the innate immunity.
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Supplementary Figure 3.1: Quantification of complement-mediated opsono-phagocytosis. (A and B)
Serum-starved Raw 264.7 macrophages were treated for 10 min with 10% hiFCS medium prior to addition of
polystyrene beads. Polystyrene beads were coupled to albumin, RatIgG, α-CD11b (Anti-CR3), or IgG (Fc) and
biotinylated. Macrophages were incubated for 2 h in absence (A) or presence (B) of the CR3 blocking antibody
(α-CD11b ab), fixed and extracellular beads were stained with streptavidin-rhodamine. (C) Microscopic
quantification was achieved by counting non-stained intracellular and rhodamine stained extracellular beads
from (A) and (B). The line represents the median, boxes represent the 25-75 percentile, and error bars 10-90
percentile of 150 cells from three independent experiments. Groups were compared by Mann-Whitney test, ***
p<0.001 (scale bars: 10 μm).
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4.1. Abstract

Integrins are heterodimeric receptors that are crucial for cell migration and thus
instrumental for many physiological but also pathological processes. Clustering of
Integrins by extracellular matrix (ECM) ligands leads to the formation of dense
protein networks, so called focal adhesions (FA). FAs provide a structural link
between the ECM and the actin cytoskeleton. Paxillin is an intracellular adaptor
protein that localizes to FAs and has a key role in the cytoskeletal organization as
well as the recruitment of important signaling molecules such as focal adhesion
kinase (FAK). How Paxillin is recruited to FAs is so far unknown, but was shown to
depend on its C-terminal LIM domains. In this study, we could solve the NMR
structure of the Paxillin LIM2/3 domains that are known to mediate Paxillin
localization to FA. Based on this structure we were able to identify the cytoplasmic
tail of Integrin β3 as a direct interaction partner of the LIM domains in vitro.
Furthermore, CRISPR/Cas mediated knockout of Paxillin and Integrin β3 in mouse
embryonic fibroblasts (MEF) combined with the re-expression of wildtype versus
binding-deficient mutants of both proteins enabled a functional analysis of the
observed interaction. Mutations on both sides of the binding interface, either on
Paxillin LIM3 or the Integrin β3 tail, led to a significantly decreased cell adhesion on
vitronectin, suggesting a physiological relevance of the direct Paxillin-Integrin
interaction.

4.2. Introduction

Integrin-mediated cell migration is a fundamental prerequisite for important
physiological processes such as embryonic development, tissue homeostasis or
leucocyte trafficking (Hynes, 2002). Consequently, defects in Integrin-dependent
motility often have pathological consequences and can result in cancer or
immunodeficiency diseases (Huttenlocher and Horwitz, 2011; Winograd-Katz et al.,
2014). Integrins are non-covalently linked heterodimers consisting of one α- and one
β-subunit each possessing a large extracellular ligand-binding region, a single-pass
transmembrane domain and a relatively short cytoplasmic tail (Hynes, 2002). ECM
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triggered Integrin clustering induces the recruitment of signaling as well as
cytoskeleton and scaffold proteins that form the ‘Integrin adhesome’ and physically
link Integrins to the actin cytoskeleton (Winograd-Katz et al., 2014). Common
structures formed by the Integrin adhesome in cultured cells are focal adhesions
(FA), which have been extensively studied in regard to size, protein composition or
lifetime during the past decades. Recent curation of candidate-based microscopic
and biochemical studies of FA proteins enabled the definition of a theoretical Integrin
adhesome (Winograd-Katz et al., 2014; Zaidel-Bar 2007 and 2010). In addition,
integration of several proteomic datasets of isolated Integrin adhesion complexes
led to a relatively defined consensus adhesome of FAs encompassing about 60 core
proteins (Horton and Astudillo 2015; Horton and Byron 2015). Furthermore, super
resolution microscopy approaches revealed that FAs are organized in different
layers namely an Integrin signaling layer close to the membrane, a force
transduction layer and an actin regulatory layer (Kanchanawong et al., 2011).
Paxillin is a 68 kDa scaffold protein with important functions in the spatiotemporal
integration of Integrin signals through a diversity of interactions and is part of the
Integrin signaling layer of FAs (Deakin and Turner, 2008; Kanchanawong et al.,
2011). In addition, Paxillin is one of the main focal adhesion components and is
present in early nascent FAs formed at the leading edge of migrating cells (Laukaitis
et al., 2001; Choi et al., 2011, Scales and Parsons, 2011). Its function as transducer
of Integrin signaling makes Paxillin an important protein during embryonic
development and connects it more and more to cancer progression (Hagel et al.,
2002; Zhao et al., 2015; Qin et al., 2015). Paxillin consists of five N-terminal LD
domains that mediate the majority of interactions such as binding to FAK or Vinculin
and four C-terminal LIM domains of which LIM3 was shown to be crucial for its
recruitment to focal adhesions (Brown et al., 1996 and 1998). The LIM domains are
zinc finger domains named after the first letters of the proteins LIN-11, Isl1 and MEC3 in which this domain was first identified (Kadrmas and Beckerle, 2004). A LIM
domain is characterized by two zinc finger, each of which contains two orthogonally
packed β-hairpins. LIM domain proteins are often involved in transcriptional
regulation or are associated with the actin cytoskeleton, although a consensus
binding motif for LIM domains could not be determined so far (Kadrmas and
Beckerle, 2004; Zheng and Zhao, 2007). Reported interaction partners of Paxillin
LIM domains are tubulin, PTP-PEST and β-catenin (Brown et al., 2002; Dubrovskyi
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et al., 2012). As mentioned, the localization of Paxillin at FAs depends mainly on the
presence of the LIM3 domain and in part on LIM2 (Brown et al., 1996). In addition,
it could be shown that Paxillin can associate with Integrin cytoplasmic domain
peptides in in vitro experiments (Schaller et al., 1995; Tanaka et al., 1996). However,
the detailed molecular mechanism behind the LIM-dependent recruitment of Paxillin
to FAs is not known so far. For this reason, we aimed to investigate the functional
role of LIM domains for FA localization of Paxillin using microscopic, biochemical
and spectroscopic approaches. We first show and confirm the important role of the
LIM domains in Paxillin recruitment to FAs. For this, the isolated LIM domains were
overexpressed in fibroblasts, which led to a competitive displacement of Paxillin.
Consequently, also FAK was displaced by the overexpression of LIM domains as
FAK localization strongly depends on Paxillin (Tachibana et al., 1995; Scheswohl et
al., 2008; Deramaudt et al., 2014). Furthermore, we solve the NMR structure of a
tandem LIM2/3 construct and performed NMR-based binding studies using peptides
of Integrin β cytoplasmic tails. We could determine residues in Paxillin LIM domains
as well as in the cytoplasmic tail of Integrin β3 that mediate a direct interaction
between the two proteins. In the following, we mutated these crucial residues within
the sequences of Paxillin and Integrin β3 to show their importance towards Paxillin
recruitment and the consequences in regard to cell attachment of fibroblasts.
Together, we could identify a binding interface of Paxillin LIM domains with the
cytoplasmic tail of Integrin β3 that seems to be important for Integrin-dependent
processes like cell adhesion.

4.3. Material and Methods

Cell lines
Flp-InTM-3T3 mouse embryonic fibroblasts (Life technologies, Carlsbad, USA) as
well as the knockout cell lines (Paxillin and Integrin β3) derived from these cells and
FAK/p53 knockout

re-expressing GFP-FAK (kind gift from D. Schlaepfer, San

Diego, USA) were cultivated in DMEM (high glucose) supplemented with 10 % FCS,
sodium pyruvate and non-essential amino acids. HEK 293T cells were cultivated in
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DMEM supplemented with 10% CS. All cells were grown in a humidified, 37°C, 5%
CO2 incubator.

Plasmid DNA
Fluorescent fusion constructs used are pRK-GFP-mTalin (kindly provided by R.
Fässler, Martinsried, Germany), pEGFP-FAK (kindly provided by D. Schlaepfer, San
Diego, USA), pGFP Cas (a gift from K. Yamada, Addgene plasmid # 50729),
pEGFP-mVinculin (W. Ziegler, Leipzig, Germany), pEGFP-Zyxin (Muenzner et al.,
2010). In addition, cDNA of hKindlin-2 (Bioscience, Nottingham, UK) was used as
template for cloning of Kindlin-2 into pDNR Dual vector. Paxillin cDNA (kindly
provided by A. Bershadsky, Tel Aviv, Israel) was used to clone sequences of Paxillin
full-length, LD1-5 domains (amino acids 1-313) and LIM1-4 domains (amino acids
313-557) into pDNR Dual. Cre/LoxP recombination was used to clone sequences in
pDNR Dual vectors further into pEGFP, pTag-RFP-T or pmCherry C1 and N1 loxP
acceptor vectors for eukaryotic expression.
CEACAM3-Integrin β3 fusion constructs were created via PCR amplification with
primers

Integrin

β3[E752-T788]

BamHI

sense

(5’-

GCGGCTATGG

ATCCGAATTCGCTAAATTTGAGGAAGAACGCGCCAGAG-3’), Integrin β3[E752T788] XhoI anti (5’- TATCTCGAGTTAAGTGCCCCGGTACGTG-3’) and Integrin
β3[E752-F780] XhoI anti (5’-CGCCTCGAGTTAGAAGGTAGACGTGGCCTCTTT
ATACAG-3’) using the template mEmerald-Integrin-Beta3-N-18 (a gift from Michael
Davidson, Addgene plasmid # 54130). PCR products were cloned into the
BamHI/XhoI digested plasmid pcDNA3.1 CEACAM3ΔCT (Muenzner et al. 2005).
For stable cell lines, mEmerald-Integrin-Beta3-N-18 served as template to amplify
sequences for Integrin β3 full-length (amino acid 1-T788) and the truncated version
(amino acid 1-F780). PCR Products were cloned with SpeI/PsPXI restriction sites
into pEF/FRT5 vector that enables stable insertion into FlpIn TM 3T3 MEFs.
Compatibility of pEF/FRT5 vector with Cre/lox recombination cloning, loxP EGFP
acceptor cassettes were cloned via PCR from pEGFP-loxP C1 or N1 into pEF/FRT5
using SpeI/PsPXI restriction sites.
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For NMR analysis, the sequence for recombinant Paxillin LIM2/3 domains (amino
acids 380-499) was cloned into pET24a His-Sumo vector using Eco31I/XhoI
restriction sites. The sequences encoding for cytoplasmic tail peptides of Integrin β3
(amino acids H748-T788), Integrin β3 (amino acids H748-F780), Integrin β1 (amino
acids H758-K798) were amplified using mEmerald-Integrin-Beta3-N-18 or
mEmerald-Integrin-Beta1-N-18 (a gift from Michael Davidson, Addgene plasmid #
54129) as templates, respectively and cloned into pET24a His-Sumo vector using
BamHI/XhoI restriction sites.

Antibodies and reagents
Antibodies for western blot analysis used in this study were mouse monoclonal
Paxillin antibody clone 177 (BD Biosciences, San Jose, USA), mouse monoclonal
GFP antibody clone JL-8 (Clonetech Laboratories, Mountain View, USA) and mouse
monoclonal tubulin antibody clone purified from hybridoma cell supernatants
(Developmental Studies Hybridoma Bank, University of Iowa, USA). Armenian
hamster anti-mouse/rat CD61 (Integrin β3) antibody (eBioscience, San Diego, USA)
was used for flow cytometry and anti-pan CEACAM antibody D14HD11 (Genovac
GmbH, Freiburg, Germany) was used for flow cytometry and immunofluorescence
staining.
Expression and purification of recombinant Paxillin LIM2/3 and Integrin
cytoplasmic tails
E. coli BL21 DE3 were transformed with bacterial expression vectors pET24a HisSumo coding for Paxillin LIM2/3 domains or Integrin β1 or β3 peptides. Bacterial
cultures were induced with 0.5 mM IPTG at OD580 = 0.5 and incubated for 4 h
(Paxillin LIM2/3) or 6-8 h (Integrin β peptides) at 30°C. Bacteria were lysed via
sonication in (50 mM Na3PO4, pH 8, 1 M NaCl, Protease inhibitors) and recombinant
His-Sumo proteins were purified via HisTrap column (HisTrapFF crude, GE
Healthcare, Freiburg, Germany) and dialyzed in 25 mM Na3PO4, 150 mM NaCl, pH
8 for Paxillin constructs and 25 mM Na3PO4, 150 mM NaCl, 1 mM EDTA, pH 8 for
Integrin peptides. The His-SUMO Tag was cleaved by ULP1 digestion overnight and
removed by subsequent HisTrap purification. For isotopic labelling the bacteria were
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cultured in M9-minimal medium containing

15NH Cl
4

and

13C-Glucose

as sole

nitrogen and carbon source.

NMR-spectroscopy
All NMR-experiments for the resonance assignment and structure determination
were recorded on a Bruker Avance III 600 MHz Spectrometer equipped with an
H/C/N-TCI-cryo-Probe. The spectra were processed and analyzed with Topspin®
v2.1-3.2 (Bruker). Three-dimensional spectra were recorded using non-uniform
sampling

(25-50%

sparse

sampling)

and

reconstructed

by

recursive

multidimensional decomposition (Topspin® v3.1-3.2). For NMR-experiments the
proteins were concentrated and the buffer was exchanged by repeated ultrafiltration
(Amicon Ultra-4 Ultracel-3 kDa centrifugal filter device (Millipore)). NMR-sample

conditions: 500 µM 13C-15N-Paxillin-LIM2/3, 150 mM NaCl, 50 mM Na2HPO4, 4 mM
NaN3, 1 mM DTT, 5% (or 100% D2O), pH = 7.5. Recorded 3D-spectra in 5% D2O:
HNCO, HN(CA)CO, CBCANH, CBCA(CO)NH, H(CCCO)NH, (H)C(CCO)NH,
NOESY-15N-HSQC,

NOESY-13Cali.-HSQC;

in

100%

D2O:

H(C)CH-TOCSY,

(H)CCH-TOCSY, H(C)CH-COSY, NOESY-13Cali.-HSQC, NOESY-13Caro.-HSQC
(NOESY mixing time: 120 ms in all spectra).
Resonance assignment and structure determination
Backbone resonance assignment was done semi-automatically using CARA
v1.8.4.2[47] and Autolink II v0.8.7[48]. The sidechain resonances were assigned
manually. NOESY cross-signals were picked and quantified using ATNOS[59]
(implemented in UNIO’10 v2.0.2[89]). TALOS-N[67] was used to calculate φ- und ψangles based on the backbone chemical shifts.
Initial Structure calculation was done using Cyana v3.0[61], with the protein
sequence, the resonance assignment (CARA), NOESY-peaklists (ATNOS) and
backbone angular restraints (TALOS-N) as input. In later stages of the calculation
additional distance and angular constraints for a tetrahedral Zinc-coordination of the
respective amino acids were implemented. The coordination mode of the four
Histidines (H403, H406, H462 and H492) was determined by the difference of
chemical shifts of Cδ2 and Cε1 [70] and in all cases δ (Cε1) - δ (Cδ2) was larger than
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17 ppm indicating a coordination via Nδ1 for all Histidines. The structures were
visualized and analyzed with PyMOL v1.3 (DeLano Scientific).
Backbone dynamics from 1H-15N-NOE
To estimate the dynamics of the protein backbone, a spectrum with1H-15N-NOE and
without

1H-15N-NOE

(1H-saturated) were recorded (Bruker pulse-program:

hsqcnoef3gpsi). The signals of both sub-spectra were integrated using CARA
v1.8.4.2 and the ratio InoNOE/INOE was calculated and plotted against the sequence.
NMR-titrations:
All NMR spectra were recorded on a Bruker Avance III 600 MHz Spektrometer
equipped with a BBI or a TXI probe. Buffer conditions: 100 mM NaCl, 50 mM
Na2HPO4, 4 mM NaN3, 1 mM TCEP, 5% D2O, pH = 6.9.
Experimental procedure: To a sample of 600 µM 15N-Integrin β3748-788 was added a
stock solution (3.4 mM) of Paxillin LIM2/3 wt or Paxillin Lim2/3 N477A up to a 1.2
mM concentration of the respective Paxillin construct. The resonance assignment
of Integrin β3 was transferred from the BMRB entry 15552 (Oxley et al. 2008). Due
to the limited solubility of the Integrin construct the inverse titration was done by
starting with the highest concentration of 600 µM Integrin β3748-788 or Integrin β3748780

and 400 µM

15N-Paxillin

LIM2/3 wt and diluting the sample with 400µM

15N-

Paxillin LIM2/3 and thereby decreasing the Integrin concentration. Peak positions
were determined with Topspin® v3.1 (parabolic interpolation) and the chemical shift
difference 𝛥𝛿 from the reference without binding partner was calculated with eq (1):
𝛿 = √0,5 ∗ [𝛥𝛿𝐻2 + 0,14 ∗ 𝛥𝛿𝑁2 ]

(1)

The titration curves were fitted using eq (2) in origin 8.6.0G with the maximal
chemical shift difference (∆𝛿max ) and the dissociation constant 𝐾𝑑 as variables:
∆𝛿 ([𝐿], [𝑃]) = ∆𝛿𝑚𝑎𝑥

([𝑃] + [𝐿] + 𝐾𝑑 ) − √([𝑃] + [𝐿] + 𝐾𝑑 )2 − 4[𝑃][𝐿]
2[𝑃]

(2)

A simultaneous fit for multiple signals was used, allowing individual ∆𝛿𝑚𝑎𝑥 values
for each residue, but a global value for the dissociation constant 𝐾𝑑 .
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CRISPR/Cas-mediated knockout
Stable knockout cell lines of either Paxillin or Integrin β3 were generated in Flp-InTM3T3 mouse embryonic fibroblasts (Life technologies, Carlsbad, USA) stably
expressing a Cerulean-tagged histone 2B. Cells were transfected with vectors
encoding a GFP-tagged Cas9 enzyme (PX458, a gift from Feng Zhang, Addgene
plasmid # 48138) and pBluescript-U6 Promoter vectors that contain the respective
sgRNAs. Cerulean sgRNA: 5’-GCCGTCCAGCTCGACCAGGA-3’, Paxillin sgRNA
(targeting Exon 2): 5’-GACGGTGGTGGTGGGACCGG-3’, Integrin β3 sgRNA
(targeting Exon 2): 5’-GCGGACAGGATGCGAGCGCAG-3’. Transfection of
Cerulean sgRNA served as a marker for proper Cas9 function. Preselection for loss
of fluorescence via flow cytometry assisted cell sorting (FACS) increased the
probability of disruption of the gene of interest. Single cell clones were analyzed for
the loss of the protein of interest by western blot or flow cytometry.
Fluorescence intensity analysis at focal adhesions
Stable cell lines expressing EGFP-Paxillin or EGFP-FAK were seeded on FN (2
µg/ml) coated coverslips in 24 well plates (recombinant FN fragment, typeIII-repeat
9-10). Adherent cells were transiently transfected with cDNA encoding for RFPtagged LIM1-4 or LD1-5 domains or full-length Paxillin using jetPrimeTM transfection
reagent (Polyplus-transfection SA, Illkirch, France) and subjected to confocal
microscopy (SP5, Leica, Wetzlar, Germany) 48 h post-transfection. Fluorescence
intensities were manually analyzed (LAS AF Lite software, Leica, Wetzlar,
Germany) by measuring the mean intensity of focal adhesion areas. In total 220350 FAs were analyzed in three independent experiments and statistical
significance was evaluated by using student’s t-test.
Opa-protein triggered intracellular clustering (OPTIC)
HEK 293T cells were transfected with pcDNA3.1 CEACAM3ΔCT or the CEACAM3Integrin β3 fusion constructs together with cDNA coding for the protein of interest
fused to EGFP. Cells were seeded on poly-L-lysine coated coverslips. Adherent
cells were infected with Pacific Blue stained Neisseria gonorrhoeae (Opa52expressing, non-piliated N. gonorrhoeae MS11-B2.1, strain N309, kindly provided
by T. Meyer, Berlin, Germany) at MOI 100 for 1h in DMEM + 0.5% BSA. After
infection, cells were immediately fixed with 4% PFA and stained against CEACAM3
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(D14HD11 antibody) together with a Cy5-conjugated secondary anti-mouse
antibody (Jackson ImmunoResearch Inc., Baltimore, USA). Samples were analyzed
on a SP5 confocal microscope (Leica, Wetzlar, Germany). Quantification was
achieved by counting cells with at least one recruiting event as positive for
recruitment. In total 60 cells per condition were counted in three independent
experiments (20 cells in each experiment), percent of cells that show recruitment
was calculated and analyzed via student’s t-test.
Cell adhesion assay
A 96-well plate was coated with 5 µg/ml GST-vitronectin(aa63-398), 5 μg/ml GSTfibronectin(type III repeat 9-12) or 10 μg/ml Poly-L-lysine for 16 h at 4°C. The wells
were blocked with suspension medium (DMEM/0.5 % BSA) for 1 hour at 37 °C.
In parallel, cells were detached using trypsin and kept in suspension medium for 30
min. 1 x 105 cells per well were seeded and allowed to adhere for the indicated time
periods at 37 °C. After incubation, non-adherent cells were removed by gently
washing three times with PBS++. Adherent cells were fixed with 4% PFA for 15 min,
washed twice with PBS and stained with crystal violet (0.1% in 0.2 M borate buffer
and 4% Ethanol) for 20 min. After intense washing, de-staining with 100 µl 10%
acetic acid was achieved and the absorption was measured at 590 nm using a
spectrophotometer (Varioskan Flash, Thermo Fisher Scientific Inc., Waltham, USA).
Percent of adherent cells were calculated relative to 100 % control samples, which
were adherent for 60 min on 5 µg/ml fibronectin and were fixed without washing.

4.4. Results

The LIM domains of Paxillin are essential for focal adhesion localization and
associate with Integrin β3 tails
Using deletion mutants, the LIM domains (especially LIM3) were shown to be
important for the recruitment of Paxillin to FAs (Brown et al. 1996). We sought to
demonstrate the necessity of the LIM domains for Paxillin recruitment by ectopic
67

A direct interaction between Paxillin LIM domains and the integrin β3 tail is important for cell adhesion

expression of the isolated LIM1-4 domains to analyze if they could act as a dominant
negative inhibitor for Paxillin FA targeting. For this purpose, we used a system for
efficient

CRISPR/Cas-mediated

knockout in

MEFs,

which

combines the

CRISPR/Cas technique with the FlpInTM recombination system for easy and
comparable re-expression of proteins (Timper et al., 2016, in preparation). Using
this approach, we were able to generate Paxillin-deficient fibroblasts and could
stably rescue Paxillin expression in these cells. EGFP-Paxillin expressing MEFs
were transiently transfected with either the N-terminal (LD1-5) or the C-terminal
(LIM1-4) part of Paxillin fused to RFP (Fig. 4.1A). The isolated LIM1-4 domains
localized to FAs and in cells that show LIM domain recruitment, Paxillin was
extracted from adhesion sites (Fig. 4.1A). Quantification of EGFP-Paxillin intensity
at adhesion sites revealed a significant reduction of the EGFP fluorescence at FA,
when the isolated LIM domains were present compared to non-transfected cells
(Fig. 4.1B). In contrast to that, the LD domains alone did not or only weakly localize
to FAs and could not exhibit such a dominant negative effect on Paxillin localization
as it was observed for the LIM domains (Fig. 4.1A and B). Since proper Paxillin
localization at FAs was shown to be important for the subsequent recruitment of
FAK (Deramaudt et al. 2014), we also investigated the effect of ectopic
overexpression of LIM domains towards FAK localization. For this, we used FAK
knockout fibroblasts that stably re-express GFP-FAK. When these cells
overexpressed full-length Paxillin fused to RFP a significantly increased intensity of
GFP-FAK at FA sites compared to non-transfected cells could be observed (Fig.
4.1C and D). In contrast to that, overexpression of RFP-LIM1-4 domains strongly
reduced the intensity of GFP-FAK at adhesion sites (Fig. 4.1C and D).
To get insight into the mechanism of Paxillin recruitment, we conducted an artificial
approach to cluster Integrin β cytoplasmic domains called Opa protein triggered
intracellular clustering (OPTIC) (Fig. 4.1E and F). To do so, fusion proteins were
constructed that contain the extracellular (ED) and transmembrane domain of
CEACAM3 (CC3) linked to the intracellular tail of Integrin β3 (amino acids 752-788).
The CC3-Itgb3 construct was transiently expressed in HEK 293T cells and proper
surface expression was confirmed via antibody staining of the CC3 ED and flow
cytometry analysis (Suppl. Fig. S4.1A). Infection with Opa-protein expressing
Neisseria gonorrhoeae (Ngo) was then used to cluster the CC3 extracellular
domain, which also led to an intracellular clustering of the Integrin β cytoplasmic
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domain. This clustering should mimic the Integrin β3 engagement at FAs and recruit
FA proteins (Fig. 4.1E and F). After infection with fluorescently labelled Ngo,
samples were fixed and stained against CC3 (Fig. 4.1E). Within the entire cell
surface, sites of bacterial attachment were investigated for clustering of CC3-Itgb3
and subsequent recruitment of a protein of interest via confocal microscopy (Fig.
4.1E). Co-Expression of EGFP served as a negative control and revealed clustering
of the CC3-Integrin fusion protein, but no recruitment of the cytosolic EGFP.
However, co-expression of EGFP-Paxillin together with CC3-Itgb3 led to an efficient
recruitment of Paxillin to sites of infection (Fig. 4.1E). To test for the nature of the
observed interaction, different FA proteins known to bind directly or indirectly to
Integrins were co-expressed with the CC3-Itgb3 receptor and infected with Ngo. For
all samples, Ngo were able to efficiently cluster the receptor fusion proteins (Fig.
4.1G). Like the EGFP negative control, also FAK was not able to associate with the
clustered Integrin β3 cytoplasmic domains. In addition, other FA proteins like Zyxin,
Vinculin or p130cas could not associate with clustered Integrin tails (Fig. 4.1G and
Suppl. Fig. S4.1B for entire cell images). However, clustering of CC3-Itgb3 clearly
induced the recruitment of Talin and Paxillin and to some extent also Kindlin-2 (Fig.
4.1G). Interestingly, for Paxillin this recruitment seems to be dependent on the LIM
domains as the LIM1-4 domains, in contrast to the isolated LD1-5 domains, are also
able to localize to clustered CC3-Itgb3 (Fig. 4.1G). So far our data confirm that the
LIM domains are crucial for the recruitment of Paxillin to adhesion sites and show
that Paxillin exhibits a similar association profile to Integrin β 3 tails in OPTIC
experiments as the direct Integrin binding proteins Talin and Kindlin-2.
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Figure 4.1: Paxillin LIM domains are essential for FA localization and associate with clustered Integrin β3 tails
in OPTIC experiments. (A) Stable EGFP-Paxillin expressing MEFs were transiently transfected with RFP-tagged
LIM1-4 or LD1-5 domains. (B) Paxillin localization at FAs was evaluated by measuring the GFP fluorescence
intensity in presence of either overexpressed LIM or LD domains. Shown are mean values of GFP-intensity of
360 adhesions of three independent experiments. Error bars represent standard deviation and significance was
calculated using Student’s t-Test (*** p<0.0001). (C) GFP-FAK expressing MEFs were transiently transfected
with RFP-Paxillin full-length or RFP-LIM1-4. (D) Calculation of GFP-FAK intensity at FAs was performed as in
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(B) n=220 FAs. (E) and (F) Working scheme of Opa-protein triggered intracellular clustering (OPTIC). HEK 293T
cells were transiently transfected with CEACAM3-Integrin β3 fusion constructs (CC3-Itgb3) together with either
GFP or GFP-Paxillin and infected (1 h, MOI 100) with Opa expressing N. gonorrhoeae (Ngo) to cluster CC3Itgb3 from the outside. Cells were fixed, stained against CC3 and recruitment of the cytoplasmic protein of
interest (POI) to sites of infection was analyzed. (G) Recruitment to CC3-Itgb3 of different FA proteins was
analyzed. Shown are Ngo-induced CC3-Itgb3 clusters and the co-transfected protein of interest (GFP-channel)

Paxillin LIM2/3 domains represent a characteristic LIM domain folding and
bind to Integrin β3 tails
To further characterize the interaction of Paxillin LIM domains and the cytoplasmic
tail of Integrin β3 we decided to investigate the binding in vitro by NMRspectroscopy. Since LIM2 and LIM3 have been shown to be mainly responsible for
FA-targeting of Paxillin we cloned and expressed the LIM 2/3 tandem domain (380499) and solved the structure by multidimensional NMR-Spectroscopy (Fig. 4.2).
The structure determination of the LIM2/3 domains revealed the characteristic zinc
finger structure as it was described for other LIM domain proteins such as Leupaxin
(Yoneyama et al., 2005). Both LIM domains fold in two orthogonally packed βhairpins that terminate in an α-helix (Fig. 4.2 and Suppl. Fig. S4.2). A striking feature
within the LIM domain structure that we observed was the presence of surface
exposed flexible loops between the conserved zinc-coordinating regions (Fig. 4.2).
Furthermore the LIM domains exhibit a strong spatial flexibility towards each other
(Suppl. Fig. S4.2). Our NMR data represent the first detailed description of a tandem
LIM domain structure providing more insight into folding and arrangement of the
domains that are crucial for Paxillin recruitment to FA.
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Figure 4.2: Structural ensemble of Paxillin LIM2/3. (A) Overlay of the 10 best NMR-structures with LIM3
optimally aligned. Zinc-atoms are shown as grey spheres and are only shown once from the best structure. (B)
Structural statistics of NMR measurements. (C) Backbone dynamics from 1H-15N-NOE-Measurment along the
Paxillin LIM2/3 primary sequence (ZF: zinc finger, H: helix).

Based on the structure of the tandem LIM2/3 domains, we wanted to determine,
whether an interaction between Paxillin and Integrin β3 cytoplasmic domain. To do
so, we titrated the 15-N labeled proteins with the respective unlabeled binding partner
and performed chemical shift perturbation (CSP) mapping experiments (Fig. 4.3). In
both cases significant CSPs could be observed (Suppl. Fig. S4.3 and S4.4) and the
dissociation constant (Kd) could be determined to 394 ± 65 µM (Fig. 4.3B and Suppl.
Fig. S4.5). On the Integrin side the largest CSPs were observed on the C-Terminal
part, with the last 8 residues experiencing the most dominant effects (Fig. 4.3C). On
Paxillin the largest CSPs were observed in a flexible loop in LIM3 (V476-F481) and
on adjacent residues (L450, Y453, L457, C490, E491). Homologous residues in
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LIM2 (V394, F421) showed significantly smaller but still detectable CSPs, indicating
an even weaker interaction of LIM2 with Integrin β3 cytoplasmic domain. A deletion
of the C-terminal 8 amino acids of the Integrin β3 cytoplasmic domain strongly
reduced the CSPs within the Paxillin LIM3 domain (Fig. 4.3D; Suppl. Fig. S4.3,
S4.4). Interestingly, we recognized during NMR analysis that over time a
spontaneous deamidation at a central asparagine residue in the flexible loop (N477)
occurs. This modification had strong impact on the binding of Paxillin LIM3 to the
Integrin β3 cytoplasmic tail peptide (Suppl. Fig. S4.6). We mutated this residue to
alanine (N477A) in the recombinant Paxillin LIM2/3 construct and analyzed the in
vitro binding to the Integrin β3 tail (Fig. 4.3C). Comparable to the deamidated protein,
the N477A mutation strongly reduced the CSPs in titration experiments (Fig. 4.3C;
Suppl. Fig. S4.3 and S4.4). Together, our in vitro NMR data reveal a binding
interface between the C-terminal eight amino acids of Integrin β3 and a flexible loop
within the LIM3 domains of Paxillin.
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Figure 4.3: Interaction of Paxillin LIM2/3 with Integrin β3–tails investigated by chemical shift perturbation (CSP)
mapping. (A) 1H-15N-HSQC of 600 µM 15N-Integrin b3 (748-788) before (blue) and after (red) addition of
Paxillin LIM2/3 at a final concentration of 1.2 mM. The signal of G787 is magnified and two additional titration
points are shown (cyan: 0.4 mM, orange: 0.8 mM Paxillin LIM2/3). (B) CSP in dependence of the Paxillin LIM2/3
concentration for G787. The fitted curve corresponds to a Kd value of 400 µM. (C) CSPs mapped on the primary
sequence of Integrin β3 tail in the presence of 1 mM Paxillin LIM2/3 wt (upper panel) or 1 mM Paxillin LIM2/3
N477A (lower panel). (D) CSPs mapped on the primary sequence of Paxillin LIM2/3 (400 µM) in the presence
of 600µM Integrin b3 748-788 (upper panel) or 600 µM Integrin b3 748-780 (lower panel). (E) CSPs mapped on
the surface of Paxillin LIM3 (P440-S499). Residues experiencing the biggest CSPs are colored in red (CSP >
0.04 ppm), orange (0.04 ppm ≥ CSP > 0.02 ppm) and yellow (0.02 ppm ≥ CSP > 0.015 ppm) respectively.
Unassigned residues (Prolines and N477) and residues with overlapping signals in the 15N-HSQC are colored
in gray.
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Mutations in the binding interface abolish Paxillin recruitment to clustered
Integrin β3 tails
We further wanted to analyze, if the observed in vitro binding of Paxillin to β3 Integrin
also has relevance in a cellular context. For this, we again applied the OPTIC
approach to investigate Paxillin recruitment to clustered Integrin tails using Paxillin
knockout MEFs

that stably re-express EGFP-Paxillin and were transiently

transfected with CC3-Itgb3 fusion constructs. Clustering of CC3-Itgb3 bearing the
Integrin wildtype cytoplasmic domain, CC3-Itgb3[752-788], was again sufficient to
efficiently recruit Paxillin (Fig. 4.4A and B). However, when the Paxillin binding
sequence of the Integrin β3 tail was deleted (CC3-Itgb3[752-780]) the clustered
CC3-Integrin fusion proteins lost the ability to recruit Paxillin (Fig. 4.4A and B).
Quantification of recruiting events revealed that 80% of the CC3-Itgb3[752788]expressing cells were positive for Paxillin recruitment to Ngo compared to the
nearly complete loss of recruitment in cells expressing the truncated CC3-Itgb3[752788] construct (Fig. 4.4C). The impaired association of Paxillin to CC3-Itgb3[752780] was also observed in OPTIC experiments using HEK 293T cells (Suppl. Fig.
S4.7A). Interestingly, Talin binding to the clustered Integrins was not influenced by
the truncation and was comparable as observed for the longer CC3-Itgb3[752-788]
(Suppl. Fig. S4.7B). To exclude an influence of endogenous Talin, we also analyzed
the recruitment of Paxillin in HEK 293T cells were Talin expression is silenced via
shRNA and found no change in Integrin-associated Paxillin (Suppl. Fig. S4.7C) In
addition, the adaptor molecule Kindlin-2 was also recruited to both, the wildtype and
the truncated forms of Integrin tails (Suppl. Fig. S4.7D and E).

The Paxillin-Integrin β3 interaction is important for cell adhesion on
vitronectin
To answer the question, if the missing recruitment of Paxillin to Integrin β3 has
functional consequences, we used again the CRISPR/Cas system to create Integrin
β3 knockout cells (Itgb3-/-) stably re-expressing the full-length (Itgb3-/- + Itgb3-WT)
and the C-terminally truncated (Itgb3-/-+ Itgb3-Δ8aa) form of Integrin β3. Staining of
Integrin β3 for flow cytometry analysis confirmed the CRISPR/Cas mediated
knockout and the re-expression of Itgb3-WT and Itgb3-Δ8aa, respectively (Fig.
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4.4D). These stable cell lines were further used in an adhesion assay on fibronectin
(FN) or vitronectin (VN) coated surfaces. Analysis of the adhesion potential clearly
showed a clear (~45%) reduced adhesion of Itgb3-/- cells on VN compared to
wildtype cells (Fig. 4.4E). This significant reduction in adhesion could not be
observed on FN. Interestingly, adhesion of Itgb3-WT cells perfectly resembles the
wildtype situation, whereas re-expression of Itgb3-Δ8aa in Itgb3-/- cells showed a
defect in their adhesive potential comparable to the knockout cells.
As mentioned before, the deamidation of N477 as well as its mutation to alanine
(N477A) led to a strongly impaired in vitro binding in NMR experiments (Fig. 4.3C).
Based on this observation, we created a full-length Paxillin construct bearing the
N477A mutation for stable re-expression in Paxillin knockout fibroblasts (Fig. 4.4F).
First, we again applied the OPTIC approach to analyze the recruitment of EGFPPaxillin N477A to clustered CC3-Itgb3 (Fig. 4.4G). The quantification of recruiting
events revealed that significant less recruitment could be observed for Paxillin
N477A expressing MEFs (~25%) compared to wildtype Paxillin, where 80% of the
cells show recruitment of Paxillin (Fig. 4.4H). Furthermore, we analyzed the
consequences of Paxillin N477A towards cell adhesion. On a VN substrate, Paxillin
knockout cells showed a decreased adhesion that could be rescued by the reexpression of wildtype Paxillin. However, the N477A mutant form of Paxillin failed
to restore the adhesion capability (Fig. 4.4I). The adhesion defect of Paxillin
knockout and Paxillin N477A-expressing cells was also present on a FN substrate,
however to a much lesser extent (Suppl. Fig. S4.7F). The observed effects on
adhesion also resemble the localization of Paxillin on VN and FN substrates after
different time-points. After 20 min, Paxillin N477A localizes to FAs on a FN
substrate, but a clear recruitment to FAs on VN is missing (Suppl. Fig. S4.7G).
These data suggest that the asparagine residue N477 located in Paxillin LIM3 is
involved in the recruitment of Paxillin to early adhesions on VN and thus is important
for Integrin β3-mediated cell adhesion.
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Figure 4.4: Mutations on both sides of the binding interface between Integrin β3 and Paxillin impairs Paxillin
recruitment and cell adhesion. (A) A complete and a truncated form of CC3-Itgb3 (CC3-Itgb3[752-788] and CC3Itgb3[752-788]) or CC3 lacking the cytoplasmic tail (CC3ΔCT) was transiently expressed in EGFP-Paxillin
expressing MEFs and subjected to OPTIC experiments by infection with Pacific Blue-labeled N. gonorrhoeae
(Ngo). Samples were stained for CC3 and sites of infection are shown. (B) Line graphs (dashed lines in a) of
sites of infection showing the fluorescence intensity of CC3-staining and EGFP-Paxillin. (C) Quantification of
recruiting events of EGFP-Paxillin in the OPTIC experiment described in a. Ratio of cells positive for Paxillin
recruitment to sites of infection was microscopically evaluated. Shown are mean values of three independent
experiments with total n=60. (D) Integrin β3 surface expression of wildtype and Integrin β3 knockout MEFs reexpressing the wildtype (KO+WT) or the C-terminal 8 amino acid truncated version (KO+Δ8aa)analyzed by flow
cytometry using 2C9.G3 anti Integrin β3 antibody. (E) Adhesion assay of wildtype and Integrin β3 knockout
(Itgb3 KO) MEFs re-expressing the wildtype (KO+WT) or the C-terminal 8 amino acid truncated version
(KO+Δ8aa) of Integrin β3. . Adhesion 15 min post-seeding was calculated in relation to a 1 h control. Shown are
mean values (+-SEM) of three independent experiments. (F) Western blot of Paxillin knockout cells stably reexpressing EGFP-Paxillin or EGFP-Paxillin N477A. (G) Cells of (F) were transiently transfected with the CC3Itgb3 fusion construct, infected with Ngo and stained for CC3. Representative sites of infection are shown and
quantified in (H) as described in (C). (I) Adhesion assay using cells from (F) as described in (E). Statistical
significance was calculated using Student’s t-test (* p<0.05; ** p<0.001; *** p<0.0001).
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4.5. Discussion

In the present work, we solved the NMR structure of the tandem LIM2/3 domains of
Paxillin and could observe a specific in vitro binding to the Integrin β3 cytoplasmic
tail. Based on the NMR structure we were able to identify crucial residues on either
the Paxillin or the Integrin side that form a binding interface. Mutations in these
residues resulted in decreased Paxillin recruitment to Integrin β3 and led to cell
adhesion defects in fibroblasts.
The necessity of mainly the LIM3 domain for the recruitment of Paxillin to FAs was
already shown by Brown et al. (1996) using different deletion mutants. To confirm
the important role of the LIM domains in FA targeting of Paxillin we used Paxillin
knockout fibroblasts stably re-expressing EGFP-Paxillin. These cells were
transiently transfected with RFP-tagged LIM1-4 or LD1-5 domains and analyzed
microscopically. In contrast to the LD1-5 domains, RFP-LIM1-4 domains were able
to localize to FAs confirming previous observations (Watanabe-Nakayama et al.,
2013, Smith et al., 2013). Interestingly, the localization of LIM domains to focal
adhesions led to a decreased recruitment of EGFP-Paxillin quantified by measuring
the EGFP intensity at FAs of transfected versus non-transfected cells. This
dominant negative effect of the LIM domains towards Paxillin localization has also
consequences for the recruitment of FAK to FAs. FAK knockout cells reconstituted
with GFP-FAK and transiently expressing RFP-LIM1-4 showed a clearly reduced
GFP-intensity at adhesion sites. In contrast to that, transient expression of full-length
Paxillin that harbors the LD domains and thus the binding site for FAK was able to
increase the intensity of GFP-FAK at FAs. This shows and confirms the important
role of Paxillin for the recruitment of FAK to FAs (Tachibana et al., 1995; Scheswohl
et al., 2008; Deramaudt et al., 2014).
We now employed a cell-based assay called Opa protein triggered intracellular
clustering (OPTIC) to artificially cluster Integrin cytoplasmic tails and analyze the
subsequent recruitment of a protein of interest (POI). For this, the cytoplasmic
sequence of CC3 was replaced by the sequence coding for the Integrin cytoplasmic
tails. We now used the specific interaction of Opa proteins on the surface of N.
gonorrhoeae with CEACAMs (Roth et al., 2013) to cluster the CEACAM3-Integrin
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fusion protein (CC3-Itgb3). This leads to a local accumulation of Integrin β
cytoplasmic tails at sites of infection mimicking the situation in FA. Interestingly, we
could only observe recruitment to clustered Integrin tails for proteins that are known
to directly bind to the Integrin β subunit, namely Talin and Kindlin-2. Other proteins
that localize indirectly to FA, like FAK, Vinculin, p130cas or Zyxin could not be
recruited by clustered CC3-Itgb3. Surprisingly, Paxillin was found to be efficiently
recruited to the sites of infection although a direct binding to Integrin β can only be
assumed (Schaller et al., 1995; Tanaka et al., 1996). In addition, the isolated LIM
domains were also able to localize to clustered CC3-Itgb3. These observations point
to a direct interaction of Paxillin with the cytoplasmic tail of Integrin β3. To proof this,
we first wanted to gain insight into the structure of the LIM2/3 domains by 3D-NMR
measurements. Our NMR studies showed that the tandem LIM2/3 Paxillin construct
nicely resembles the characteristic zinc finger structure of LIM domains (Kadrmas
and Beckerle, 2004) and enabled us to perform in vitro binding studies. For this
purpose we conducted titration experiments with the LIM2/3 domains and integrin
cytoplasmic tail peptides and analyzed the interaction by chemical shift perturbation
(CSP) mapping. We could determine a flexible loop region in LIM3 that is involved
in the binding to Integrin β3 peptides. On the Integrin side, the C-terminal 8 amino
acids stretch was shown to be important for the binding to LIM3. We first used the
OPTIC approach to analyze the relevance of the interaction in a cellular context and
could show that the shortened CEACAM3-Integrin fusion protein CC3-Itgb3[752780] lacking the crucial 8 amino acids was not able to recruit Paxillin anymore.
However, Talin could still localize to both Integrin tail versions to the same extent.
Surprisingly, Kindlin-2 was also recruited to clustered CC3-Itgb3[752-780]. This
suggests that under the present experimental conditions half of the Kindlin-2 binding
site in Integrin β3, namely TS778T seems to be sufficient for proper recruitment of
Kindlin-2 and that the eight amino acid truncation has a more severe impact on
Paxillin binding.
The loop region in Paxillin LIM3 that is important for the binding to Integrin β3 harbors
a serine residue S479 which was identified before as an important residue for
Paxillin recruitment to FAs (Brown et al., 1998). We used Paxillin knockout cell lines
re-expressing Paxillin full-length where S479 was either mutated to alanine S479A
or aspartic acid S479D and analyzed the localization of these mutants that were
shown to be recruited either stronger (for S479D) or weaker (S479A) to FAs (Brown
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et al., 1998). However, in our hands we could not reproduce these data and both
mutant forms were able to localize to FAs comparable to wildtype Paxillin.
Nevertheless, we do not exclude the possibility that this serine residue have
importance for proper Paxillin function as it might represent a target for
phosphorylation (Brown et al., 1998). We expanded our search for crucial residues
within the loop region and, based on NMR observations analyzed the asparagine
residue N477 in more detail. This residue was prone to deamidation over time in
solution which led to strongly decreased in vitro binding to Integrin β3 peptides in
NMR measurements. Using the OPTIC approach in Paxillin knockout cells stably
expressing Paxillin wildtype or Paxillin N477A, we could show a decreased
recruitment of Paxillin N477A to clustered Integrin tails compared to wildtype.
However, still 25% of the analyzed Paxillin N477A expressing cells showed
recruiting events suggesting that the mutation in N477 decreases but not completely
abolishes the Paxillin-Integrin binding. This is in line with the observation that
PaxillinN477A does not localize to FAs on VN as fast as wildtype Paxillin but shows
normal recruitment to FAs on FN and at later time points also on VN (Suppl. Fig.
S4.7G). An explanation for this might be that other residues in LIM3 and also LIM2
contribute to the binding to Integrin β3. In addition, it could be that all LIM domains
contribute slightly to the binding, which would suggest a binding model based on
avidity where multiple Paxillin molecules with their LIM domains bind multiple
Integrin β3 tails. This model is further supported by the fact that the isolated LIM2/3
domains alone are not recruited to adhesion sites when expressed in fibroblasts and
are also unable to localize to clustered Integrin tails in OPTIC experiments (data not
shown). Furthermore, the observed deamidation of PaxillinN477 in vitro opens a
new interesting view on possible regulatory mechanisms within FA. Deamidation at
asparagine residues was identified in many proteins and is suggested to be involved
in the timing of cellular processes (Robinson and Robinson, 2001). Future
investigations in this regard will clarify if the deamidation of Paxillin at N477 occurs
in cells and if this represents an intrinsic clock for its dissociation from Integrin β3
tails.
To analyze the functional relevance of the Integrin-Paxillin interaction we performed
cell adhesion assays with CRISPR/Cas mediated Integrin β3 knockout fibroblasts
that stably re-express either Integrin β3 wildtype or the eight amino acid shortened
mutant form. We could observe a defect in cell adhesion for Integrin β3 knockout
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cells, which could only be rescued by re-expression of the wildtype and not by the
mutant Integrin. In addition, we show that also the Paxillin knockout cells exhibit
impaired cell adhesion and also here, only the wildtype form of Paxillin, but not the
mutant Paxillin N477A was able to rescue this defect.
Recent data on Paxillin, Kindlin-2 and Integrin β1 also raise the possibility that
Kindlin-2 may be responsible for Paxillin recruitment to clustered Integrins
(Theodosiou et al., 2016). In this study, Kindlin-2 was shown to bind to the LIM3
domain of Paxillin and is involved in the recruitment of Paxillin to nascent adhesions
(Theodosiou et al., 2016). Since our CC3-Integrin β3 mutant is still able to recruit
Kindlin-2, but not Paxillin the sequence of recruiting events might differ between
Integrin β1- and Integrin β3-mediated signaling. A hint towards this direction is
provided by the observation that Kindlin-2 preferably associates with Integrin β1 tails
compared to Integrin β3 (Fitzpatrick et al., 2014; Rognoni et al., 2016). In line with
that, also in our OPTIC experiments we can see a preference of Kindlin-2 for Integrin
β1 whereas Paxillin recruitment to Integrin β3 tails is stronger (Suppl. Fig. S4.7H).
Furthermore, we have preliminary data showing that Kindlin-2 binds PaxillinN477A
similar to wildtype Paxillin in co-immunoprecipitation experiments (data not shown).
Provided that this observation can be confirmed, a Kindlin-2 mediated recruitment
of Paxillin to Integrin β3 gets rather unlikely. To gain more insight into the sequence
of recruitment, it would be favorable to analyze the effects of Kindlin-2 and Paxillin
mutants that are deficient in Integrin binding and/or binding to Paxillin or Kindlin-2,
respectively. It would be highly interesting to see whether Kindlin and Paxillin can
bind simultaneously, cooperatively or exclusively to different Integrin β tails and how
this recruitment events are regulated.
In summary, we could determine a flexible loop region in the Paxillin LIM3 domain
that is important for the binding to a C-terminal 8 amino acid stretch of Integrin β3.
Furthermore, mutations in one of the binding regions of Integrin β3 or Paxillin
disrupts or weakens the binding ability and leads to impaired recruitment of Paxillin
to clustered Integrin β3 tails with functional consequences for cell adhesion. We think
that this interaction might be one of the initial events in formation of early nascent
adhesions and can be integrated in a model of sequential binding and release of
proteins to the short cytoplasmic tails of Integrin β subunits. How other Integrin
binding proteins like Kindlin-2 are integrated in such a sequence of events and how
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the binding to different β subunits is regulated are questions that require further
investigations.
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4.6. Supplementary Information
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Supplementary Figure S4.1: (A) Surface expression of HEK 293T cells transiently transfected with plasmids
encoding for CEACAM3 (CC3) or the respective CC3-fusion protein used in OPTIC experiments. Analysis was
performed using antibody staining of CEACAM3 (D14HD11 ab) and subsequent flow cytometry measurement.
(B) Entire cell images of confocal samples from OPTIC experiments described in Figure 4.1 E and F.
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Supplementary Figure S4.2: Structural ensemble of Paxillin LIM2/3. (A) Overlay of the 10 best NMR-structures
with LIM 2 optimally aligned. Zinc-atoms are shown as grey spheres and are only shown once from the best
structure. (B) Overlay of the 10 best NMR-structures with LIM 3 optimally aligned. Zinc-atoms are shown as
grey spheres and are only shown once from the best structure
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Supplementary Figure S4.3: Top: 1H-15N-HSQC of 400 µM 15N-Paxillin LIM 23 before (blue) and after
addition of Integrin β3 (748-788) at concentrations of 200 µM (cyan), 400 µM (orange) and 600 µM (red).
Insets show the three most affected residues V476, F480 and F481 when titrated with Integrin b3 (748-788,
left zoom) or shortened Integrin b3 (748-780, right zoom). Bottom: CSPs mapped on the primary sequence of
Paxillin LIM2/3 (400 µM) in the presence of 600 µM Integrin β3 748-788 (upper panel) or 600 µM Integrin β3
748-780 (lower panel).
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Supplementary Figure S4.4: Top) 1H-15N-HSQC of 600 µM 15N-Integrin b3 (748-788) before (blue) and after
(red) addition of Paxillin LIM2/3 at a final concentration of 1.2 mM. The signals of strongly affected residues
G787, I783, Y785, R786 are magnified and two additional titration points are shown (cyan: 0.4 mM, orange: 0.8
mM Paxillin LIM2/3). Bottom) CSPs mapped on the primary sequence of Integrin β3 in the presence of 1 mM
Paxillin LIM2/3 wt (left) or 1 mM Paxillin LIM2/3 N477A (right).
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Supplementary Figure S4.5: CSP in dependence of the Paxillin LIM2/3 concentration for the most affected
amide signals of Integrin β3 (including the side chain amides HD1/HD2 of N782). The curves were fitted
assuming a one-to-one interaction with a global Kd value and different values for δΔmax. Mean value and
standard deviation of three independent titrations are given.
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Supplementary Figure S4.6: Deamidation of N477 in Paxillin LIM3. Left) Mechanism of deamidation resulting
in the formation of a N477D (purple) or a N477isoD (green) mutation. Top-right) 1H-15N-HSQC of 200 µM 15NPaxillin LIM2/3 before (blue) and after 4 d at 37 °C (red). Purple arrows indicate the signal shifts upon mutation
to aspartate; green arrows indicate the more severe spectral changes upon mutation to iso-aspartate, Bottomright) Magnification of the set of signals of F480 in the different protein forms with insets of 1D-cross-sections at
0 d (blue), 1 d (cyan), 2 d (orange) and 4 d (red) at 37°C. The two isoforms are formed in approximately equal
amounts and the half-life of the deamidation is ~2 d.
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Supplementary Figure S4.7: (A) and (B) OPTIC experiment in HEK 293T cells as described in Figure 4.1E
and F. CC3-Itgb3(752-788) and the 8 amino acid shortened version CC3-Itgb3(752-780) were clustered by
infection with Ngo and recruitment of co-expressed Paxillin or Talin was analyzed. (C) blot of Talin shRNAmediated knockdown in HEK 293T cells and quantification of Paxillin recruitment in OPTIC experiments in
shTalin versus wildtype HEK 293T cells. Quantification was done as described for Figure 4.4C. (D) OPTIC
experiment as in (A) to analyze Kindlin-2 recruitment to CC3-Itgb3 fusion constructs. (E) Quantification of (D)
as described in Figure 4.4C. (F) Adhesion assay on fibronectin (FN) fragment (type III repeat 9-12) as described
on vitronectin (VTN) in Figure 4.4I. (G) Confocal microscopy images of Paxillin knockout cells stably re-
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expressing wildtype (WT) or PaxillinN477A mutant fused to EGFP. Cells were seeded for 20 min on either VTN
or FN and localization of GFP-Paxillin was analyzed. (H) Quantification of OPTIC experiments in HEK 293T
cells using clustering of CC3-Itgb1 versus CC3-Itgb3 to analyze the recruitment of either Paxillin or Kindlin-2.
Shown are mean values of 3 independent experiments with total n=60 cells.
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5.1. Abstract

Cells form Integrin-based adhesion complexes, so called focal adhesions (FA) as a
structural link between the actin cytoskeleton and the extracellular matrix (ECM).
The regulated assembly and disassembly of FAs is a prerequisite for cell migration
events and thus has great importance for physiological and pathological processes.
The focal adhesion kinase (FAK), protein tyrosine kinase (PTK), is one of the key
signaling molecules within FAs orchestrating adhesion dynamics and turnover.
Besides its kinase function, FAK also exhibits important scaffolding function at
adhesion sites. As aberrant FAK function is more and more connected to tumorassociated phenotypes this kinase became an interesting and promising target in
cancer research. To interfere with proper FAK function beyond the inhibition of
kinase activity, we aimed to identify FAK scaffold inhibitors using a microscopebased high content screen (HCS) in murine fibroblasts. We were able to identify a
class of molecules that are able to selectively displace proteins of the FAK/Paxillin
complex from adhesion sites, including FAK, Paxillin, Grb2, CRKII and p130cas
without affecting the localization of other FA proteins like Talin or Vinculin. The
displacement of the FAK/Paxillin complex strongly inhibits FA signaling, dynamics
and turnover leading to a dramatically decreased migration of fibroblasts as well as
cancer cells. The identified class of scaffold inhibitors was named “FootLocker”,
because of its inhibitory potential towards cell migration. Owing to their properties,
FootLocker compounds have the potential to enable new strategies in cancer
therapeutics, but may also represent new powerful tools for a better understanding
of the molecular events of Integrin-mediated cell migration.

5.2. Introduction

The contact between a cell and the surrounding extracellular matrix (ECM) is crucial
for many cellular properties like shape, migration, proliferation and differentiation.
Focal adhesions (FA) are such contact sites and link the actin cytoskeleton to the
ECM via aggregated Integrin receptors. This characteristic feature is common for all
FA, although size and shape can be quite heterogeneous in different cell types
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(Burridge and Chrzanowska-Wodnicka, 1996; Hynes, 2002; Geiger et al., 2001).
Assembly, stabilization and disassembly of FAs are crucial steps in cell migration
thus influencing physiological functions like inflammatory responses, wound healing
or embryonic development. In addition, also pathological processes like tumor
formation and metastasis are highly dependent on the regulation of FA dynamic
(Lauffenburger and Horwitz, 1996, Webb et al., 2002; Winograd-Katz et al., 2014).
FAs are formed upon the engagement of Integrins via extracellular ligands, like
fibronectin or vitronectin and not only link the ECM to the cytoskeleton, but also
serve as important hubs for Integrin signaling events like protein tyrosine
phosphorylation. The overall Integrin adhesome within FAs encompasses more
than 2000 proteins with 60 proteins forming the core adhesome (Horton and Byron,
2015). This complex protein network is organized in partially overlapping layers that
form a ~40 nm focal adhesion core region. These layers comprise an Integrin
signaling layer, a force-transduction layer and an actin regulatory layer
(Kanchanawong et al., 2010). The membrane-proximal Integrin signaling layer is
characterized by the presence of core FA proteins focal adhesion kinase (FAK) and
Paxillin. Paxillin has important scaffold functions during Integrin signaling through
multiple protein-protein interactions (Deakin and Turner, 2008). The C-terminal LIM
domains target Paxillin to FAs where it serves as an anchor for multiple proteins,
like FAK that bind to its N-terminal LD2 and LD4 domains (Brown et al., 1996 and
1998; Scheswohl et al., 2008).
The protein tyrosine kinase (PTK) FAK was shown to localize to focal adhesions
and gets activated upon Integrin engagement (Schaller et al., 1992; Kornberg et al.,
1992). At FA, FAK exhibits essential roles in FA dynamics as FAK deficiency leads
to impaired adhesion turnover and reduced migration (Ilic et al., 1995; Sieg and
Hauck et al., 2000; Hsia et al., 2003; Webb et al., 2004; Chan et al., 2009). FAK
consists of an N-terminal FERM (band 4.1, ezrin, radixin and moesin) homology
domain and a C-terminal focal adhesion targeting domain (FAT) flanking the protein
tyrosine kinase domain (Hauck et al, 2002b). An intramolecular binding between the
FERM and the kinase domain keeps FAK in an inactive auto-inhibitory conformation
that gets activated upon FERM domain release by binding to ligands such as
PI(4,5)P2 (Cooper et al., 2003; Dunty et al., 2004; Lietha et al., 2007; Cai et al.,
2008; Goni et al., 2014). This conformational change enables auto-phosphorylation
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of FAK at tyrosine Y397 between the FERM and the kinase domain that leads to the
recruitment of Src-family PTKs and the full activation of FAK resulting in subsequent
recruitment of additional signaling and adaptor molecules (Schlaepfer et al., 1999;
Schaller et al., 1999; Hauck et al., 2002a). An additional important step in regulating
FAK activity is the variation of its subcellular localization, specifically its recruitment
to FA. The presence of FAK at adhesion sites is mainly dependent on its interaction
with Paxillin that is mediated through the binding of the FAT domain with Paxillin LD
domains (Tachibana et al., 1995; Scheswohl et al., 2008; Wade et al., 2002;
Deramaudt et al., 2014).
The importance of FAK in Integrin-dependent processes in combination with the fact
that FAK expression and activity is linked to tumor progression and metastasis
makes this kinase an interesting target for cancer therapy (Weiner et al., 1993;
Owens et al., 1995; Schneider et al., 2002; Lee et al., 2015). Besides focusing on
inhibitors of the FAK kinase activity an increasing number of studies report the
efficient inhibition of tumor formation by disrupting the interaction of FAK with
diverse proteins, including p53 or VEGFR (Cance et al., 2013; Golubovskaya et al.,
2013, Kurenova et al., 2013). In line with that, targeting the FAK scaffold function
for p130cas or endophilin A2 might decrease tumor invasiveness through inhibition
of the surface expression of matrix metalloproteinases (MMP) (Wang and McNiven,
2012; Fan et al., 2013). One possibility to interfere with FAK localization is the use
of FAK-related non-kinase (FRNK), a natural occurring isoform that contains the Cterminal FAT domain and two proline-rich regions. Expression of FRNK leads to a
competitive inhibition of FAK localization with strong impact on migration and
invasion in various cell types (Richardson and Parsons, 1996; Hauck et al., 2000;
2001 and 2002b; Koshman et al., 2011). Thus, disrupting FAK recruitment to FAs
and its integrity in the Paxillin-Src signaling complex is suggested to be a promising
approach for cancer therapy (Kratimenos et al., 2015; Yu et al., 2015).
In the present study we aimed to identify small molecule inhibitors of FAK
localization mimicking FRNK’s mode of action without the need of transfection or
protein transduction methods. Based on a High Content Screen (HCS) we were able
to identify a class of compounds, termed FootLocker that selectively displace the
FAK/Paxillin complex from adhesion sites without affecting other FA proteins like
Talin and Vinculin. This disruption of the focal adhesion integrity strongly impairs
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focal adhesion dynamic and signaling and led to efficient inhibition of fibroblast as
well as cancer cell migration. Our results indicate that FootLocker compounds might
be used as fast-acting tools to modulate FA composition and open new possibilities
to analyze the mechanisms behind assembly, maturation and disassembly of
adhesion sites. Furthermore, activity, toxicity and stability of FootLocker compounds
can be fine-tuned through substitutions at the aromatic moiety. This fact, together
with the inhibitory effect towards cancer cell migration suggests that FootLocker may
be also an interesting class of compounds for the development of new cancer
therapeutics.

5.3. Material and Methods

Cell lines
Flp-InTM-3T3 mouse embryonic fibroblasts (Life technologies, Carlsbad, USA) and
FAK/p53 knockout MEFs re-expressing GFP-FAK (kind gift from D. Schlaepfer, San
Diego, USA) were cultivated in DMEM (high glucose) supplemented with 10 % (fetal
calf serum) FCS, sodium pyruvate and non-essential amino acids on gelatin (0.2 %
in PBS) coated culture dishes. HEK 293T cells were cultivated in DMEM (high
glucose) supplemented with 10% (calf serum) CS. MDA-MB-231 cells were cultured
in DMEM (high glucose) supplemented with 10 % FCS. All cells were grown in a
humidified incubator at 37°C in presence of 5% CO2 and sub-cultured every 2-3days.

Antibodies and Reagents
Antibodies that were used only for western blot analysis were mouse monoclonal
antibody (mAb) against GFP, clone JL-8, polyclonal antibody (pAb) against RFP
(Clonetech Laboratories, Mountain View, USA), phospho-Paxillin Tyr118 and
phospho-FAK Tyr925 rabbit pAb (Cell signaling, Danvers, USA), pAb against
phospho-FAK Tyr397 (Biosource, Camarillo, USA),pAb H-300 against Talin (Santa
Cruz Biotechnology, Dallas, USA) and mAb against tubulin, clone E7 purified from
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hybridoma cell supernatants (Developmental Studies Hybridoma Bank, University
of Iowa, USA). Antibodies used for western blots and immunofluorescence staining
were mAb against Paxillin (clone 177) and FAK (BD Biosciences, San Jose, USA),
phospho-tyrosine specific mAb (clone pY72) purified from hybridoma cell
supernatants and panCEACAM mAb D14HD11 (Genovac GmbH, Freiburg,
Germany). All peroxidase- (HRP) and fluorescence-coupled secondary antibodies
were purchased from Jackson ImmunoResearch (West Grove, USA). Commercially
available FootLocker compounds were purchased from Sigma-Aldrich (Steinheim,
Germany) and FAK inhibitor PF431396 and 3,4-Methylenedoxy-beta-nitrostyrene
(MNS) was from Tocris Bioscience (Bristol, UK). Nocodazole was purchased from
Biomol (Hamburg, Germany), cytochalasine D, PP2 from Calbiochem (San Diego,
USA), Syk inhibitor IV from Santa Cruz Biotechnology (Dallas, USA) and
phosphatase inhibitor phenylarsine oxide (PAO) from Sigma-Aldrich (Steinheim,
Germany).

DNA constructs and plasmids
For fluorescent fusion of the respective proteins the cDNAs were sub-cloned in
pDNR Dual vectors. For this, sequences were amplified via PCR using specific
primer sequences bearing a 5’-extension compatible with ligation independent
cloning, LIC (LIC overhang for forward primer: 5’- ACTCCTCCCCCGCC-3’ and
reverse primer: 5’-CCCCACTAACCCG-3’). The PCR product was used in a LIC
reaction with pDNR Dual vector that contains the corresponding LIC site (Haun et
al., 1992). Constructs in pDNR Dual vectors were further used in Cre/lox
recombination reactions to create EGFP-, mKate-, mCherry-, or RFP N- and Cterminal fusions. Plasmids used as templates were pOTB7-Grb2 (RZPD Center,
Berlin, Germany), EGFP-α-Actinin (a gift from Carol A. Otey, University of North
Carolina, USA), YFP-Paxillin (a gift from A. Bershadsky, Tel Aviv, Israel), EGFPZyxin (a gift from J. Wehland, Gesellschaft für biotechnologische Forschung,
Braunschweig, Germany) and GFP-Talin (a gift from R. Fässler, Max Planck
Institute, Munich, Germany).
Plasmids that were directly used for analysis were pGFP-Cas (a gift from Kenneth
Yamada; Addgene plasmid # 50729), mEmerald-Tensin1-N-18 and mEmerald96
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Vimentin-7 (gifts from Michael Davidson; Addgene plasmid # 54275 and # 54299)
and EMTB-mCherry (a gift from William Bement; Addgene plasmid # 26742)
The CEACAM3-PaxillinLD fusion construct was created via PCR amplification with
primers

hPaxillin(aa54-311)

AGGCCCTCAATG-3’),

BamHI-sense

Integrin

(5’-ACTGTCGGATCCTCCAGCG

β3[E752-T788]

XhoI

anti

(5’-TATCTCGA

GTTAAGTGCCCCGGTACGTG-3’) hPaxillin(aa54-311) Nef-XhoI-anti (5’-CTGATG
CTCGAGTTACCCATTCTTGAAATATTCAGGCAGGTCAGACTGCAGG-3’) using
the template YFP-Paxillin. The PCR product was cloned into the BamHI/XhoI
digested plasmid pcDNA3.1 CEACAM3ΔCT (Muenzner et al. 2005).

Opa-protein triggered intracellular clustering (OPTIC)
HEK 293T cells were transfected with pcDNA3.1 CEACAM3ΔCT or the CEACAM3Integrin β3 fusion constructs together with cDNA coding for the protein of interest
fused to EGFP using the Calcium phosphate transfection method. Cells used in
OPTIC experiments were seeded on poly-L-lysine coated coverslips. Adherent cells
were infected with Pacific Blue stained Neisseria gonorrhoeae (Opa 52-expressing,
non-piliated N. gonorrhoeae MS11-B2.1, strain N309, kindly provided by T. Meyer,
Berlin, Germany) at MOI 100 for 45 min in DMEM + 0.5% BSA. After infection, cells
were immediately fixed and stained against CEACAM3. Samples were analyzed on
a SP5 confocal microscope (Leica, Wetzlar, Germany). Quantification was achieved
by counting cells with at least one recruiting event as positive for recruitment. In total
60 cells per condition were counted in three independent experiments (20 cells in
each experiment), percent of cells that show recruitment was calculated and
analyzed via student’s t-test.

Microscopic evaluation of FLocker activity
MEFs were seeded on glass coverslips coated with 1 µg/ml fibronectin (FN)
fragment (recombinant FN fragment, typeIII-repeat 9-10). For cells that needed to
be transfected to express the focal adhesion protein of interest, transfection was
performed 4 h after seeding using JetPrime reagent (Genaxxon Bioscience, Ulm
Germany). For all cells, approx. 1 d after seeding the respective FootLocker
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compounds were added. For this FootLocker compounds were diluted in fresh
growth medium and added to the cells. After 30 min of incubation cells were fixed
for 15 min with 4% PFA in PBS and focal adhesion localization of the protein of
interest was evaluated microscopically using a Leica AF6000LX fluorescence
microscope (Wetzlar, Germany). Images were processes using ImageJ.

Immunofluorescence staining
Immunofluorescence

staining

of

adherent

fibroblasts

was

performed

by

simultaneous permeabilization and fixation for 5 min using 4 % paraformaldehyde
(PFA) in PBS plus 0.1% Triton X-100. Subsequently, samples were fixed with only
4% PFA for 15 min and stained for Paxillin, FAK or phospho-tyrosine using 1:200
dilutions of the respective antibodies. Samples were analyzed at a Leica AF6000LX
fluorescence microscope (Wetzlar, Germany).

TIRF microscopy
For TIRF microscopy a Leica AF6000LX TIRF equipped with a 100x/1.46 NA Oil
HCX PL Apo objective, an EMCCD camera (CascadeII:512) and a humidified
incubation chamber at 37°C with 5% CO2 was used. Cells were seeded in live cell
dishes (Ibidi GmbH, München, Germany) coated with 2 µg/ml FN fragment and, if
required, transfected 4 h after seeding to express a fluorescently labelled focal
adhesion protein of interest. Cells were kept in serum-starvation overnight and cell
migration was activated the next day using normal growth medium. Focal adhesions
of the same cell were imaged via live cell TIRF microscopy before and after the
addition of FootLocker compounds.

FRAP analysis
GFP-FAK MEFs were seeded in live cell dishes (Ibidi GmbH, München, Germany)
coated with 1 µg/ml FN fragment. Cells were transfected to transiently express
mCherry-Talin or mCherry Zyxin and subjected to FRAP experiments at a Leica SP5
confocal microscope equipped with a humidified incubation chamber at 37°C with
98

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

5% CO2. Leica LAS software FRAP wizard was used to bleach focal adhesion areas
with two scans of sufficiently high 561 nm laser power and to record the subsequent
fluorescence recovery at the region of interest (ROI). Double normalization of the
raw data was performed to correct for fluorescence fluctuations and acquisition
bleaching effects. The formula used for double normalization was
𝐼(𝑝𝑟𝑒𝑏𝑙𝑒𝑎𝑐ℎ)
𝑇(𝑡)−𝐼𝐵(𝑡)

𝐼(𝑡)−𝐼𝐵(𝑡)
𝐼(𝑝𝑟𝑒𝑏𝑙𝑒𝑎𝑐ℎ)

∙

with I(t): intensity in ROI, IB(t): background intensity, I(prebleach):

average of prebleach intensities and T(t): whole cell intensity. Data for % recovery
(mobile fraction) and half-time values were obtained by non-linear curve fitting of the
normalized data.

Replating Assay and co-immunoprecipitation experiment
Three confluent 10 cm dishes of MEFs were kept in starvation medium (0.2%
BSA/DMEM) overnight. The next day, MEFs were detached using trypsin/EDTA and
trypsin was inactivated with soy bean trypsin inhibitor. Cells were kept in suspension
medium for 45 min prior to treatment with indicated FootLocker or control
compounds for 15 min. Subsequent, cells were seeded in 6 well plates that were
coated with 5 µg/ml FN fragment and blocked with 1% BSA/PBS. Cells were let to
adhere for 45 min before they were lysed with RIPA lysis buffer (200 µl per well).
Cell lysates were cleared via centrifugation and analyzed by western blot.
For co-immunoprecipitation experiments HEK 293T cells were transiently
transfected to express GFP or GFP-FAK together with RFP-PaxillinLD1-5. 48 h
post-transfection cells were treated with FootLocker or control compounds and lysed
in IP lysis buffer (20 mM Tris pH 8, 140 mM NaCl, 1% NP-40, 10 % glycerol, 3 mM
Na2VO3, protease inhibitor cocktail). For lysates of FootLocker treated cells
additional inhibitor was added to ensure a preservation of possible inhibitory effects.
GFP-fusion proteins were precipitated by adding self-made sepharose beads
coupled to mAb against GFP. After incubation for 5 h at 4°C beads were washed
thrice in lysis buffer and collected in SDS sample buffer for western blot analysis.
Wound healing assay
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MDA-MB-231 cells were seeded on fibronectin in 24 well plates. A wound was
scratched through a confluent cell layer using a pipette tip and 3 µM of FootLocker1
or DMSO were added. Cells were subjected to live cell microscopy at a Leica
AF6000LX equipped with a humidified incubation chamber at 37°C with 5% CO 2.
Wound closure through cell migration was imaged for 20 h and the width of the
wound was measured at three locations within the image every 5 h. Wound widths
of three independent experiments are presented as wound size in percent relative
to time point 0 h.

Single cell tracking
5 x 104 MDA-MB-231 cells were seeded in 12 well plates on 1 µg/ml human
fibronectin in starvation medium (0.2% BSA in DMEM and were serum-starved for
16 h. Cell migration was stimulated by replacement of the starvation medium with
normal growth medium containing different amounts of FootLocker or control
compounds. Cells were imaged for 6 h with a Leica AF6000LX fluorescence
microscope (Leica, Wetzlar, Germany) in a humidified incubation chamber (37°C,
5% CO2). Single cell migration was quantified using the manual tracking plugin for
ImageJ. For GFP-FAK MEFs a similar setup was used, but cells were imaged 6 h
before and additional 6 h after FootLocker treatment.

MTT assay
MDA-MB-231 cells were seeded in a 96-well plate coated with 0.2% gelatine in PBS
(1.5 x 104 cells/well). The next day, medium was replaced with normal growth
medium containing a dilution series of FootLocker compounds or DMSO control.
After 6 h or 30 h of compound exposure cell viability was measured using 0.5 mg/ml
MTT (3-[4,5-dimethyltiazol-2-yl] 2,5-diphenyl-tetrazolium bromide) that was added
for 5 h. Afterwards, plate was centrifuged for 5 min, 500 g to avoid loss of detached,
but viable cells. Supernatant was removed and formazan was solubilized with
DMSO for 5 min at 37°C. Subsequently, absorbance was directly measured at 550
nm (Varioskan Flash, Thermo Scientific).
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5.4. Results

High content screen to identify small molecules inhibiting FAK localization at
focal adhesions
FAK kinase inhibitors are widely used to interfere with proper FAK function.
Additionally, FAK can be negatively regulated by FRNK, which serves as a dominant
negative inhibitor of FAK localization and may serve as a physiological regulator of
FAK signaling in cells (Richardson and Parsons, 1996; Hauck et al., 2001). The
application of FRNK mainly requires transfection or transduction methods and leads
to a rather slow effect. In contrast to FRNK, the use of fast acting small molecules
that displace FAK from FAs would be advantageous for the analysis of FAKdependent processes. To identify such molecules, a High Content Screen (HCS)
based on FAK knockout fibroblasts re-expressing GFP-tagged FAK (GFP-FAK
MEFs) to visualize FAK-containing FAs was established (Buntru, 2012). Figure 5.1A
describes the automated screening procedure ranging from cell seeding and
compound transfer to Hoechst staining and image analysis. Local maxima of GFPfluorescence, representing GFP-FAK containing adhesion sites as well as Hoechst
stained nuclei were identified via a custom-made plugin for ImageJ. This enabled
the calculation of FAK positive FAs per cell and thus, revealed a direct readout for
FAK displacement. Screening of two commercial compound libraries (~ 17.000
compounds) led to 38 primary hits that showed significant FAK displacement without
severe effects on cell viability and morphology. Validation of the 38 primary hits was
performed manually by using GFP-FAK MEFs stably transduced with mKateVinculin. Vinculin served as an additional marker for FAs and helped to evaluate the
specificity of the analyzed compounds towards FAK (Fig. 5.1B; Buntru, 2012). Two
out of the 38 primary hits showed a specific displacement of FAK, while the
localization of Vinculin was not affected. These two active compounds were named
FootLocker1 ((E)-4-bromo-2-(2-nitrovinyl)thiophene) and FootLocker2 (4-{[1-(4chlorophenyl)-2-nitroethyl]thio} aniline).
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Figure 5.1: High content screen identifies two small molecules inhibitors of FAK focal adhesion (FA) localization.
(A) Schematic workflow of the high content screen highlighting GFP-FAK and Hoechst staining and an
exemplary automated measurement of local maxima. The first round of screening revealed 38 primary hits which
strongly decreased local maxima signals. (B) Validation of primary hits identified two active compounds that
displace FAK from FAs without affecting Vinculin. GFP-FAK MEFs stably expressing mKate-Vinculin were

102

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

seeded on fibronectin and incubated with 40 µM FLocker1 or Flocker2 for 1 h. (C) GFP-FAK MEFs transiently
expressing mKate-Paxillin were treated with 10 µM FLocker1 and imaged for 10 min. Scale bars: 20 µm (All
figures were adapted from Buntru, 2012)

A first analysis of the kinetic of FAK displacement by FLocker1 was performed in
GFP-FAK MEFs transiently expressing mKate-Paxillin. The application of 10 µM
FLocker1 led to efficient FAK displacement within 5-10 minutes. Interestingly,
FLocker1 also displaced the FAK binding protein Paxillin with the same kinetics (Fig.
5.1C, Buntru, 2012). These data show that the established HCS procedure was able
to identify two compounds, termed FootLocker (FLocker) that seem to be fast acting
molecules extracting FAK and Paxillin from FAs.

Structure activity relationship of FootLocker compounds
Based on 17.000 compounds it is an interesting fact that the HCS ends up with two
active molecules that share structural similarities like the NO2-group linked to an
aromatic thiophene- (FLocker1) or phenyl-group (FLocker2). To determine
important and/or irrelevant functional groups within the structure of FLocker, we
tested related compounds towards their FAK displacing ability. To this end, we
incubated GFP-FAK MEFs with 5-20 µM of FLocker-related compounds,
consecutively numbered FLocker3-29 for 30 min and analyzed the FAK
displacement microscopically. The FAK displacing capability was divided into three
categories, namely (i) highly potent compounds (++) that displace FAK already at 5
µM (Fig. 5.2A), (ii) moderate potent compounds (+), which require concentrations
up to 20 µM (Fig. 5.2B) and (iii) inactive molecules with no effect on FAK localization
(Fig. 5.2C). A complete list of all 29 FootLocker compounds tested in this study with
their

categorized

activity

is

provided

in

the

supplementary

information

(Supplementary Table 1). Briefly, we could identify ten highly active compounds, ten
molecules with moderate and nine compounds with no activity. Figure 5.2 shows
representative compounds of each category including the corresponding structure
as well as the effects that can be observed microscopically. Based on the present
classification, we were able to draw a first structure activity relationship for the FAK
displacing effect. Indeed, all the active compounds harbor a NO 2-group suggesting
103

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

an important functional role for this feature. Accordingly, when the NO 2-group is
substituted by a COOH-group, compounds like FLocker24 are not able to extract
FAK from FAs anymore (Fig. 5.2C). In addition, hydrolysis of the double bond
connecting the NO2-group with the aromatic species completely abrogated the FAK
displacing effect (FLocker28 in Fig. 5.2C), which makes the double bond a second
important feature of active FLocker compounds. However, FLocker2 exhibits a
nucleophilic addition of 4-aminobenzenethiol at the double bond and still shows high
activity in cell based assays. This suggests either that the nucleophilic addition in
FLocker2 gets reversed and the double bond forms again before FLocker action or
the double bond in other active FLocker molecules is exposed to a nucleophilic
addition before these compounds get active. Either way, the reactivity of the double
bond is necessary for the functionality of FLocker compounds. The most structural
flexibility among different active FLocker molecules can be observed in the aromatic
moiety. Thiophene- or phenyl-groups seem not to determine whether the compound
is active or not. However, the position and nature of the substituent groups modulate
the activity of FLocker compounds. For example, FLocker3 and FLocker29 harbor
both a hydroxy group in either meta- or para-position, but FLocker3 shows higher
activity towards FAK displacement than FLocker29 (Fig. 5.2A and B). Moreover,
some substituents at the aromatic structure can result in a non-functional FAK
displacing compound as it could be observed for the FLocker-related Syk/Src
inhibitor 3,4-Methylenedioxy-β-nitrostyrene (MNS) (Suppl. Fig.S5.1). Taken
together, we could expand the number of active FLocker compounds to 20 out of 29
tested molecules. All active molecules are characterized by an essential NO2-group
that is linked via a reactive double bond to an aromatic moiety, whose substituent
groups are able to fine tune the activity of the compounds.
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Figure 5.2: Structure activity relationship of different FLocker compounds. FLocker-related compounds were
applied in 5-20 µM concentrations to GFP-FAK MEFs and classified according to their potential to displace FAK
from FAs in three categories. (A) Highly active compounds that are effective at concentrations up to 5 µM; (B)
Moderate active compounds with FAK displacing effects at 5-20 µM; (C) non-active compounds. (D) Based on
the classification, important features of active FLocker compounds could be identified and are highlighted in red.

FootLocker does not disrupt the FAK-Paxillin binding and acts in a FAK
independent manner
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The observation that also Paxillin gets displaced upon FLocker treatment raises the
questions whether the binding of FAK to Paxillin is disrupted by FLocker and if this
may result in the dissociation of both proteins from FAs. To test this, we performed
co-immunoprecipitation (co-IP) experiments using HEK 293T cells expressing the
FAK-binding LD1-5 domains of Paxillin tagged to RFP (PXN-LD) and full-length
GFP-FAK. Cells were treated with FLocker3 or DMSO before lysis and co-IP using
GFP-Trap beads. To preserve a possible FLocker-mediated effect during incubation
times, we applied additional FLocker to the cell lysate of FLocker-treated cells.
Pulldown of GFP-FAK results in specific co-precipitation of PXN-LD compared to
the GFP-control IP, where no PXN-LD is present in the precipitate (Fig. 5.3A).
Furthermore, the application of FLocker had no effect on the FAK/PXN-LD complex
as no differences could be seen in the amount of PXN-LD in the GFP-FAK
precipitate.
In addition to the co-IP experiments, we used an artificial microscope-based model,
called OPTIC (Opa protein triggered intracellular clustering) to analyze the FAKPaxillin interaction in presence or absence of FLocker (summarized in Fig. 5.3B).
Specifically, fusion proteins were constructed that contain the extracellular (ED) and
transmembrane domain of CEACAM3 (CC3) linked to Paxillin LD2-5 domains (PXNLD). The CC3-PXN-LD construct was transiently expressed in HEK 293T cells
together with GFP-FAK. Next, we used the specific interaction of Opa proteins on
the surface of Neisseria gonorrhoeae (Ngo) with CEACAMs to cluster CC3-PXN-LD
(Roth et al., 2013). Indeed, infection of double transfected HEK 293T cells with
pacific blue-labelled Ngo induced specific recruitment of CC3-PXN-LD to sites of
infection. This local clustering of the PXN-LD domains was sufficient to recruit GFPFAK to the membrane (Fig. 5.3C). Interestingly, these recruiting events could be
observed in both, DMSO and FLocker3 treated cells. This strongly suggests that
FLocker is not able to disrupt the binding of FAK to Paxillin and confirms the
biochemical data of the co-IP experiments. Also, we sought to determine whether
the displacement of FAK or Paxillin depends on the presence of the respective
binding partner. To do so, we performed immunostainings against Paxillin in FAK-/fibroblasts treated with DMSO and 1 or 10 µM of FLocker1. Cells were seeded on
fibronectin and control cells (DMSO-treated) exhibit a distinct Paxillin staining at FA.
Low amounts (1µM) of FLocker1 were not sufficient to extract Paxillin from FA,
whereas 10 µM FLocker1 induced a complete loss of Paxillin at adhesion sites (Fig.
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5.3D). However, we could not detect a distinct FA staining for FAK in Paxillindeficient fibroblasts. FAK localized only to adhesion sites after re-expression of
Paxillin in these cells and could then in turn be displaced by FLocker treatment
(Suppl. Fig. S5.2A). Together our data show that FLocker efficiently displaces FAK
and Paxillin from focal adhesions with the same kinetics without affecting the binding
of these two focal adhesion proteins to each other. Furthermore, FAK requires
Paxillin to localize to focal adhesions, whereas the localization of Paxillin and its
subsequent displacement by FLocker is independent of FAK.
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of subsequent recruitment of GFP-FAK to sites of infection. (C) HEK 293T cells were transiently transfected with
CC3-PXN-LD together with GFP-FAK and infected (1 h, MOI 100) with Ngo in presence or absence of FLocker3
(15 µM). Cells were fixed, stained against CC3 and recruitment of FAK to sites of infection was analyzed. (D)
FAK-/- MEFs were plated on 1 µg/ml FN and treated with DMSO control or 1 and 5 µM FLocker1 for 30 min.
Cells were fixed, stained against Paxillin and analyzed using wide field microscopy. Scale bars: 10 µm.

FootLocker selectively displaces the FAK/Paxillin signaling complex from FA
As mentioned before, FLocker displaces FAK without affecting the localization of
Vinculin, clearly indicating a selective phenotype upon FLocker treatment. To
characterize this selectivity further and analyzed the localization of different FA
proteins in the presence of FLocker. We mainly used transient transfection of
fluorescent fusion proteins in wildtype or GFP-FAK MEFs and analyzed the
localization of these proteins microscopically (summarized in Fig. 5.4A). Confocal
microscopy of GFP-FAK MEFs transiently expressing mCherry-Talin revealed that
Talin still localizes to focal adhesions after 30 min of FLocker treatment, while FAK
gets extracted from adhesion sites (Fig. 5.4B). Similarly, Zyxin cannot be displaced
by FLocker and shows a constant FA localization during 60 min treatment as
observed using live-cell TIRF microscopy (Fig. 5.4C). Other FA proteins that show
no change in their localization upon FLocker treatment are α-Actinin and Tensin
(Fig. 5.4A and Suppl. Fig. S5.2B-D). However, the FAK-interacting proteins,
p130cas and Grb2 as well as Paxillin-binding CRKII were displaced by FLocker
similar to FAK (Fig. 5.4A and Suppl. Fig. S5.2E-G). Interestingly, the isolated Cterminal LIM1-4 domains of Paxillin that localize to adhesion sites could also be
displaced by FLocker (Suppl. Fig. 5.2H). This further demonstrates that the binding
to FAK by the N-terminal LD domains is dispensable for recruitment and FLockermediated displacement of Paxillin. In line with the data obtained for FAK, also FRNK
localizes to adhesion sites and gets displaced by FLocker (Suppl. Fig. 5.2I).
Contrastingly, the C-terminus of the FAK-family member Pyk2 (PRNK) also localizes
to FA, but is unaffected by the presence of FLocker1 (Suppl. Fig. 5.2J). Finally, we
used an additional biochemical approach to control for the displacing effect of
FLocker. Explicitly, we applied the focal adhesion isolation method for adherent cells
described by Jones and coworkers (2015). The isolation of substrate-bound proteins
from GFP-FAK MEFs seeded on fibronectin specifically enriched focal adhesion
proteins compared to cells on poly-L-Lysine (Fig. 5.4D). Furthermore, tubulin was
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only present in the negative control showing the suitability of the assay to isolate
only substrate bound proteins without major cytosolic background (Fig. 5.4D).
Comparison of the focal adhesion composition of cells seeded on fibronectin in
presence or absence of FLocker1 revealed a strongly decreased amount of GFPFAK in FLocker treated samples. However, the abundance of Talin in the focal
adhesion fractions was not influenced by the application of FLocker (Suppl. Fig.
S5.3A). The biochemical data are in line with the microscopic observations
demonstrating that FLocker treatment leads to a specific extraction of the
FAK/Paxillin signaling complex, including p130cas, CRKII or Grb2, from FAs without
affecting other FA molecules.
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Figure 5.4: The FAK/Paxillin signaling complex is selectively displaced from adhesion sites upon FLocker
treatment. (A) Summary of focal adhesion proteins analyzed in this study towards their susceptibility to FLockerinduced displacement. (B) Stable GFP-FAK expressing MEFs were transiently transfected to express mCherryTalin, seeded on 1 µg/ml FN and treated with 10 µM FLocker1 for 30 min. Talin and FAK localization was
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and FAK and Zyxin localization was imaged over a time period of 60 min. (D) GFP-FAK MEFs were seeded on
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and are presented as mean values (error bars represent standard deviation).
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FootLocker strongly impairs phosphorylation-based signaling within FA
The binding of FAK to Paxillin is required for Integrin-dependent activation of FAK
and subsequent phosphorylation of downstream targets, which also includes
Paxillin (Deramaudt et al., 2014). To analyze the effect of FLocker towards FAK
activity and signaling, we seeded GFP-FAK MEFs on fibronectin and analyzed FAK
Y397 auto-phosphorylation and the FAK-dependent phosphorylation of Paxillin at
Y118 by western blot. The seeding of cells on fibronectin in presence or absence of
the DMSO vehicle control significantly induced phosphorylation of FAK and Paxillin
compared to cells kept in suspension (Fig. 5.5A-C). However, increasing amounts
of FLocker strongly decreased the phosphorylation level of FAK pY397 and Paxillin
pY118 with a significant inhibition at a concentration of 5 µM (Fig. 5.5A-C). In
addition, we analyzed the overall phosphorylation status within FAs by using a
general phospho-tyrosine antibody (pY) in immunofluorescence microscopy (Fig.
5.5D). To visualize focal adhesions in all our samples, we used wildtype MEFs
ectopically transfected with GFP-Talin and seeded on a fibronectin substrate.
Attachment and spreading on fibronectin induced the formation of Talin-rich FAs
that exhibit a prominent phospho-tyrosine staining and are connected to the actin
cytoskeleton (Fig. 5.5D). In line with previous observations, treatment with FLocker
had no influence on the localization of Talin within FAs. However, the amount of
tyrosine phosphorylation within adhesions was strongly decreased in cells treated
with Flocker1. Our findings suggest that the displacement of the FAK/Paxillin
complex from FAs by FLocker strongly prevents its Integrin-dependent activation,
which has severe consequences for the overall tyrosine-phosphorylation status of
FAs.
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Focal adhesion dynamics and turnover is affected by FootLocker
As FAK is a key signaling protein in FAs, we set out to investigate how the FLocker–
mediated displacement of FAK affects FA dynamic. As a marker for FA turnover we
used the phosphorylation site FAK pY925 in the FAK C-terminal region, which
depends on proper FA signaling via Src kinase and was shown to be important for
FA dynamics and cell migration (Brunton et al., 2005; Deramaudt et al., 2011). In
cell lysates of adherent fibroblasts a clear phosphorylation signal at pY925 of FAK
was detectable, which was strongly decreased after 30 min of FLocker treatment
(Fig. 5.6A and B). To further evaluate the dynamic of focal adhesions, we performed
live-cell TIRF microscopy with wildtype MEFs transiently expressing GFP-Talin.
These cells were imaged for 60 min without treatment and imaged further for 60 min
in presence of 5 µM FLocker1 (Fig. 5.6C). We assigned the color red or green to
the 0 and 60 min images, respectively. By creating an overlay of 0 and 60 min we
could identify static focal adhesion areas represented by overlapping signals in the
merged image. In untreated cells, nearly all FAs changed their position during 60
min of acquisition indicating proper FA assembly and disassembly (Fig. 5.6C).
However, the addition of FLocker1 strongly increased the overlap of FA signals from
0 vs. 60 min (Fig. 5.6C), which suggests that the majority of focal adhesions became
static and lost any dynamic behavior. As an additional method to investigate protein
dynamics in living cells, we performed fluorescence recovery after photobleaching
(FRAP) experiments. For this, we transiently transfected MEFs with mCherry-Talin,
which localized to FAs in cells seeded on fibronectin (Fig. 5.6D). The fluorescence
of mCherry-Talin at FAs was locally bleached using high laser power and the
recovery of the fluorescence signal was followed over time. In untreated cells, about
60% of the mCherry-Talin intensity recovered after bleaching with a half-time of
recovery equal to ~7 s. In contrast to that, only 10% of the mCherry signal was
restored in FLocker treated cells with a significantly lower speed compared to the
control (Fig. 5.6D-F). Analogous to the findings with Talin, also mCherry-Zyxin
exhibited a strongly decreased dynamic in the presence of FLocker (Suppl. Fig.
S5.3B). Combined our data show that the application of FLocker dramatically
impairs FA dynamics and demonstrate the importance of the FAK/Paxillin complex
in FA signaling.
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FootLocker strongly impairs cell migration of fibroblasts and cancer cells
Proper FA signaling, including contact assembly and disassembly is crucial for
Integrin-dependent cell migration (Geiger et al., 2001). Therefore, we analyzed the
impact of FLocker on the migration potential of cells. First, we used GFP-FAK MEFs
in single cell tracking experiments. These fibroblasts were serum-starved prior to
stimulation with growth medium and tracking for 6 h before (pre) and 6 h after (post)
the addition of increasing concentrations of FLocker1. This enabled us to directly
compare non-treated versus treated cells as the same cells were tracked for both
conditions (Fig. 5.7A). The serum stimulation strongly activated cell migration
compared to cells kept in starvation (Fig. 5.7B). Cells that were either incubated in
normal growth medium (FCS) or treated with DMSO control showed no change in
their migration velocity before and after treatment. Conversely, the application of 23 µM of FLocker1 after 6 h of tracking was sufficient to significantly inhibit cell
migration (Fig. 5.7A and B). We next wanted to investigate whether FLocker also
decreases migration of the highly motile breast cancer cell-line MDA-MB-231. Thus,
we performed wound healing experiments with and without FLocker1. Tracking
migration of cells into the scratched wound for 20 h revealed that DMSO-treated
control cells were able to close approximately 60% of the wound area. The presence
of 3 µM FLocker1 severely impaired the migration of MDA-MB-231 cells resulting in
only ~30 % wound closure (Fig. 5.7C and D). This active concentration of FLocker1
was evaluated towards its toxicity by using MTT viability assays. We could see that
the applied concentrations were not toxic during the time periods used in migration
experiments (Suppl. Fig. S5.3C and Buntru, 2012). As cell migration strongly
depends on the cytoskeleton, we also investigated a potential disruption of
cytoskeleton integrity by FLocker. Microscopic analysis of the actin and vimentin
network revealed no significant disruption of actin fibers or intermediate filaments
(Suppl. Fig. S5.3D-E). For microtubules we could observe a normal microtubule
orientation, but also a nocodazole-like phenotype in FLocker treated cells (Suppl.
Fig. S5.3F-G). However, the FAK displacing effect of FLocker was completely
independent of the microtubule integrity as microtubule stabilization with taxol or
disruption with nocodazole had no influence on the FA localization of FAK and its
FLocker-mediated displacement (Suppl. Fig. S5.3F-G).
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of serum-starved MDA-MB-231 cells (Starv) activated with growth medium containing DMSO control or 3 µM of
FLocker1, 14 or 24. Cell migration was followed for 6 h post-treatment and mean values of 2 independent

117

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

experiments are shown (total n=20) with error bars representing standard deviation. Statistical significance was
calculated using Student’s t-test (** p<0.001; *** p<0.0001).

To further proof the inhibitory effect of FLocker on cell migration also the MDA-MB231 cells were subjected to single cell tracking experiments. Again, we could
observe the same inhibitory effect of FLocker1 in regard to cell migration at low
micromolar concentrations (Fig. 5.7E). In addition, we tested two other FLockerrelated compounds that were highly active (FLocker14) or inactive (FLocker24)
towards FAK-displacement (Suppl. Table 1). In line with its potential to extract FAK
from FAs Flocker14 served as a potent migration inhibitor comparable to FLocker1
whereas FLocker24 had no significant effect on cell velocity (Fig. 5.7E). Taken
together, we could show that FLocker compounds that were able to displace the
FAK/Paxillin complex and reduce FA dynamic also strongly affects Integrinmediated migration emphasizing the important role of these proteins for cell motility.

5.5. Discussion

In the present study we characterize a new class of small molecule compounds,
termed FootLocker (FLocker) that disrupt FA integrity by displacing the FAK/Paxillin
signaling complex. We show that this delocalization of core FA components
efficiently impaired signaling at Integrin adhesion sites with a strong negative
influence on cell migration of fibroblasts and MDA-MB 231 breast cancer cells. The
screen to identify FLocker compounds was based on an automated high throughput
analysis of FAK fluorescence at FAs (Buntru, 2012). The two initially identified hits
were amended with structurally related compounds exhibiting a similar phenotypic
effect to form the class of FootLocker compounds. We uncovered that FLocker
compounds can displace FAK within minutes from FAs at low micromolar
concentrations (IC50 of FLocker1 ~2 µM, IC50 of FLocker2 ~4 µM) and that this
phenotype is reversible after FLocker washout without the requirement of newly
translated FAK (Buntru, 2012). This reversibility may be due to a transient, noncovalent interaction between FLocker and the target molecule(s). The essential
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double-bond connecting the nitro group and the aromatic species might mediate
such a transient reactivity.
The classification of FLocker compounds into high or moderate active and inactive
molecules shed light on the important features of FLocker activity. As the nitro group
seems to be absolutely essential for the inhibitory action of FLocker, substitutions
at the aromatic moiety rather modulate the potency of the compounds. For instance,
the meta-positioned OH-group in FLocker3 favors FLocker activity compared to the
para-positioned OH-group in Flocker29 probably through its property to be a better
electron donor supporting the reactivity of the double-bond. This flexibility at the
aromatic species enables diverse chemical modifications that can be used to
regulate the FLocker compounds in regard to reactivity, stability and toxicity. An
example for such a potentiating modification could be a fluorine substitution, as in
FLocker24, since the presence of fluorine could enhance metabolic stability of the
compounds and increase their inhibitory potential (Müller et al., 2007).
A majority of the active FLocker compounds are β-nitrostyrenes that were linked to
diverse cellular effects ranging from antimicrobial properties to inhibition of tubulin
polymerization (Mohan et al., 2006; Pettit et al., 2009; Cornell et al., 2014). Indeed,
we could also observe an inhibitory effect of FLocker compounds on the tubulin
integrity in cells. However, this effect is not the cause of FAK displacement as the
stabilization or the disruption of the microtubule network with taxol or nocodazole,
respectively, has no influence on the observed FLocker effects (Suppl. Fig. S5.3FG). Since FAK was shown to be important for microtubule stabilization, it might
rather be possible that the displacement of FAK from FAs is partially responsible for
the disorganized microtubule network (Palazzo et al., 2004). In addition, also Paxillin
is connected to tubulin via a direct binding through its LIM domains (Brown and
Turner, 2002; Herreros et al., 2000). This interaction could also contribute to an
indirect disruption of the microtubules upon delocalization of Paxillin by FLocker.
Nitrostyrenes are also implicated in the inhibition of tumor cell proliferation, partly
owing to the mentioned inhibition of tubulin polymerization (Mohan et al., 2006;
Calgarotta et al., 2012). However, FLocker concentrations (>5 µM) and incubation
times (>12 h) similar to the ones used in these studies also led to inhibition of cell
growth in MDA-MB-231 breast cancer cells, but relevant concentrations (<5 µM) and
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time points (<6 h) for FLocker treatment had no toxic effects (Suppl. Fig. S5.3C and
Buntru, 2012).
One nitrostyrene that is described in the literature and connected to the inhibition of
Integrin signaling is 3,4-methylenedioxy-β-nitrostyrene (MNS) and its derivatives,
which were shown to inhibit Src and Syk kinase activity (Wang et al., 2006; Chen et
al., 2015). We also evaluated MNS microscopically and found that it was not able to
displace FAK in clear contrast to FLocker (Suppl. Fig. S5.1). This indicates in the
first place that the presence of a methylenedioxy group at the aromatic species
abolishes the potential of FLocker compounds to displace FAK. In the second place,
an inhibition of Src or Syk kinase activity is not responsible for the observed
delocalization of FAK. This was further confirmed by the observed inability of the
Src inhibitor PP2 and the Syk inhibitor IV to induce the same microscopic effects as
FLocker (Suppl. Fig. S5.4A).
A more detailed view on how β-nitrostyrene compounds might interact with target
molecules is given in two studies that analyzed the inhibition of protein tyrosine
phosphatases (PTP) or the Retinoid X receptor alpha (RXRα), respectively (Park et
al., 2004; Zeng et al., 2015). In relation to FLocker, inhibition of RXRα is rather
unlikely to be responsible for the observed displacement of FAK as no strong
connection to Integrin-mediated signaling exists. More relevant for Integrindependent processes and thus also for the FLocker-induced phenotype may be the
reported inhibition of PTPs by β-nitrostyrene compounds (Park et al., 2004). Yet, the
inability of phenylarsine oxide (PAO), a general PTP inhibitor, to provoke a similar
delocalization of FAK excludes this theoretical possibility (Suppl. Fig. S5.4B).
Despite the differences of the targets RXRα and PTPs, both studies describe an
interesting common feature for the reactivity of nitrostyrenes: a cysteine residue
serves as target for a nucleophilic attack mediated by the nitro group of the inhibitor
resulting in a covalent, but probably reversible binding (Park et al., 2004; Zeng et
al., 2015). Whether this mode of action could also be responsible for the reversible
phenotype of FLocker needs to be determined when the direct molecular target of
FLocker is identified. So far, the use of FLocker probes (Flocker7 and FLocker27)
that should enable a biotin-streptavidin based purification of target molecules did
not lead to the determination of a target protein. However, Flocker27 is able to
mediate a strong, photo-activated binding to the target through the benzophenone
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moiety within its structure and constitute a promising tool for future attempts to purify
and identify the target molecule.
The selectivity of FLocker compounds in displacing the FAK/Paxillin signaling
complex allows new insights into FA composition and dynamic. FA proteins like
Talin and Vinculin are known to bind to FAK and Paxillin, respectively (Chen et al.,
1995; Brown et al., 1996; Lawson et al., 2012). However, both proteins are not
affected in their FA localization upon FAK/Paxillin displacement. This indicates that
other mechanisms of FA anchoring, such as direct binding of Talin to Integrin β-tails
or the binding of Vinculin to Talin, may be more relevant (Critchley, 2004).
Interestingly, our FRAP experiments revealed that Talin recruitment to FAs is nearly
absent when the FAK/Paxillin complex is missing supporting an alternative, FAKdependent mechanism of Talin recruitment to FAs (Lawson et al., 2012). These data
suggest that FA recruitment and the subsequent anchoring within the FA network of
adhesion proteins like Talin may be mediated by different interactions and might be
regarded separately. Furthermore, other proteins that associate with FAK or Paxillin,
like Grb2, p130cas or CRKII are also displaced confirming their dependency on
either FAK or Paxillin (Schlaepfer et al., 1994; Polte and Hanks, 1995; Schaller and
Parsons, 1995). Of course, the displacement of these important adaptor molecules
may also directly contribute to the severe signaling defects in presence of FLocker
compounds as Grb2, for instance, is also implicated in FAK activation and proper
transduction of Integrin signals (Chen et al., 2014).
An additional aspect that we explored during the analysis of FLocker-mediated
protein displacement is the distinct FA anchoring of the C-terminus of FAK or Pyk2,
the second member of the FAK family. We could observe that both C-termini, also
known as FRNK and PRNK (Pyk2-realted non-kinase), localize to adhesion sites as
both proteins contain a FAT domain (Xiong et al., 1998; Hauck et al., 2002a).
Surprisingly, PRNK in contrast to FRNK could not be displaced by FLocker pointing
to a different mechanism of recruitment to FAs that may be, in the case of Pyk2 be
independent of Paxillin. Indeed, the PRNK FAT domain shows a different binding
affinity to Paxillin and associates stronger with other Paxillin family members such
as Leupaxin (Vanarotti et al., 2016). Thus, the application of FLocker compounds
could be useful to elucidate the differences in FRNK and PRNK recruitment to FAs
and help to explain the different subcellular localization of Pyk2 and FAK (Klingbeil
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and Hauck, 2001). Using FLocker, we observed that overexpression of Paxillin
stabilizes FAK at FAs and higher concentrations of the inhibitor were required for its
efficient displacement. These findings are in line with previous studies
demonstrating that the localization of FAK at adhesion sites mainly depends on
Paxillin (Tachibana et al., 1995; Scheswohl et al., 2008; Deramaudt et al., 2014).
Hence, analyzing protein recruitment, dynamic and anchoring within FAs in
presence or absence of FLocker will contribute to understand the regulation of this
complex protein network.
As an additional approach to proof biochemically the displacement of FAK from FA,
we exploited the focal adhesion isolation method developed by Jones and
colleagues (Jones et al., 2015). This method was already applied for a variety of
proteomic investigations such as the analysis of the phosphorylation state of FA
components (Robertson et al., 2015). We utilized this method at a relatively small
scale to analyze the abundance of FAK in focal adhesion isolates. In accordance
with the microscopically observed phenotype, we observed a strongly reduced
amount of FAK in the focal adhesion fractions isolated from FLocker-treated cells
compared to the DMSO control. Accordingly, we anticipate that this focal adhesion
isolation procedure would be suitable to decipher the effect of FLocker on FA
composition, especially when integrated in a large-scale proteomic approach to
analyze the whole adhesome at once.
A recent study by Horton and coworkers (2016) demonstrates that the inhibition of
FAK and/or Src activity had no effect on the overall FA composition although the
kinase activities are crucial for FA dynamic and proper cell migration. These findings
emphasize on the one hand the key role of FAK and Src kinase activity for Integrinbased signaling. On the other hand this study also strengthens the importance of
the FAK scaffolding function for the integrity of the complex FA network. Our
analysis of FA dynamics using immunoblotting and immunostaining showed a
strongly decreased phospho-tyrosine signaling in cells treated with FLocker, further
confirming the importance of proper FA localization of FAK for Integrin-mediated
signaling (Hauck et al., 2002a). In addition, these data suggest that FAK is mainly
responsible for the tyrosine phosphorylation events at FA, probably together with
Src PTK, which also depends on FAK localization (Schaller et al., 1999; Wu et al.,
2015). As mentioned before, the localization of FAK is highly dependent on the
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presence of Paxillin and the intracellular amount of Paxillin influences the potency
of FLocker to displace the FAK/Paxillin complex. Thus, we suspect for the mode of
action of FLocker a targeting of Paxillin localization either directly or indirectly. Using
synthesized probes (FLocker 7 or FLocker 27) we could not confirm Paxillin as a
direct target of the inhibitor. Whether this is due to the experimental approach and/or
the reversibility of the inhibitor-target interaction needs to be determined. It might
also be possible that the Paxillin displacement by FLocker occurs indirectly by
targeting a Paxillin regulating protein. As a possible candidate, the small GTPbinding protein ADP-ribosylation factor 1 (ARF1) should be mentioned (D'SouzaSchorey and Chavrier, 2006). ARF1 could be co-immunoprecipitated in a complex
together with FAK and Paxillin as well as Integrin β1 and Talin (Schlienger et al.,
2015). Furthermore, the recruitment of Paxillin depends on ARF1 as activation of
ARF1 could evoke Paxillin recruitment whereas its inhibition prevented the
localization of Paxillin at FAs (Norman et al., 1998; Viaud et al., 2007). Future
investigations in this direction will reveal if ARF1 (or another protein) is the direct
molecular target of FLocker.
Besides, its utilization in deciphering the spatiotemporal regulation of FA
composition and dynamic, FLocker might also be an interesting molecule for
therapeutic approaches. Indeed, FAK is already a protein of interest in cancer
research and diverse FAK kinase inhibitors are in clinical trials (Lee et al., 2015).
Furthermore, the scaffold function of FAK receives increasing attention as a target
for cancer treatment (Cance et al., 2013). While aberrant expression or regulation
of Paxillin is more and more linked to tumor formation and progression (Azuma et
al., 2005; Du et al., 2015; Zhao et al., 2015). As both proteins seem to contribute to
cancer development, probably in a cooperative manner, the simultaneous inhibition
of both proteins could represent a new therapeutic strategy (Kanteti et al., 2016). By
targeting the FAK/Paxillin scaffold and signaling axis, FLocker compounds efficiently
inhibit Paxillin-dependent FAK signaling and may be part of future applications to
inhibit tumor progression and metastasis.
Taken together, we could show that FLocker targets the anchoring of the
FAK/Paxillin signaling complex in FAs and induces its subsequent displacement.
This disruption of the FA integrity has a strong negative impact on FA dynamic and
signaling leading to an efficient inhibition of cell migration. The generated cellular
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effects as well as the flexibility of the chemical structure makes the class of
FootLocker compounds an interesting tool in FA research and a potential starting
point for new anti-cancer strategies.
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5.6. Supplementary Information
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Supplementary Figure S5.1: (A) Structure of 3,4-Methylenedioxy-β-nitrostyrene (MNS). (B) GFP-FAK MEFs
were transiently transfected to express mCherry-Talin, seeded on 1 µg/ml FN and treated with DMSO control,
MNS or FLocker 1. Focal adhesion localization of FAK and Talin was evaluated using wide field microscopy.
(C) Replating assay as described for Figure 5.5 to compare MNS with FLocker1. MNS was applied at the highest
concentration used for FLocker and Paxillin/FAK phosphorylation was analyzed by western blot.

125

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

A

B

Paxilin KO

C
pre

D

FLocker1 [10µM]

DMSO

Vinculin

DMSO

α-actinin

DMSO

Tensin

α-FAK

merge

α-FAK

FLocker1 [10µM]

FLocker1 [20µM]

FLocker1 [5µM]

DMSO

FAK

Paxilin KO + Paxillin

WFM

CLSM

TIRFM
α-FAK

WFM

CLSM

FRNK

DMSO

DMSO

DMSO

WFM

J
PRNK

CLSM

FLocker1 [10µM]

WFM

I
PaxillinLIM1-4

FLocker1 [5µM]

FLocker1 [5µM]

FLocker1 [5µM]

FLocker1 [5µM]

WFM

H
CRKII

DMSO

DMSO

G
Grb2

FLocker1 [10µM]

F
p130cas

DMSO

E

CLSM

Supplementary Figure S5.2: (A) Paxillin knockout (KO) MEFs or Paxillin KO cells re-expressing Paxillin
wildtype were seeded on FN treated with DMSO or FLocker1 and stained against endogenous FAK (B) GFPFAK MEFs transiently expressing mKate-α-Actinin seeded on 1 µg/ml FN were imaged using TIRF microscopy
(TIRFM). After the addition of FLocker1 the same cell was further imaged for 10 min. (C-J) MEFs were
transfected to express ectopically the indicated FA proteins fused to a fluorescent tag seeded on 1 µg/ml FN
and treated with DMSO control or indicated concentrations of FLocker 1. Focal adhesion localization of the
protein of interest was analyzed using wide field (WFM) or confocal laser scanning microscopy (CLSM). Scale
bars: 10 µm
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Supplementary Figure S5.3: (A) Focal adhesion isolation as in Fig. 4D. Western blot analysis of Talin and FAK
in focal adhesion fractions of FLocker vs. DMSO treated cells. (B) FRAP measurement of mCherry-Zyxin in FAs
of MEFs. Experiment was performed as described for Fig. 6 E. (C) MTT assay to test for viable MDA-MB-231
cells 6 or 30 h after FLocker treatment. Presented are mean values of triplicate measurements of two
independent experiments (D) Adherent MEFs were treated with DMSO or FLocker1 and stained for F-actin
using phalloidin-Cy5. (E) and (F) MEFs expressing GFP-Vimentin or EMTB-mCherry (ensconsin microtubule
binding domain) were treated with DMSO or FLocker1. (G) Quantification of microtubule integrity and FAK
displacement of samples in F (% of total cells). Additionally microtubule disruption by nocodazole or stabilization
by Taxol was combined with FLocker treatment.
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Supplementary Figure S5.4: (A) GFP-FAK MEFs were transiently transfected to express mCherry-Talin,
seeded on 1 µg/ml FN and treated with DMSO control, FLocker 1, FAK kinase inhibitor PF-431396, Src inhibitor
PP2 or Syk inhibitor IV. Focal adhesion localization of FAK and Talin was evaluated using wide field microscopy.
(B) GFP-FAK MEFs were treated with FLocker or indicated concentrations of the protein tyrosine phosphatase
inhibitor phenylarsine oxide (PAO). FAK localization was analyzed using wide field microscopy.
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Supplementary Table S1: Chemical structure and name of FLocker compounds. The activity towards FAK
displacement was evaluated microscopically and is classified in three categories: ++ active at 5 µM; + active at
5-20 µM; - non-active. In addition the source of each FLocker compound is stated.

No.

1

Structure

Name

Activity

Source

4-bromo-2-(2-nitrovinyl)
thiophene

++

Screen
(Buntru,
2012)

++

Screen
(Buntru,
2012)

2

4-{[1-(4-chlorophenyl)-2nitroethyl]thio}aniline

3

(E)-3-(2-nitrovinyl)phenol

4

(E)-1-methoxy-3-(2nitrovinyl)benzene

++

Sigma
Aldrich

++

Sigma
Aldrich

(E)-ethyl 6-(4-(2nitrovinyl)phenoxy)
hexanoate

+

This
study

6

N-(2-(2-(2-(2azidoethoxy)ethoxy)etho
xy) ethyl)-7-(3formylphenoxy)
heptanamide

-

This
study

7

(E)-N-(2-(2-(2-(2azidoethoxy)ethoxy)etho
xy)ethyl)-7-(3-(2nitrovinyl)
phenoxy)heptanamide

+

This
study

+

Sigma
Aldrich

5

8

(E)-2-(2-nitrovinyl)phenol

9

(E)-1-fluoro-2-(2nitrovinyl) benzene

++

Sigma
Aldrich

10

(E)-1-bromo-3-(2nitrovinyl)benzene

+

Sigma
Aldrich
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No.

Structure

Name

Activity

Source

11

(E)-1-bromo-3-(2nitrovinyl)benzene

+

Sigma
Aldrich

12

(E)-1-chloro-3-(2nitrovinyl)benzene

+

Sigma
Aldrich

13

(E)-1-nitro-3-(2nitrovinyl)benzene

++

Sigma
Aldrich

14

(E)-1-fluoro-4-(2nitrovinyl)benzene

++

Sigma
Aldrich

15

(E)-(2-nitroprop-1-en 1yl)benzene

+

Sigma
Aldrich

16

1-bromo-4-[(1E)-2-nitro1-propenyl]benzene

++

Sigma
Aldrich

17

2-(2-Nitrovinyl)-furan

++

Sigma
Aldrich

18

3-(2-nitro-vinyl)-pyridine

+

Sigma
Aldrich

19

3-(2-nitrovinyl)-1-indole

-

Sigma
Aldrich

20

3-(2-nitrovinyl)-1-phenyl1-indole

-

Sigma
Aldrich

21

Phenylethylene

-

Sigma
Aldrich

130

FootLocker – a new class of focal adhesion scaffold inhibitors targeting the FAK/Paxillin complex

No.

Name

Activity

Source

22

4-chlorocinnamaldehyde

-

Sigma
Aldrich

23

3-Phenylacrylonitrile

-

Sigma
Aldrich

-

Sigma
Aldrich

24

Structure

trans-3-(4Bromothiophen-2yl)acrylic acid

25

trans-β-Nitrostyrene

+

Sigma
Aldrich

26

N-(3-(4-benzoylphenyl)1-oxo-1-(prop-2-yn-1ylamino)
propan-2-yl)-7-(3-Formyl
phenoxy)heptanamid

-

This
study

27

(E)-N-(3-(4benzoylphenyl)-1-oxo-1(prop-2-yn-1ylamino)propan-2-yl)7-(3-(2nitrovinyl)phenoxy)
heptanamide

++

This
study

28

4-bromo-2-(2-nitroethyl)
thiophene

-

This
study

29

(E)-4-(2-nitrovinyl)phenol

+

Sigma
Aldrich
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6. General Discussion and further perspectives

Protein tyrosine kinases of the focal adhesion kinase (FAK) family, namely FAK and
proline rich kinase (Pyk2) are involved in Integrin-based processes, including cell
adhesion, migration and invasion. Thus, they represent critical signaling molecules
in physiological as well as pathological situations. This work contributes to the
understanding of the CR3-mediated signaling upon ligand binding and
demonstrates that Pyk2 plays an important role for the phagocytic process mediated
by CR3, but is dispensable for FcγR-dependent phagocytosis. The importance of
Pyk2 for CR3-mediated phagocytosis was demonstrated by “classical” methods
using pharmacological inhibition or siRNA-mediated knockdown of Pyk2.
Furthermore, the clustered regulatory interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (CAS9) technique was used to disrupt the
Pyk2 gene in Raw264.7 macrophages resulting in a complete loss of the protein.
This novel strategy provided a clear genetic model for the analysis of CR3-mediated
phagocytosis and the protocol used for the Raw264.7 Pyk2 KO (knockout) cell line
production can be applied to any other protein of interest.
In addition to the knockout of Pyk2 in macrophages, the present work also describes
efficient CRISPR/Cas-mediated knockout of the focal adhesion proteins Paxillin,
Hic-5, and Integrin β3. Knockout experiments were performed in the commercially
available NIH 3T3 FlpInTM fibroblasts, which were stably transduced to express a
cerulean-labelled histone. The genomic locus of the cerulean transgene was used
as a co-target in each CRISPR/Cas approach and served as an efficient preselection marker of promising cell clones, i.e. cell clones, which lost cerulean
fluorescence. After the successful generation of a knockout cell line, the FlpIn cell
line system enabled an easy and locus-defined re-expression of the wildtype protein
or desired mutant versions. The experimental strategy turned out to be a fast and
straight forward method to generate knockout cell lines and can be universally
applied to cell types that can be combined with the FlpIn system.
The efficient CRISPR/Cas workflow was applied to functionally analyze the direct
binding between Paxillin and Integrin β3. This direct interaction was detected in in
vitro binding experiments using the NMR structure of the Paxillin LIM2/3 domains
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and Integrin cytoplasmic tail peptides. Genetic deletion of Paxillin and Integrin β3 in
fibroblasts led to decreased cell adhesion on the Integrin β3 ligand vitronectin. A
rescue of this adhesion defect was achieved by re-expression of the respective
wildtype proteins. In contrast, proteins with mutations in the Paxillin-Integrin binding
interface (Integrin β3Δ8aa or Paxillin N477A) were not able to restore the adhesion
capability. These observations clearly point to a functional relevance of the direct
interaction between Integrin β3 and Paxillin and provide for the first time a detailed
molecular understanding how this long known adaptor protein associates with a
widely expressed Integrin subunit. The newly identified direct interaction between
Paxillin and Integrin β3 also nicely explains, why Paxillin is one of the first proteins
to associate with active integrins at focal adhesion sites. Paxillin is not the only
protein that binds to the cytoplasmic tail of Integrin β3. Indeed, part of the newly
identified Paxillin binding site overlaps with residues involved in the interaction
between Integrin β subunits and the adaptor protein Kindlin-2 (Legate and Fässler,
2009). Noteworthy, Kindlin-2 was recently shown to interact with Paxillin and
contribute to its recruitment to Integrin β1 (Theodosiou et al., 2016). So far it is
unclear if the Paxillin-Kindlin-2 interaction has any relevance for the binding of
Paxillin to Integrin β3. However, using knockout of Kindlin-2 and re-expressing
Kindlin mutants with binding defects for either Paxillin or Integrin β3 would enable a
more detailed view on the sequence of recruitment events. The generation of
Kindlin-2 knockout fibroblasts is part of an ongoing project and will be achieved by
using the described CRISPR/Cas strategy.
Opa-protein triggered clustering (OPTIC) is a method that was developed within the
framework of this study and enables the visualization of protein-protein interactions
in the context of intact cells. On the one hand, this method helped to analyze the
binding of Paxillin to Integrin β3 tails (Chapter II). On the other hand, OPTIC was
used to investigate interaction of focal adhesion kinase (FAK) with the LD domains
of Paxillin (Chapter III). The underlying idea involves clustering of one binding
partner at a locally confined spot at the plasma membrane and the analysis of the
subsequent recruitment of a second (putative) binding partner (Fig. 6.1A). The
clustering of a protein is achieved by its fusion to the extracellular and
transmembrane domains of the CEACEAM3 receptor (CC3), which is selectively
engaged by opacity (opa) proteins on the surface of Neisseria gonorrhoeae (Ngo).
During the analysis of the Paxillin-Integrin interaction, it turned out that a co133
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localization between clustered Integrin β3 cytoplasmic tails and the cytosolic adaptor
protein resembles a direct interaction. This makes the OPTIC approach a fast and
easy method to study direct protein-protein interactions in a cellular context that can
be applied to any protein interaction of interest (Fig. 6.1A). Further development for
the OPTIC method that are currently in progress involve the immobilization of Ngo
on culture dishes or glass coverslips to serve as a substrate for cells expressing a
CC3-fusion protein (Fig. 6.1B). Such an Ngo-coating enables the clustering of the
CC3-fusion proteins in a defined focal plane and facilitates imaging and analysis of
recruiting events (Fig. 6.1B). These parameters are crucial prerequisites to use the
OPTIC approach in automated experimental conditions such as a high content
screen (HCS). Figure 6.1C illustrates a suggested workflow for a HCS based on the
OPTIC principle that could help to identify scaffold inhibitors of any protein-protein
interaction. To do so, the first interacting proteins of interest (POI) would need to be
expressed as CC3-fusion protein and the second one as cytosolic fluorescentlylabelled protein. Seeding of cells in Ngo-coated multi-well plates would induce the
clustering of the CC3-fusion protein and the recruitment of its binding partner.
Titration of compounds, incubation and subsequent image acquisition would be
performed automatically. Promising hits could be selected simply by analyzing the
loss of fluorescence of the cytosolic protein from sites of clustered CC3-fusion
proteins. The identification of such scaffold inhibitors is a current research topic and
most likely will gain more and more relevance for the inhibition of cellular processes.
As an example for such inhibitors serves the STAT3 inhibitor S3I-201.1066 that
blocks SH2-domain mediated interactions and exhibits antitumor activity (Zhan et
al. 2010). In the context of tumor biology, FAK is suggested as a promising target
for scaffold inhibitors because its diverse interactions were shown to be involved in
cancer formation and metastasis (Cance et al., 2013; Sulzmaier et al., 2014).
Indeed, there are already FAK scaffold inhibitors identified that block binding to
important interaction partners such as p53 or vascular endothelial growth factor
receptor (VEGFR) and inhibit tumor growth and progression (Golubovskaya et al.,
2013; Kurenova et al., 2013). There are several other important interactions that
could be targeted by small molecules to fine tune the binding and thus, prevent a
pathological outcome. For example, disrupting the connection between Talin and
the Integrin β3 cytoplasmic tail in blood cells was shown to prevent thrombus
formation in transgenic mice (Stefanini et al., 2014). Accordingly, the identification
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of small molecule scaffold inhibitors to disrupt the Talin-Integrin binding might be a
promising strategy to treat thrombosis.
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Figure 6.1: (A) Schematic drawing of a general OPTIC approach. A protein of interest A (POI A) is fused to
CEACAM3 (CC3) and is co-expressed with a cytosolic protein of interest B (POI B). Clustering of POI A by
Neisseria gonorrhoeae (Ngo) induces the recruitment of POI B to sites of infection, when an interaction between
POI A and POI B exists. (B) Ngo were labelled with pacific blue and 5x107 bacteria were used to coat glass
coverslips by air-drying. HEK 293T cells expressing CC3-GFP were seeded on Ngo-coated coverslips for 2 h
and imaged. (C) Putative workflow of a high content screen that is based on the OPTIC principle to identify
inhibitors that disrupt a protein-protein interaction of interest.

Similar to the suggested OPTIC-based screen, the current work also describes the
performance of a HCS that involves a phenotypic readout visualized via microscopy.
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For this, stable GFP-FAK expressing MEFs were incubated with a compound library
and the displacement of FAK was evaluated. Two promising compounds could be
identified that displace FAK from focal adhesions but have no influence on the
localization of Vinculin (Buntru, 2012). In the present study, these inhibitors were
shown to be part of a class of compounds that selectively displace the FAK/Paxillin
signaling complex from focal adhesions. This new class of FA scaffold inhibitors
strongly decrease FA signaling and, as a final consequence, cell migration (Fig. 6.2).
Due to the prompt inhibition of cell motility, these compounds were termed
FootLocker. The ability of FootLocker compounds to decrease cell migration of
cancer cells makes these inhibitors interesting for future investigations on tumor
formation, growth and metastasis. A suggested method for a pre-selection of
promising molecules among active FootLockers would be the chick chorioallantoic
membrane (CAM) assay (Lokman et al., 2012). The CAM is a multilayer epithelium
and contains ECM molecules such as fibronectin, laminin or collagen in an
organized manner. Thus, this easily accessible model nicely resembles
physiological conditions of the intact epithelial tissue environment. The CAM assay
is a suitable alternative for costly and time consuming animal models and is used
widely to study tumor cell invasion (Deryugina and Quigley, 2008). After using the
CAM assay for a selection of promising compounds that show efficient inhibition of
tumor invasion and growth the next steps could involve mouse experiments to
analyze the FootLocker effects in a living organism. As an animal model it is possible
to use a mouse xenograft model where human cancer cells are transplanted into
immunocompromised mice or a model that use a genetically engineered mouse
(GEM) which is prone to develop cancer (Richmond and Su, 2008). In addition to
the investigation if FootLockers are able to reduce tumor formation and progression
in vivo, it will be also of prime importance to analyze their toxicity and possible sideeffects. It is likely that targeting cancer through the inhibition of cell migration might
also impact physiological processes that involve cell motility such as inflammatory
immune responses. Indeed, the main targets of FootLocker, FAK and Paxillin, are
connected to proper migration of macrophages raising the possibility that
FootLocker may also affect immune functions (Owen et al., 2007; Abshire et al.,
2011). A recent report using a zebrafish model demonstrates that FAK and Paxillin
are required to maintain cardiac contractility and that the loss of both proteins leads
to heart failure (Hirth et al., 2016). Consequently, inhibition of the FAK/Paxillin
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complex via FootLocker could come along with side-effects on proper heart function.
Until now, there is a unique report investigating the toxicity of a nitrostyrene, namely
β-bromo-β-nitrostyrene in a 4-week study in rats and mice (NTP, 1994). Oral
administration of β-bromo-β-nitrostyrene was toxic to mice and rats at
concentrations higher than 150 mg/kg (rats) or 300 mg/kg (mice). In the treated mice
and rats inflammation, necrosis and ulcerations were observed and partially
accounted for the death of the animals. Combining these data with tumor mouse
models will enable a comparison of the reported toxic concentrations and the
amount of FootLocker that is needed to inhibit cancer progression. In addition, a
direct comparison of β-bromo-β-nitrostyrene with active FootLocker compounds
such as FLocker1 in regard to FAK displacement and toxicity would be necessary.

FAK/Paxillin
complex
Impaired
FA dynamic

FootLocker

Figure 6.2: Schematic drawing of Paxillin localization within the focal adhesion network and the putative
mode of action of FootLocker. Left: Arrangement of core focal adhesion proteins. Paxillin localizes to focal
adhesions and is important for the recruitment of signaling proteins like FAK. In addition to indirect mechanisms
of Paxillin recruitment, i.e. via Kindlin-2 (KDL-2), we identified a new direct association of Paxillin with Integrin
β3 subunits (highlighted in red) that is important for cell adhesion. Right: The importance of Paxillin for the
dynamic of focal adhesions is also demonstrated by the mode of action of FootLocker compounds. The selective
displacement of the FAK/Paxillin complex by FootLocker impairs focal adhesion dynamic and protein turnover,
which has strong negative impact on cell migration. Schemes were adapted and modified after Mitra et al.
(2006).

In summary, the present work contributes to the understanding of Integrindependent signaling via the FAK family and their adaptor proteins in phagocytosis
and cell migration. The FAK family member Pyk2 was shown to be important for the
CR3-dependent phagocytosis and thus, to play an important role in innate immunity.
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In addition, it could be demonstrated that the adapter protein Paxillin can bind to
Integrin β3 to promote cell adhesion and that the displacement of the FAK/Paxillin
complex by a new class of scaffold inhibitors strongly inhibits focal adhesion
signaling and cell migration (summarized in Fig. 6.2). To answer the scientific
questions, a variety of experimental methods was applied such as fluorescence
microscopy techniques, live-cell migration assays, biochemical approaches, flow
cytometry measurements or CRISPR/Cas-mediated generation of knockout cells.
The yielded data as well as the newly developed methods can serve as a solid basis
for further investigations of Integrin biology to gain more insight into this important
signaling axis, which is involved in many physiological and pathological situations.
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