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Abstract

Upon cell adhesion, focal adhesions couple the actin cytoskeleton mechanically to the

extracellular matrix, which allows cells to sense and respond to physical cues. These me-

chanical connections at the cell membrane consist of cytosolic proteins and transmembrane

integrins. Together, they enable cell spreading, division and migration. The Focal Adhe-

sion Kinase (FAK) is one of the most upstream signaling kinases in the integrin-mediated

signal transduction pathway, where it orchestrates the formation and turn-over of focal

adhesions. Its overexpression promotes metastasis in several solid tumors and is linked

with poor prognosis.

FAK is a multidomain protein with a kinase domain flanked by a 4.1, ezrin, radixin,

moesin homology (FERM) and a focal adhesion targeting (FAT) domain. In the cytosol,

FAK exists in an auto-inhibited structure, in which the FERM domain blocks the kinase

domain. At focal adhesions, the auto-inhibited conformation of FAK is opened up through

membrane binding, FAK clustering and phosphorylation of tyrosine residues. Only in the

open and phosphorylated conformation, the kinase domain is thought to be catalytically

active. Important regulators of FAK conformation and activity have been discovered,

including phosphatidylinositol-4,5-bisphosphate (PIP2) and the Src kinase, but the mech-

anisms how they influence the different states of FAK and its functions at the structural

level remain largely unclear.

First, we studied different states of the catalytic cycle of FAK’s kinase domain with

atomistic molecular dynamics simulations. We show that the nucleotide binding pocket

of the active conformation of FAK’s kinase domain is structurally unstable and fluctuates

between an open and closed conformation upon removal of the nucleotide. In contrast, the

pocket remained open in the inactive conformation during the simulated timescales. This

has implications on the catalytic cycle, since ATP-binding is slowed down if the pocket

is transiently closed in the active conformation and potentially requires a conformational

change in the activation loop for ATP binding in each catalytic cycle, which is in agreement

with a model based on previous experimental findings. Moreover, the simulations showed
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how phosphorylation at a distant site in the kinase domain is connected via an electrostatic

network to the catalytic core. The conformations sampled by the atomistic simulations

were further used in a computational drug screening project.

Protein-membrane interactions are important for the localization and activation of

many proteins, including FAK. Atomistic and coarse-grained simulations are commonly

used to study the specific interactions between lipids and proteins. When trying to val-

idate the coarse-grained MARTINI model to correctly predict protein-lipid interactions,

which was so far validated only for peptide-lipid interactions, but not for the interactions

of lipids with folded proteins, we discovered unrealistic dynamics of �-strand side chains.

In comparison to atomistic simulations, the side chains of �-strands were too flexible which

lead to incorrect side chain-lipid interactions. By introducing an improved version which

we termed ‘side-chain fix’ (scFix) MARTINI, we were able to reproduce the side chain

dynamics of our atomistic simulations. This modification was necessary and sufficient

to reproduce the membrane binding orientation of the well-studied pleckstrin homology

domain of PLC-�1 that was observed in our µs-long atomistic reference simulation. More-

over, the longer simulation times and higher sampling speed of the coarse-grained model

compared to atomistic simulations allowed the systematic mapping of the protein’s rolling

motion at the membrane and the verification of the known and the prediction of a novel

PIP2 binding site.

Based on this novel computational approach, we determined the landscape of binding

orientations of the auto-inhibited FERM-kinase fragment of FAK on lipid membranes, as

well as that of the FERM domain and the kinase domain alone. The presence of PIP2

modifies and narrows the binding landscape of all protein fragments and accelerates the

binding kinetics. In contrast to previously assumed models, PIP2 favored one particular

orientation of the FERM domain which masks the interface that binds the kinase domain

in the auto-inhibitory conformation, potentially competing with, or even blocking the

rebinding of the kinase domain and the key phosphorylation site Y397. This binding pose

promotes an open conformation of FAK and has therefore important implications for FAK’s

activation process.

The results presented in this thesis shed light on elusive aspects of the complex puzzle

of FAK activation at the molecular level and will hopefully provide the basis for future
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experimental work on FAK activation. In addition, we developed a new and versatile

approach to study protein-lipid interactions systematically. We are convinced that sim-

ulations, which complement and stimulate experimental work, and vice-versa, will make

it possible to further deepen our understanding of the molecular processes that regulate

membrane-bound kinases and eventually lead to new strategies to manipulate their activity

in the context of various diseases.



Zusammenfassung

Fokale Adhäsionen verbinden das Aktin-Cytoskelett mechanisch mit der extrazellulären

Matrix. Diese Verbindungen an der Zellmembran bestehen aus cytosolischen Proteinen

und transmembranen Integrinen. Zusammen ermöglichen sie Zellausbreitung, Zellteilung

und Zellmigration. Die Focal Adhesion Kinase (FAK) ist eine der ersten Signalkinasen im

Integrin-vermitteleten Signalweg und steuert den Auf- und Abbau der Fokalen Adhäsionen.

Überexpression von FAK fördert Metastasenbildung in mehreren soliden Tumoren und ist

mit einer schlechten Prognose korreliert.

FAK ist ein Multidomänen-Protein mit einer Kinase-Domäne, die zwischen einer FERM-

und einer FAT-Domäne liegt. Im Zytosol existiert FAK in einer autoinhibierten Struktur,

wobei die FERM-Domäne die Kinasen-Domäne blockiert. In Fokalen Adhäsionen öffnet

sich die autoinhibierte Konformation der FAK durch Membranbindung, FAK-Clustering,

und Phosphorylierung von Tyrosinen. Man nimmt an, dass nur die offene und phospho-

rylierte Konformation katalytisch aktiv ist. Wichtige Regulatoren der FAK-Konformation

und Aktivität wurden entdeckt, einschliesslich Phosphatidylinositol-4,5-phosphat (PIP2)

und die Src Kinase, aber die genauen Mechanismen, wie diese die verschiedenen Zustän-

de und Funktionen der FAK auf der strukturellen Ebene beeinflussen, sind immer noch

weitgehend unklar.

Zuerst untersuchten wir die verschiedenen Zustände des katalytischen Zyklus der FAK

mit atomistischen molekulardynamischen Simulationen. Wir zeigen, dass die Nukleotidbin-

dungstasche in der aktiven Konformation von FAKs Kinasen-Domäne nach der Entfernung

des Nukleotids strukturell instabil ist und zwischen einer offenen und geschlossenen Kon-

formation fluktuiert. Im Gegensatz dazu blieb die Tasche in der inaktiven Konformation

während den simulierten Zeitskalen offen. Dies hat Auswirkungen auf den katalytischen

Zyklus, da die ATP-Bindung verlangsamt wird, wenn die Bindungstasche in der aktiven

Konformation teilweise geschlossen ist. Möglicherweise benötigt die Kinase eine konforma-

tionelle Veräenderung in der Aktivierungsschleife in jedem katalytischem Zyklus, um ATP
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zu binden, was mit einem Model basierend auf einer früheren Studie übereinstimmen wür-

de. Zudem zeigten die Simulationen, wie die Phosphorylierung an einer entfernten Stelle in

der Kinasendomäne durch ein elektrostatisches Netzwerk mit dem katalytischen Kern ver-

bunden ist. Die Konformationen der atomistischen Simulationen wurden weiter verwendet

für ein rechengestütztes Drug Screening.

Protein-Membran-Interaktionen sind wichtig für die Lokalisation und Aktivierung von

vielen Proteinen, einschliesslich der FAK. Atomistische und coarse-grained Simulationen

werden oft benutzt, um die spezifischen Interaktionen zwischen Lipiden und Proteinen

zu untersuchen. Bei dem Versuch, das MARTINI-Modell für Protein-Lipid-Interaktionen

zu validieren, welches für Peptid-Lipid-Interaktionen getestet wurde, aber nicht für die

Interaktion von Lipiden mit gefalteten Proteinen, entdeckten wir unrealistische Dynami-

ken in den Seitenketten der �-Faltblätter. Im Vergleich zu atomistischen Simulationen

waren die Seitenketten in �-Faltblätter zu flexibel, was zu inkorrekten Seitenketten-Lipid-

Interaktionen führte. Indem wir eine verbesserte Version entwickelten, genannt ‘side-chain

fix’ (scFix) MARTINI, konnten wir die Dynamik der Seitenketten in unseren atomistischen

Referenzsimulationen reproduzieren. Diese Modifizierung war notwendig und ausreichend,

um die Membranbindungsorientierung der gut untersuchten Pleckstrin-Homologie-Domäne

der PLC-�1 zu reproduzieren, die wir in unseren µs-langen atomistischen Referenzsimula-

tion beobachtet haben. Zudem erlauben die längeren Simulationszeiten und die schnellere

Abtastung der coarse-grained Simulationen im Vergleich zu den atomistischen Simulatio-

nen die systematische Untersuchung der Proteindrehung auf der Membran, die Verifizierung

der bekannten und die Vorhersage einer neuen PIP2-Bindungsstelle.

Basierend auf diesem neuen rechengestützten Ansatz bestimmten wir die Landschaft

der bevorzugten Bindungsorientierungen des FERM-Kinasen-Fragments der FAK auf Li-

pidmembranen, wie auch der FERM-Domäne und der Kinasen-Domäne alleine. Die Prä-

senz von PIP2 verändert und verschmälert die Bindungslandschaft aller Proteinfragmente

und beschleunigt die Bindungskinetik. Im Gegensatz zu vorherigen Modellen, begünstig-

te PIP2 eine spezifische Orientierung der FERM-Domäne, welche die Oberfläche verbirgt,

welche die Kinasendomäne in der autoinhibierten Konformation bindet. Dadurch blockiert

diese Membranbindung möglicherweise das Zurückbinden an die Kinasendomäne und die

Schlüssel-Phosphorylierungsstelle Y397. Diese Membranbindungsorientierung begünstigt
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eine offene FAK-Konformation und hat daher wichtige Auswirkungen auf die Aktivierung

der FAK.

Die Ergebnisse dieser Arbeit beleuchten bisher unbekannte Aspekte des komplexen

Puzzles der FAK-Aktivierung auf molekularer Ebene und werden hoffentlich die Grundlage

für künftige experimentelle Arbeit bilden. Darüber hinaus haben wir einen neuen und

leistungsfähigen Ansatz entwickelt, um Protein-Lipid-Wechselwirkungen systematisch zu

untersuchen. Wir sind überzeugt, dass Simulationen experimentelle Arbeiten ergänzen und

stimulieren, sowie umgekehrt. Dies wird es ermöglichen, unser Verständnis der molekularen

Prozesse, welche die membrangebundene Kinasen regulieren, zu vertiefen und schliesslich

neue Strategien zu entwickeln, ihre Aktivität im Kontext von verschiedenen Krankheiten

zu steuern.
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Chapter 1

Scope of the Thesis

1.1 Motivation

The actin cytoskeleton is physically connected to the extracellular matrix via cell adhesions,

which integrate cells into the mechanical network of tissues and organs. The sensing of

physical cues in the environment through cell adhesions is a fundamental process in cell

adhesion, migration, survival and division, not only during homeostasis, but also during

development, wound healing and in disease. The orchestrated assembly of adhesions on

the cell front and the disassembly on the rear, in hand with a coordinated application of

force allows cells to move. An aberrant adhesion machinery can have detrimental effects,

for example in cancer, where migrating cells are able to form metastasis, which severely

aggravates the patient’s health situation.

It is therefore of fundamental interest to decipher the mechanisms that regulate the

assembly and disassembly of adhesions. The Focal Adhesion Kinase (FAK) is one of the

most upstream signaling kinases of focal adhesions (FA), that is not only involved in the

formation of FAs, but also in their turn-over. Upon integrin clustering, FAK is recruited

to the cell membrane where it becomes activated through a process of membrane-binding,

clustering and phosphorylation (Fig. 1.1). While molecular biology has identified many

1
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Figure 1.1: Stepwise FAK activation. The auto-inhibitory FERM-kinase interaction of FAK is
released through a process of membrane-binding, in particular PIP2 (PI(4,5)P2), clustering and
phosphorylation. The mechanism is described in more detail in Chapter 2. Reprinted from (Goñi
et al. 2014).

proteins and other ligands that regulate the activity of FAK, there’s a lack of understanding

how FAK functions at the molecular level.

Crystal structures provide detailed information about the three-dimensional structure

of FAK, but since many protein functions depend on protein dynamics, the structures

themselves only provide a limited picture. Through thermal motion, each protein forms

an ensemble of conformations with dynamics that range from fast vibrations of atomic

bonds to slower global motions in the protein fold. Ligand binding, post-translational

modifications or mutations can change the dynamics of the protein and lead to a population

shift, which changes the overall activity and function of the protein.

In order to deepen our understanding of FAK at the molecular level, it is therefore

crucial to study the influence of ligands, post-translational modifications and mutations

on the dynamics of the protein. It remains unclear, for example, how ATP-binding and

unbinding affects different states of the catalytic cycle of FAK, and how protein-lipid

interactions promote the activation of FAK. Since these questions require insights into the

dynamic alterations of the structure at the atomic scale, we will use molecular dynamics

simulations, which is a powerful technique to study the dynamics of biomolecular systems

with high spatial and temporal resolution.
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1.2 Objectives

The work is divided into four specific aims outlined below. For each aim, a short summary

of the main questions and results is given.

1. Decipher the influence of ligands on the catalytic cycle of FAK’s kinase domain with

atomistic molecular dynamics (MD) simulations (Chapter 4)

Crystallization of the kinase domain of FAK has revealed two main conformations

that are conserved in protein kinases, an active and inactive conformation, that are

characterized by a structured and unstructured activation loop, respectively (Lietha

et al. 2007). We studied the effect of ligand removal, phosphorylation and mutations

of key amino acids on the dynamics of the kinase domain. We learned, how the stabil-

ity of the active conformation depends on the bound ligand and that the ATP-binding

pocket transiently closes, in contrast to other kinases, where the nucleotide pocket

was reported to remain stably open. Building on our data and existing literature,

we then proposed a dynamic electrostatic network that connects the phosphorylation

sites in the activation loop or the activating mutations to the catalytic core of the

protein.

The work presented in Chapter 4 was published in: Biophysical Journal (2013).

104.(11):2521-2529. Herzog, F. A., Vogel, V., Multiple Steps to Activate FAK’s

Kinase Domain: Adaptation to Confined Environments?

2. Design a new strategy of computational drug screening against FAK and test selected

small-molecules in vitro (Appendix A).

FAK is a promising drug target in several types of cancers, and conventional in-

hibitors targeting the ATP-binding pocket often have off-target effects, due to the

highly conserved binding site. The molecular dynamics simulations of the kinase

domain described in Chapter 4 provide a wealth of new protein conformations, some

of which revealed transient pockets that are not present in the crystal structures.

In collaboration with the group of Computer-Assisted Drug Design at ETH Zurich
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headed by Prof. Gisbert Schneider, we screened the protein conformations obtained

by MD simulations for putative ligand binding sites, which we used afterwards as

drug targets in a computational screening. From the screening, we selected the best

candidates and tested 25 compounds in vitro. For reasons that are unknown at

present, the in vitro kinase assay did not identify a hit. Nevertheless, our approach

using conformations from MD simulations for the computational drug screening is a

promising strategy for future drug development projects in general.

3. Develop a computational approach to identify the main binding orientations of pe-

ripheral membrane proteins (Chapter 5).

It is estimated that 30% of the human proteins are functioning in a membrane as-

sociated form, however, the specific protein-lipid interactions are rarely known. We

developed a computational approach that can identify the binding orientation of

peripheral membrane proteins. Our novel method systematically probes the orienta-

tion of proteins at the membrane and identifies the most relevant states based on the

coarse-grained MARTINI model. Even though the MARTINI model is often used

in protein-membrane simulations, it was never validated for that purpose. In an

attempt to validate it with µs-long atomistic simulations, we discovered an impor-

tant limitation of the MARTINI protein model. The side chains in �-strands are too

flexible compared to atomistic simulations, which resulted in unrealistic protein-lipid

interactions. Therefore, we suggest an improvement to the protein force field called

scFix MARTINI, which was necessary to correctly reproduce the binding orientation

of the PLC�1 PH domain to a model membrane as observed in the atomistic reference

simulations and as predicted in the experimental literature.

The work presented in Chapter 5 was published in: Journal of Chemical Theory

and Computation (2016). 12.(5):2446-2458. Herzog, F. A., Braun, L., Schoen, I.,

Vogel, V., Improved Side Chain Dynamics in MARTINI Simulations of Protein-Lipid

Interfaces.
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4. Determine the membrane binding pose of FAK (Chapter 6).

It is well established that the negatively charged lipid phosphatidylinositol-4,5-phos-

phate (PIP2) regulates the function of FAK. Since its binding site is not precisely

defined on FAK, nor the binding orientation of FAK at the membrane, we determined

the landscape of binding orientations of FAK on the cell membrane with our compu-

tational approach developed in Chapter 5. In particular, we found that the FERM

domain is sensitive to the presence of PIP2 in the membrane. PIP2 switches its

binding mode, which masks the auto-inhibitory interface of the FERM domain. This

binding orientation blocks the rebinding of the kinase domain and the phosphoryla-

tion site Y397 and therefore potentially promote an open and active conformation of

FAK.

The results presented in Chapter 6 have been submitted for publication: Herzog, F.

A., Braun, L., Schoen, I., Vogel, V., Structural Insights How PIP2 Imposes Preferred

Binding Orientations of FAK at Lipid Membranes.





Chapter 2

Introduction and General Background

A continuous exchange of chemical and physical signals between cells allows them to or-

chestrate their function and homeostasis. In addition to direct cell-cell communications,

cells are able to sense the extracellular environment, and adapt to changes in chemical or

physical properties of the extracellular matrix (ECM) (Vogel & Sheetz 2006). The ECM

is composed of a fibrillar meshwork of extracellular matrix proteins, which is connected to

the actin cytoskeleton by focal adhesions at the cell membrane. The key transmembrane

proteins that are at the interface between the extracellular and intracellular space are in-

tegrins. Two integrin subunits (↵ and �) form heterodimers that have large extracellular

domains, one transmembrane ↵-helix per subunit, and a short, unstructured cytosolic tail

(Hynes 2002). On the extracellular side, integrins bind to fibrillar network proteins, for

example to fibronectin, while the intracellular tail binds several focal adhesion proteins,

which are connected to the actin cytoskeleton (Fig. 2.1). Important proteins in early adhe-

sions include talin, paxillin, vinculin, tensin and the focal adhesion kinase, which connect

the integrin tails to the F-actin bundles and recruit other adhesion proteins that reinforce

the adhesions (Schoen et al. 2013). The focal adhesions constitute a crowded membrane

proximal protein network with an organized nano-architecture (Kanchanawong et al. 2010,

Liu et al. 2015).

7
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Figure 2.1: Nanoscale architecture of focal adhesions, which connect the actin cytoskeleton to
the extracellular matrix (ECM). The Focal Adhesion Kinase (FAK) is located in the membrane-
proximal region in the integrin signalling layer. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature (Kanchanawong et al. 2010), 2010.

Through this physical connection between the actin cytoskeleton and the extracellular

matrix, cells can sense and apply forces on the extracellular environment via focal adhe-

sions, which is essential for cell migration, adhesion and remodeling of the extracellular

matrix (Geiger et al. 2009). Many proteins that are involved in the formation, maintenance

and turnover of focal adhesions are thought to be mechanosensors, which means, they can

convert mechanical signals into biochemical responses (Alexander D Bershadsky et al. 2003,

Schoen et al. 2013). In contrast to other transmembrane receptor proteins, integrins have

only a short cytosolic tail without a signaling domain, as for example receptor protein

kinases. A variety of focal adhesion proteins mediate the signal propagation, among which

the focal adhesion kinase (FAK) is one of the most upstream kinases that orchestrates the

adhesion response (Mitra et al. 2005, Schaller 2010, Arold 2011, Wehrle-Haller 2012).

2.1 Focal Adhesion Kinase

The focal adhesion kinase is ubiquitously expressed and regulates many cellular functions

including cell migration, adhesion, proliferation, survival and cell-cell signaling (Mitra et al.
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2005, Arold 2011). In FAK knock-out mice, embryonic morphogenesis was abnormal and

FAK-null cells showed enhanced focal-contact formation and defects in cell motility in

culture (Furuta et al. 1995, Walkiewicz et al. 2015). In response to integrin-mediated cell

adhesion, FAK is recruited to the adhesion sites, where it is involved in the formation and

turnover of focal adhesions (Arold 2011, Schaller 2010). It binds many ligands at focal

adhesions including paxillin (Hayashi et al. 2002) and talin (Chen et al. 1995). FAK is

over-expressed and shows increased activity in several types of cancers, where it promotes

tumor progression and metastasis (Sulzmaier et al. 2014). Small molecule inhibitors of

FAK have shown to decrease tumor growth and metastasis in several preclinical studies

(Sulzmaier et al. 2014). Most of the small drug candidates target the highly conserved ATP-

pocket of the kinase domain, which often leads to unspecific inhibition of other kinases.

Finding other strategies to inhibit this protein is of high interest, which requires a solid

understanding of the multifaceted functions of this protein and how these functions are

regulated by external stimuli.

FAK is a 125 kDa protein, that consists of a conserved kinase domain, which is flanked

by relatively long linkers to a N-terminal FERM (4.1/ezrin/radixin/moesin) domain and

a C-terminal focal adhesion targeting (FAT) domain (Hall et al. 2011) (Fig. 2.2A). The

crystal structure of the FERM-kinase fragment revealed an autoinhibitory interaction be-

tween the two domains (Fig. 2.2B) (Lietha et al. 2007). Moreover, the FAT domain binds

the FERM domain in the cytoplasm, as suggested by small angle x-ray scattering (Brami-

Cherrier et al. 2014). This autoinhibited, closed conformation of FAK has to be opened to

allow for catalytic activity of the kinase and for some of its scaffolding functions. At high

concentrations, FAK dimerizes via the F3 lobe of the FERM domain, which creates an

arch-shaped dimer that is required for the activation process (Brami-Cherrier et al. 2014).

Since the dimerization is concentration dependent, increased expression, as measured in

several solid tumors, could therefor lead to higher FAK activity.

The current model of FAK activation assumes that FAK is monomeric and autoinhibited

in the cytosol (Walkiewicz et al. 2015, Goñi et al. 2014, Brami-Cherrier et al. 2014). Upon

integrin clustering, it becomes accumulated at cell adhesion sites. With its FAT domain,
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Figure 2.2: A) Model of the autoinhibited FERM-kinase fragment and the C-terminal FAT
domain. The model is based on the autoinhibited structure of the FERM-kinase fragment shown
in B in cartoon representation (pdb 2j0j, (Lietha et al. 2007)). C) Close-up of the binding site of
Y397 on the FERM F1 lobe.

it binds paxillin (Bertolucci et al. 2005, Tachibana et al. 1995) and talin in focal adhesions

(Lawson & Schlaepfer 2012). A key step of activation is the autophosphorylation of FAK

Y397, which is promoted by the clustering of FAK at the cell membrane upon binding to

the negatively charged phospholipid phosphatidylinositol-4,5-phosphate (PIP2) (Goñi et al.

2014). First, Y397 has to detach from the FERM F1 lobe (Fig. 2.2C) to be accessible

for phosphorylation. Once phosphorylated by another FAK molecule, Y397 provides a

binding site of the membrane anchored Src kinase (Schaller et al. 1994, Toutant et al.

2002). FRET studies have shown that a conformational change is accompanied with FAK

activation (Cai et al. 2007, Papusheva et al. 2009, Goñi et al. 2014), which is assumed

to be the opening of the autoinhibitory interaction between the FERM and the kinase

domain. Once bound to FAK, Src becomes activated and phosphorylates FAK at various

amino acids, including Y576 and Y577 in the activation loop of the kinase domain. The

phosphorylated activation loop blocks the rebinding of the kinase domain to the FERM

domain and therefore stabilizes or promotes the open conformation of FAK (Cai et al.

2007, Goñi et al. 2014, Lietha et al. 2007). In addition, the phosphorylation of Y577

and Y576 increases the catalytic activity of FAK (Calalb et al. 1995), which enhances
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the phosphorylation of other FAK molecules at Y397 in the vicinity. The local pH can

modulate the activity of FAK, which is likely linked to His58 in the FERM domain close

to the binding site of Y397 (Choi et al. 2013). Due to the crucial role of Y397 in the

activation process of FAK, the phosphorylated form is often considered to be the ‘active’

or ‘open’ conformation of FAK, which can be monitored by a phosphospecific antibody that

targets this site. But it is clear that many small steps of ligand binding, post-translational

modifications, environmental and conformational changes coordinate together the function

of FAK.

Apart from the scaffolding and enzymatic role at the focal adhesions, FAK has also

important functions in the nucleus, like other focal adhesion proteins (Walkiewicz et al.

2015, Lim 2013). Since the focus of this work is on the activation mechanism of FAK at

focal adhesions, we will not elaborate on its nuclear functions. In the following, the role

of PIP2, which is an important regulator of FAK and other focal adhesion proteins will be

highlighted.

2.2 Activation of focal adhesion proteins by PIP2

While phosphatidylinositol-4,5-bisphosphate (PIP2) only contributes to 1% of the lipids in

an erythrocyte (J E Ferrell & Huestis 1984), it is involved in many signaling processes and

is important for the attachment of the cytoskeleton to the plasma membrane in many cell

types (Sechi & Wehland 2000). It localizes to specific membrane regions on the intracel-

lular leaflet, where it forms domains of ⇠70 nm with a high local concentration (van den

Bogaart et al. 2011). The phospholipid has a relatively large head group that carries a

negative charge of minus 3-5 at physiological pH (McLaughlin et al. 2002). Through spe-

cific and unspecific interactions, it can sequester and anchor proteins reversible to specific

areas of the membrane, induce protein clustering and induce conformational changes that

regulate the function of the binding proteins (van den Bogaart et al. 2011, Goñi et al. 2014,

McLaughlin et al. 2002).
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The local concentration of PIP2 can be influenced by its synthesis and turnover by PIP

phosphatases and kinases, and by electrostatic sequestration (McLaughlin et al. 2002).

While phosphate groups can be added or removed from PIP2 by enzymes, it can also be

cleaved into the intracellular signaling molecule IP3 and a membrane lipid DAG, which

serve as second messengers, especially in the Ca2+ signaling cascade that triggers the

contraction of smooth muscle cells for example.

Among the many proteins that interact with PIP2, several focal adhesion proteins

either directly bind to PIP2, or to proteins involved in the synthesis of PIP2. For instance,

talin, which has a FERM domain like FAK, recruits phosphatidylinositol-4-phosphate 5-

kinase (PIPKI�), which phosphorylates phosphatidylinositol-4-phosphate and leads to a

local enrichment of PIP2 (Di Paolo et al. 2002, Legate et al. 2011, Ling et al. 2002). It

was shown that PIP2 is important for talin localization and PIP2 binding enhances the

interaction of talin with integrin (Martel et al. 2001). A basic ridge in the talin head

domain binds PIP2 and controls integrin clustering (Saltel et al. 2009). The binding of

talin to the cytosolic tail of integrins can activate the inside-out signaling of integrins

(Calderwood et al. 2013). Recently, a molecular model was proposed how PIP2 and talin

concomitantly alter the ↵IIb-�3 integrin conformation, which promotes integrin activation

(Orłowski et al. 2015).

Another well-studied example of a focal adhesion protein that binds PIP2 is vinculin.

The crystal structure resolved with PIP2 revealed its binding site and the induced con-

formational changes in vinculin that directs oligomerization (Chinthalapudi et al. 2014).

Mutating the PIP2 binding site led to a nonfunctional, immobile vinculin in focal adhe-

sions, which blocked the rapid exchange with the cytosolic pool (Izard & Brown 2016).

Membrane binding, and specifically binding to PIP2 was shown to be an important

regulator of FAK activation (Cai et al. 2007, Goñi et al. 2014, Zhou, Bronowska, Le Coq,

Lietha & Gräter 2015, Feng & Mertz 2015). Mutational studies have identified a basic

patch region on the F2 lobe of the FERM domain, which is important for lipid binding

(Cai et al. 2007), but so far, no crystal structure was resolved with PIP2 bound to FAK.

It is not clear, in which orientation FAK binds the membrane, and how the orientation
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depends on the conformation and state of FAK. Moreover, it remains to be determined if

the basic patch region is the only binding site of PIP2 on FAK.





Chapter 3

Molecular Dynamics Simulations

While the three-dimensional structure of a protein reveals important insights about its

function, the static picture of a crystal structure captures just one of the many states a

protein can adopt. Thermal fluctuations drive the sampling of the large ensemble of con-

formations (Henzler-Wildman & Kern 2007). The movements in a protein range from bond

vibrations with a period on the femtosecond scale to large global motions in the orders of

seconds (Fig. 3.1A). These dynamics are essential for the function of proteins (Karplus

& McCammon 1983, Henzler-Wildman & Kern 2007, Ortega et al. 2013). Consequently,

proteins are more accurately described by a conformational ensemble and not just by one

three-dimensional structure. The population of a state, respectively the transitions be-

tween different states, are described by a high-dimensional free energy landscape according

to the laws of thermodynamics. The equilibrium constant between two states A and B

depends on the free energy difference G

AB

between the states and the height of the energy

barriers between the states determines the transition rate (Henzler-Wildman & Kern 2007)

(Fig. 3.1B). Posttranslational modifications, mutations or ligand-binding can change the

underlying energy landscape of the protein and change the equilibrium between different

states, and therefore lead to a population shift and change the overall protein function

(Fig. 3.1B).

15
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Figure 3.1: A) The different timescales of motions occurring in proteins range from femtoseconds
to seconds. While quantum mechanical simulations (QM) can only simulate timescales in the
order of picoseconds, classical molecular dynamics (MD) simulations reach microseconds or even
milliseconds with special purpose high-performance computers. Coarse-grained MD simulations
reach millisecond timescales. B) One-dimensional cross-section through the energy landscape of
a protein illustrating different conformational states of the protein. The equilibrium between two
states depends on the free energy difference between the states and the rates between the states
depend on the height of the energy barrier. The energy landscape can be altered by ligand binding,
which shifts the conformational ensemble of the protein (dark blue vs. light blue). Adapted from
(Henzler-Wildman & Kern 2007) and (Ortega et al. 2013).
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Structural biology provides a wealth of experimentally solved protein structures, of

which most are determined by x-ray crystallography. Based on the diffraction pattern

of x-rays on crystallized proteins, the structure of average protein conformations can be

determined. However, protein crystals correspond to a non-physiological, densely packed

environment. Due to their intrinsic nature, flexible or unstructured proteins do not crys-

tallize. Moreover, the crystallization of membrane proteins remains a challenging task,

which often have to be stabilized by detergents or by point mutations (Kang, Lee & Drew

2013). Recent advances in cryo-electron microscopy have pushed the resolution towards

the low nanometer or even near atomistic scale, allowing for the identification of secondary

structure elements and even amino acid side chains in large protein assemblies in their

native physiological environment (Zhou 2008, Merk et al. 2016). Fitting atomistic struc-

tures into electron density maps that have a resolution of around 1 nm can be a powerful

approach to build full atomistic models of large protein assemblies (Woetzel et al. 2011),

but these models, without simulations, do not provide information about the dynamics of

the proteins. In contrast, solution nuclear magnetic resonance spectroscopy (NMR) pro-

vides information about the structure and intrinsic dynamics in the range of picoseconds to

miliseconds of proteins (Henzler-Wildman & Kern 2007). The technique was traditionally

applicable only to relatively small proteins or protein domains, but with recent techno-

logical developments, larger proteins or even protein assemblies with aggregate molecular

masses in the hundreds of kilodaltons can be studied (Kay 2016).

3.1 Atomistic Molecular Dynamics Simulations

A powerful and complementary method to study the dynamics of proteins and other

biomolecules at sub-Ångström and femto-second resolution are atomistic molecular dy-

namics simulations (Alder & Wainwright 1957, 1959, Lee et al. 2009, Dror et al. 2012).

The predictive power of the simulations was proven in many cases, for example by observing

how unstructured peptides fold into their known three-dimensional structures (Lindorff-
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Larsen et al. 2011, Freddolino et al. 2008) or how a drug binds its target pocket on a

protein in explicit water (Shan et al. 2011).

A major advantage of molecular dynamics simulations is that the systems that are

investigated are easily controllable. The composition of the system, the temperature or

pressure can be modified according to the research question. For instance, one can easily

mutate a protein in silico, add posttranslational modifications or embed a transmembrane

protein into a lipid bilayer. Even experimentally impossible situations can be simulated,

as it is used for example in alchemical free energy perturbation calculations (Straatsma &

McCammon 1992).

In theory, the motion of atoms can be fully described by the time-dependent Schrödinger

equation. However, solving the Schrödinger equation for biomolecular systems with more

than 100’000 atoms (Fig. 3.2A) is practically not feasible. Therefore, simplifications and

approximations of the physical system are required. If we assume that nuclei behave as

classical particles and neglect quantum effects, we can use the Newton’s law to compute

the motion of the atoms, if we know the initial position and velocity of each atom, as well

as the interaction of the atoms with each other:

m
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~r

i

dt

2
= ~

F

i

= �~rV (~R) (3.1)

where m is the mass of the atom, r its position, F

i

the force acting on the atom i,

which can be calculated as the gradient of the potential energy function V, that describes

the interaction of the atoms with each other. The energy function consists of covalent and

non-bonded terms (Fig. 3.2B).
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This part of the energy function is fast to compute compared to the non-bonded terms,

which have to be calculated in principle between every possible atom pair.
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Van der Waals interactions rapidly approach zero for more distant atom pairs. There-

fore, the Van der Waals interaction can be shifted or switched to zero at a certain cutoff

distance. In contrast, the slower decaying electrostatic interactions have long-range effects.

Practically, the electrostatics are divided into short-range region where the Coulomb po-

tential is calculated explicitly for all the atom pairs and a long-range region, where an

approximate and more efficient method is used (Darden et al. 1993).

The choice of time step to solve Newton’s equation of motion depends on the fastest

motions of the system, which are the hydrogen vibrations with a frequency of ⇠1 fs.

Therefore, a time step of 1-2 fs is commonly used in atomistic simulations which preserves

the energy and avoids numerical instabilities (Phillips et al. 2005).

The parameters for all the interactions are based on experimental data and quantum

mechanical calculations. In order to decrease the number of atom types, atoms with sim-

ilar chemical characteristics are grouped. Here, we used the Charmm27 force field that

was optimized for proteins (Mackerell et al. 1998) and the Charmm36 force field for lipids

(Klauda et al. 2010), together with the widely-used TIP3P water model (Jorgensen et al.
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1983). In addition to the potential functions mentioned above, the Charmm force field uses

an improper dihedral potential and a so-called Urey-Bradley term (Mackerell et al. 1998).

The explicit modeling of the water molecules contributes to a large part of the computa-

tional cost of a biomolecular simulation. However, the use of explicit water molecules is

essential to accurately model the solvent, since water molecules screen electrostatic charges

and participate in hydrogen bond networks of proteins (Levy & Onuchic 2004, Gao et al.

2002).

To avoid surface effects and problems with the finite size of the simulation system,

periodic boundary conditions are used, which is also facilitates the computation of long-

range electrostatics (Darden et al. 1993). When a particle leaves the simulation box on

one side, an image particle will enter the box from the opposite side. Since most of the

biological experiments are performed under constant pressure and temperature, we also

controlled these two variables in the simulations with a baro- and thermostat in a so-called

NPT ensemble. For the atomistic simulations, Langevin dynamics were used to keep the

temperature constant and the Nosé-Hoover Langevin piston to control the pressure (Feller

et al. 1995, Phillips et al. 2005).
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With the ever growing computational power of supercomputers together with the devel-

opment of smarter and faster algorithms, it is nowadays possible to simulate large macro-

molecular complexes (Perilla et al. 2015), for example the solvated HIV capsid which

measures 100 nm in size and contained 64 million atoms (Zhao et al. 2013). Since the

problem can be divided in space, but not in time, it is actually harder to simulate longer

timescales than bigger systems. Using a highly specialized supercomputer designed for

molecular dynamics simulations, which is approximately 100-1000 times faster than gen-

eral high performance computers, the research group of D. E. Shaw reached the millisecond

timescale with small proteins at full atomistic resolution (Lindorff-Larsen et al. 2016) (Fig.

3.1B).

3.2 Coarse-grained MD

Due to the high computational cost of atomistic simulations and the limited timescales that

can be simulated, various approaches have been developed to reduce the degrees of freedom

in the system in so called coarse-grained simulations (Saunders & Voth 2013). While every

atom corresponds to one particle in atomistic simulations, a group of atoms is represented

by a bead in coarse-grained simulations, which tries to represent the chemical properties of

the mapped atoms. This considerably reduces the number of particles in the system. The

slower motion of the heavier beads compared to single atoms allow for a larger integration

time step. Moreover, the rough energy landscape of atomistic simulations is approximated

with a smoother energy landscape in coarse-grained simulations, which accelerates the

sampling of the system (Kmiecik et al. 2016). Thus, the coarse-grained simulations can

simulate larger systems for longer timespans than atomistic simulations at the cost of a

reduced resolution. For example, the SNARE-mediated fusion of synaptic vesicles with the

plasma membrane could be simulated with coarse-grained molecular dynamics simulations

(Risselada et al. 2011).

One popular coarse-grained method is the MARTINI force field (Marrink et al. 2007),

which maps on average 4 heavy atoms into one coarse-grained bead. The force field was ini-



22 Chapter 3. Molecular Dynamics Simulations

tially developed for lipids (Marrink et al. 2007), but covers now many types of biomolecules,

including proteins (Monticelli et al. 2008, de Jong et al. 2013), DNA (Uusitalo et al. 2015),

carbohydrates (López et al. 2009) and glycolipids (López et al. 2013). For the parametriza-

tion, the developers used structural data and atomistic simulations for the bonded terms,

while the non-bonded interactions were optimized to match experimental thermodynamic

data, for example the partitioning free energy between an oil/water phase (Marrink et al.

2007, Marrink & Tieleman 2013). This thermodynamic approach is based on the idea that

lipid self-assembly, protein-lipid binding and protein-protein interactions depend on the de-

gree of partitioning of the constituents between a polar and non-polar environment, which

has proven its usefulness in many applications, including the prediction of the binding

orientation of membrane proteins and the binding sites of specific lipids (Marrink & Tiele-

man 2013). The force-field was validated for the interaction of lipids with short peptides

(Monticelli et al. 2008), but not for the interactions of lipids with folded proteins.

Amino acids are represented by one backbone and 1-4 side chain beads (Fig. 3.3)

(Monticelli et al. 2008, de Jong et al. 2013). For proteins, hydrogen bonding is essential

for the secondary structure elements, but is not explicitly modeled at this resolution.

Therefore, the protein structure cannot be maintained without adding additional elastic

bonds between the backbone beads, which conserves the overall structure of the protein

(Periole et al. 2009). However, with this approach, secondary structure transitions and

large conformational changes are not possible.

3.3 Limitations

Both the coarse-grained and the atomistic simulations have important limitations. Since

the free energy landscape of the protein is not known a priori and only a fraction can

be sampled during classical MD simulations due to limited resources, important energy

minima can be missed, especially if the energy barriers between the states are high. Taking

the free energy landscape in Fig. 3.1B as an example, State B might never be explored in
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Figure 3.3: A �-strand shown at atomistic resolution in solid licorice (without hydrogen atoms).
The coarse-grained MARTINI model of the �-strand is shown as transparent spheres. Backbone
beads are shown in red, while side chain beads are colored with yellow.

atomistic or even coarse-grained MD simulations if the initial structure started in State A,

despite B having a lower free energy than A in the ligand free form.

Both the atomistic and the coarse-grained simulations are based on simplifications of

the physical system and mathematical approximations are used to model the phenomena in

a computationally efficient way. Moreover, the parameterization of the interactions of the

particles is challenging and prone to inaccuracies (Lindorff-Larsen et al. 2012, Freddolino

et al. 2009), and the performance of a force field, unfortunately, depends on its application.

It is therefore essential to be aware of the limitations of each model and to choose wisely,

what resolution is required for a specific research question and which force-field is the most

suitable. Ideally, the results of simulations should be experimentally verified or should

generate hypothesis, which can be experimentally tested. Only hand-in-hand progress on

both the experimental and the simulation based research will deepen our understanding of

the intriguing protein nano-machines.
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Multiple Steps to Activate FAK’s

Kinase Domain

The work of this chapter has been published in the Biophysical Journal under an Elsevier

user licence1: Herzog F. A., Vogel V., Multiple Steps to Activate FAK’s Kinase Domain:

Adaptation to Confined Environments?, Biophysical Journal, 2013; 104:11, 2521-2529.

F.A.H and V.V. planned the simulations, F.A.H conducted the simulations and analyzed

the data. Both authors discussed the results and wrote the manuscript.

4.1 Abstract

Protein kinases regulate cell signaling by phosphorylating their substrates in response to

environment-specific stimuli. Using molecular dynamics, we studied the catalytically ac-

tive and inactive conformations of the kinase domain of the focal adhesion kinase (FAK),

which are distinguished by displaying a structured or unstructured activation loop, respec-

tively. Upon removal of an ATP analog, we show that the nucleotide-binding pocket in the

catalytically active conformation is structurally unstable and fluctuates between an open

and closed configuration. In contrast, the pocket remains open in the catalytically inactive
1Elsevier user license, 2015. http://www.elsevier.com/about/company-information/policies/open-

access-licenses/elsevier-user-license
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form upon removal of an inhibitor from the pocket. Because temporal pocket closures will

slow the ATP on-rate, these simulations suggest a multistep process in which the kinase

domain is more likely to bind ATP in the catalytically inactive than in the active form.

Transient closures of the ATP-binding pocket might allow FAK to slow down its catalytic

cycle. These short cat naps could be adaptions to crowded or confined environments by

giving the substrate sufficient time to diffuse away. The simulations show further how ei-

ther the phosphorylation of the activation loop or the activating mutations of the so-called

SuperFAK influence the electrostatic switch that controls kinase activity.

4.2 Introduction

Phosphorylation of proteins is recognized as one of the most important posttranslational

modifications, because it is involved in almost every signaling pathway (Manning et al.

2002, Yalak & Vogel 2012, Fischer 2009), and has been the target of various drug develop-

ments (Fabbro et al. 2011, Knight et al. 2010). Therefore, understanding the mechanism

of the regulation of kinases and phosphatases is of major interest in health and disease.

Crystallographic data of active and inactive kinases have shed light on the different confor-

mations of kinases (Eswaran & Knapp 2010) and kinetic measurements provide information

about the underlying mechanisms (Adams 2001), but the dynamics of kinases and their

cycle of substrate binding, reaction, and product release are still not completely understood

at an atomistic level.

The focal adhesion kinase (FAK) is one of the most upstream tyrosine kinases in the

formation of focal adhesions, at the crossroad of extra- and intracellular signaling (Mitra

et al. 2005, Zaidel-Bar et al. 2007, Lawson et al. 2012). FAK has both scaffolding and

signaling functions, and is involved in many cell processes, such as adhesion, spreading,

and migration (Mitra et al. 2005, Parsons 2003). FAK signaling is involved in numerous

diseases including rheumatoid arthritis (Infusino & Jacobson 2011), and it has been found

that the activity of FAK is altered in various types of cancer (Provenzano & Keely 2009,

Golubovskaya 2010).



4.2. Introduction 27

FAK consists of three domains: the FERM, kinase (KD), and focal adhesion target-

ing (FAT) domains (Fig. 4.1A). The FERM domain can bind to the KD and is thought

to autoinhibit kinase activity (Fig. 4.1A) (Lietha et al. 2007). Release of the autoin-

hibitory state is the first step in kinase activation. The KD of FAK corresponds to the

well-conserved fold of protein kinases (Kornev & Taylor 2010). It consists of two lobes,

a small N-terminal lobe (N-lobe) and a larger C-terminal lobe (C-lobe) (Fig. 4.1B). The

catalytic core and the ATP-binding site are located in the groove formed by these two

lobes (see Fig. 4.1D). The structures of the active, phosphorylated kinase complexed with

a nonhydrolysable ATP analog (Fig. 4.1B) are known, as well as the nonphosphorylated,

inactive kinase domain with an inhibitor (Fig. 4.1C) (Lietha et al. 2007). The most strik-

ing difference between the active and inactive structure of FAK is the conformation of

the activation loop (residues 564-592). The loop can be doubly phosphorylated on Y576

and Y577 and form a b-hairpin-like conformation in the active conformation, whereas it is

unstructured in the nonphosphorylated and inactive form (Lietha et al. 2007). Phospho-

rylation of the two tyrosine residues Y576 and Y577 by Src increases the catalytic activity

of FAK >20-fold (Lietha et al. 2007). Distinct structural differences in the conformation

of the activation loop between the active and inactive state is a common feature of protein

kinases (Nolen et al. 2004). It was thought that the conformation of the activation loop is

regulated by phosphorylation of the activation loop and that the activation loop directly

controls substrate binding and catalysis (Hubbard 1997). Although this is the case for

some kinases, there are kinases where the activation loop modulates phosphoryl transfer,

but not substrate access (Adams 2003).

Several computational studies tried to bridge the gap between the catalytically ac-

tive and inactive structures obtained by crystallography. For instance, the conformational

change of the activation loop of Src, cyclin-dependent kinase 5 (CDK5) and vascular en-

dothelial growth factor receptor 2 (VEGFR2) was investigated by coarse-grained (Yang &

Roux 2008) or biased molecular dynamics (MD), string method swarms of trajectories de-

rived from targeted MD, metadynamics, and accelerated MD (Ozkirimli & Post 2006, Gan

et al. 2009, Berteotti et al. 2009, Chioccioli et al. 2012). All but the coarse-grained study
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Figure 4.1: Crystal structures of FAK. (A) The autoinhibited structure of the KD with the
FERM domain (PDB 2J0J) together with the FAT domain (PDB 1K40). (B) Crystal structure of
the catalytically active kinase domain with ATP analog AMP-PNP (PDB 2J0L). The activation
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partly modeled (orange). (D) Interactions between KD= and ATP-Mg.
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are based on biased models with a priori knowledge of the end-state, because the expected

timescale of milliseconds to seconds for the conformational change of the activation loop

(Yang & Roux 2008, Ozkirimli & Post 2006) exceeds the timeframe that can be simulated

by all-atom MD. Moreover, several studies investigated the role of phosphorylation of the

activation loop in CDK2, protein kinase C✓(PKC✓), and protein kinase A (PKA) (Bártová

et al. 2004, Seco et al. 2011, Montenegro et al. 2012). Computer simulations deepened the

understanding of an electrostatic network that regulates kinase activity in many kinases

(Johnson et al. 1996). The catalytically important salt bridge between a conserved gluta-

mate residue of the aC helix (residue E471 in FAK) and a lysine in the N-lobe (K454 in

FAK) can be switched on and off through a network of charged residues in Src and Abl

(Ozkirimli & Post 2006, Shan et al. 2009). Further simulations showed that the energy

barrier between the active and inactive state of the Lyn and CDK2 kinase is determined

by a displacement of the aC helix (Huang et al. 2012).

The enzymatic kinetics of FAK’s KD were studied experimentally (Schneck et al. 2010),

but the underlying structural mechanisms remained unknown. Here, we use MD simula-

tions to study the fast conformational changes of FAK’s KD in the range of 100 ns. We

show that the ATP-binding pocket is structurally unstable and closes transiently upon nu-

cleotide removal from the active conformation that displays a structured activation loop.

In contrast, the ATP-binding pocket remains open when the kinase is in the inactive con-

formation displaying an unstructured activation loop. Furthermore, the role of ATP-Mg

on the activation loop conformation and interlobular dynamics is analyzed, as well as how

these dynamics are affected by the activating mutations K578E and K581E of the so-called

superFAK (Gabarra-Niecko et al. 2002).

4.3 Methods

Initial structures. The kinase domain of FAK (residues 411-686) was simulated starting

from two different crystal structures: the phosphorylated active conformation in complex

with the nonhydrolyzable ATP analog Adenylyl Imidodiphosphate (AMP-PNP) and Mg
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Name Initial structure Activation Loop Phosphorylation Ligand Mutation Simulation time [ns]

KD

=
2J0L structured - - - 3 x 130

KD

=
(

a
) 2J0L structured - - - 3 x 130

p-KD

=
2J0L structured pY576, pY577 - - 3 x 130

p-KD

=
(

a
) 2J0L structured pY576, pY577 - - 3 x 130

holo p-KD

=
2J0L structured pY576, pY577 ATP-Mg - 100

KD

⇡
2J0J

b
unstructured - - - 3 x 130

KD

⇡
2J0J

c
unstructured - - - 3 x 130

holo KD

⇡
2J0J

b
unstructured - ATP-Mg - 100

holo p-KD

⇡
2J0J

b
unstructured pY576, pY577 ATP-Mg - 100

p-KD

⇡
2J0J

b
unstructured pY576, pY577 - - 3 x 130

SuperFAK

=
2J0L structured - - K578E, K581E 100

holo-SuperFAK

=
2J0L structured - ATP-Mg K578E, K581E 100

SuperFAK

⇡
2J0J

b
unstructured - - K578E, K581E 100

Total 3330 ns

Table 4.1: Summary of simulations

aWater was first equilibrated for 2 ns with protein atoms fixed.
bUnresolved residues of the activation loop were modeled with MODELER (1 model).
cUnresolved residues of the activation loop were modeled with MODELER (3 different models).

(Protein Data Bank (PDB) code 2J0L, resolution 2.30 Å (Lietha et al. 2007)) and the non-

phosphorylated inactive conformation with the inhibitor staurosporine compound AFN941,

which binds to the ATP-binding pocket (PDB code 2J0J, resolution 2.8 Å (Lietha et al.

2007)). All nonprotein atoms were removed except in the simulation with ATP-Mg, where

ANP-PNP was mutated to ATP and the Mg atom was retained. In the inactive confor-

mation, residues 574 to 583 are unresolved and were modeled with MODELLER (Sali &

Blundell 1993). The residues Y576 and Y577 were simulated in both the nonphosphory-

lated and phosphorylated state. For the SuperFAK simulations, the K578E and K581E

mutations were introduced using the Mutate plugin in VMD (Humphrey et al. 1996). In

these simulations, Y576 and Y577 were not phosphorylated. The setup of all the simula-

tions is listed in Table 4.1.

MD simulations. MD simulations were performed with NAMD (Phillips et al. 2005)

using the CHARMM27 (Mackerell et al. 1998, Pavelites et al. 1997, Feng et al. 1996)

force field. The starting structures were immersed in a box of TIP3P water molecules

(Jorgensen et al. 1983) with a padding of 15 Å in all three dimensions using the Solvate

plugin in VMD. To neutralize the system, Na+ and Cl- ions were added at a physiological

concentration of 150 mM. First, the system was energy minimized for 2000 steps with the

protein coordinates fixed and additional 2000 steps without any restrains. The system was
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then heated up gradually from 0 to 310 K, increasing the temperature every 100 steps by

3.1 K. MD simulations were performed under constant pressure and temperature (NPT

ensemble) using Langevin dynamics with a damping factor of 1 ps-1 and Nose-Hoover

Langevin piston method with a damping time constant of 50 fs and decay period of 100 fs.

Long-range electrostatic forces were simulated using the particle mesh Ewald summation

with a grid size smaller than 1 Å. Full electrostatic interactions were calculated every 4th

step. Van der Waals interactions were calculated using a switching function starting at

10 Å with a cutoff at 12 Å. Rigid bond lengths and angles of water molecules were used

and an integration step of 1 fs was chosen. The repetitions of simulations were done with

identical starting structures with a different random number seed for the initial velocity

set at 310 K. After 10 ns, the root mean-square deviation (RMSD) of the protein with

respect to the crystal structure remained essentially constant (Fig. 4.6 in the Supporting

Material). Where specified, protein atoms were fixed for the first 2 ns to allow for an

optimal hydration of the ATP-binding pocket.

4.3.1 Analysis.

The trajectories were analyzed and visualized with VMD version 1.9. For the RMSD and

root mean-square fluctuation (RMSF) analysis, the backbone atoms of the protein were

aligned to the starting structure. Hydrogen bonds were assigned with distance and angle

cutoff at 3.5 Å and 30°. The analysis was performed using Java scripts developed and

tailored to our needs. The average distances d1 and d2 were tested with an unpaired

student’s t-test. The covariance matrix of the carbon alpha atoms was calculated from the

trajectories using Carma (Glykos 2006).

4.3.2 Computation.

All simulations were performed at the Swiss National Supercomputing Centre CSCS on a

Cray XE6. The systems contained around 45,000 atoms. In total, >3 µs were simulated.
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4.4 Results

This study only focuses on KD of FAK, without the FERM domain, and thus considers

events after the release of autoinhibition. Hereafter, we will furthermore differentiate the

two distinct conformations of the activation loop, whereby the structured activation loop

will be denoted with KD= and represents the catalytically active form of KD, which allows

substrate access to the active site (Cai et al. 2007), whereas we use KD⇡ for the catalytically

inactive conformation commonly associated with the unstructured activation loop. In the

crystal structure of KD⇡, residues 574 to 583 of the activation loop were unresolved and

thus modeled by an unstructured loop (Fig. 4.1 C).

4.4.1 ATP-binding pocket dynamics

Following the phosphorylation of the substrate and to proceed through the catalytic cycle,

ADP has to be released from the nucleotide-binding pocket of KD=. The ATP-binding

pocket resides between the N- and C-lobe of the kinase, formed by the G-loop and some

residues of the C-lobe (Fig. 4.1 D). Both, in the catalytically active (PDB 2J0L) and

inactive (PDB 2J0J) crystal structures, a ligand is bound to the nucleotide-binding pocket.

In the active structure, the nonhydrolysable ATP analog AMP-PNP is bound (Fig. 4.1 B),

whereas the kinase inhibitor staurosporine AFN941 stabilized the inactive conformation

(Fig. 4.1 C). To gain insights into the structural changes of the KD that happen upon

release of the nucleotide, we removed the ligand and replaced it with ⇠7-9 water molecules

using the Solvate plugin in VMD. Both structures were thus in an open configuration of

the ATP-binding pocket at time zero (Fig. 4.2 A). All simulations of unliganded KD were

repeated three times.

Although the nucleotide pocket remained open throughout the simulations in the KD⇡

simulations with the unstructured activation loop (Fig. 4.2 B, Movie S1, Movie S2), the

pocket was structurally unstable and transiently closed in the KD= configuration (Fig. 4.2

B, Movie S3, Movie S4). The conformational change from an open to a closed state is shown

in Fig. 4.2, C and D. The distance between the pocket-forming residues in both initial
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Figure 4.2: MD simulations of FAK’s unliganded KD. (A) Surface representation of initial struc-
tures without ligand and open ATP pocket. (B) Although the pocket is unstable and can close
when KD displays a structured activation loop (KD=) (t = 80 ns), the pocket remains open in the
conformation with the unstructured activation loop (KD⇡) (t =130 ns) (see also Movie S1. Non-
phosphorylated np-KD⇡ simulations, Movie S2. Phosphorylated p-KD⇡ simulations, Movie S3.
Nonphosphorylated np-KD= simulations, Movie S4. Phosphorylated p-KD= simulations, Movie
S5. Transient closure of the ATP-binding pocket in one np-KD= simulation, Movie S6. Open
ATP-binding pocket in one np-KD⇡ simulation, Movie S7. Simulations of three different modeled
activation loops of np-KD⇡, Movie S8. Nonphosphorylated np-KD= simulations with water pree-
quilibration and Movie S9. Phosphorylated p-KD= simulations with water preequilibration). (C)
Superposition of the initial (transparent) and final (solid) structures. (D) The residues forming
the binding pocket, both in the open (t = 0 ns) and closed (t = 80 ns) state. In the closed state,
the residues framing the pocket form hydrogen bonds (shown in red). (E) The average distance
d1 and d2 between the ATP pocket residues (residues I428-E506 and Q432-D546) are lower in the
six KD= simulations (blue) compared to six KD⇡ simulations (green). (F) Distances d1 and d2
plotted over time for one representative nonphosphorylated KD= and KD⇡ simulation. (G) The
number of hydrogen bonds between the upper and lower residues that frame the ATP pocket is
shown over time for the three repetitions of FAK with the unstructured (KD⇡) and structured ac-
tivation loop (KD=), respectively, in both the nonphosphorylated (np) and phosphorylated pY576
and pY577 (p) form. (H) Occurrence of hydrogen bonds between residues that frame the ATP
binding pocket. **P < 0.01, Student’s t-test.
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structures is around 10 Å and there are no hydrogen bonds between the upper (residues

426-432) and lower (residues 503-506, 546, 550) lobe of the pocket. When the groove

between the N- and C-lobes closed, the residues at the edge of the pocket formed several

backbone and side-chain hydrogen bonds (Fig. 4.2 D). For the KD= and KD⇡ simulations

in both the phosphorylated or nonphosphorylated form that were repeated three times,

the number of hydrogen bonds between the upper and lower lobe of the pocket is shown

over time (see Fig. 4.2 G) and as relative occurrence (see Fig. 4.2 H). In five out of six

KD= simulations, the pocket remained open. In one, it transiently closed for 24.3 ns. In

contrast, the pocket is unstable in five out of six simulations of KD⇡ within the simulated

timeframe of 130 ns. The dynamics of a nonphosphorylated KD= simulation, where the

pocket closes within the first nanosecond, and of one nonphosphorylated KD⇡ simulation

are shown in Movie S5 and Movie S6, and the other simulations are shown in Movies S1,

S2, S3, and S4.

Strikingly, the pocket dynamics depend on the configuration of the activation loop.

To further characterize the state of the ATP-binding pocket, two distances d1 and d2

between the pocket-forming residues (Fig. 4.2D) were quantified here as function of time.

The average distances d1 and d2 of the KD= simulations were significantly lower than

in the KD⇡ simulations (Fig. 4.2E). The distances d1 and d2 are shown over time for

a KD= and KD⇡ simulation with a nonphosphorylated activation loop (np-KD= and np-

KD⇡) in Fig. 4.2F and Movie S5 and Movie S6. Repeatedly, we observed a transient

closing of the pocket in KD= and the stably open pocket in KD⇡, irrespective of whether

the activation loop was phosphorylated on Y576 and Y577 or not. To exclude that the

initial conformation of the modeled part of the activation loop influences this result, we ran

additional three simulations of nonphosphorylated KD⇡ (np-KD⇡) for 130 ns with different

initial configurations of the modeled loop. As expected, only a few and transient hydrogen

bonds formed between the upper and lower lobes of the pocket (Fig. 4.7, Movie S7). To

exclude that the pocket closure resulted from insufficient initial solvation of the pocket,

we repeated the KD= simulations, where the protein atoms were fixed for the first two

nanoseconds (Fig. 4.8, Movie S8, Movie S9). During this period, around 22 water molecules
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filled the cavity. After release of the constraints, the pocket showed again unstable pocket

dynamics. The pocket closed in several simulations and similar hydrogen bonding between

the pocket-forming residues were observed as in the previous KD= simulations. In contrast

to the simulations with the first set of constraints (Fig. 4.2G), the preequilibration of

the water lead to a more transient closure of the ATP-binding pocket. The KD= pocket

can close and reopen within the simulated timeframe, which was not observed in the

KD⇡ simulations. Consistently, we find that the ATP-binding pocket is rendered into a

structurally instable state upon removal of an ATP analog, and this finding is independent

of how the cavity was filled with water molecules.

4.4.2 Effect of activation loop conformation on the nucleotide-

binding pocket dynamics

In the simulations of KD= that displayed the structured activation loop, the ↵C helix and

the G-loop moved rapidly toward the catalytic core (Fig. 4.2D), which closed the ATP-

binding pocket transiently. Both hydrophobic and electrostatic interactions of residues that

frame the catalytic core are regulating the ATP-binding pocket accessibility. The motion

of the ↵C helix is highly correlated with the motion of the G-loop (see covariance between

the ↵C helix and the G-loop in Fig. 4.4E) through a network of hydrophobic residues

including F533. In KD=, L567 of the activation loop stably pointed toward the C-lobe,

away from the ↵C helix (see Fig. 4.3B). The ↵C helix and the G-loop could swing down

to form a more compact, closed conformation. In this conformation, Q432 of the G-loop

formed a relatively stable hydrogen bond with D546 of the catalytic loop, which lies deeper

in the C-lobe (see Fig. 4.3B). These interactions were often seen when the ATP-binding

pocket was in a closed configuration.

In contrast and when simulating how KD⇡ with an unstructured activation loop equi-

librated after removal of the inhibitor, the ↵C helix did not swing down during our sim-

ulations (Fig. 4.2C). Instead, interactions between the ↵C helix and the activation loop

kept the nucleotide-binding pocket open. For instance, Q432 of the G-loop had several
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Figure 4.3: Mechanism of the transient closures of the nucleotide-binding pocket. (A) In KD⇡

with the unstructured activation loop (red and orange), L567 is mainly pointing toward the ↵C
helix (violet) and Q432 can form several hydrogen bonds with residues in the activation loop.
Note that the hydrogen bond partners (residues 566-572) are resolved in the crystal structure.
(B) In KD=, the activation loop (red) is structured. L567 is less flexible and points toward the
catalytic loop (green). Q432 forms a stable side-chain hydrogen bond with D546, which is part of
the catalytic loop.

hydrogen bond partners with the unstructured activation loop in KD⇡ (L567, S568, E572,

Fig. 4.3A). Note that these hydrogen bond partners are resolved in the crystal structure

and were not part of the modeled loop. Additionally, the hydrophobic residue L567, which

is part of the activation loop, pointed mostly toward the ↵C helix in the unstructured

conformation. Compared to KD=, the flexibility of these residues was greatly enhanced.

In one out of six simulations of the KD⇡, the nucleotide-binding pocket closed transiently

for 24.3 ns (Fig. 4.2E). During this period, D430 from the C-lobe formed two hydrogen

bonds with R550 of the N-lobe. In contrast to the KD= simulations, the ↵C helix did not

swing down. It was kept at its initial position through interactions with the activation

loop. The hydrogen bonds between the C- and N-lobe were not stable in Fig. 4.3, the

pocket opened again and remained open for the rest of the simulation. In summary, KD=

and KD⇡ promote opposite relaxation processes within the nucleotide-binding site of FAK.

4.4.3 Stabilization of the structured activation loop by ATP-Mg

Upon insertion of ATP together with an Mg ion into the nucleotide-binding pocket of KD=

by mutating ANP-PNP of the crystal structure to ATP, the fluctuations between the N-

and C-lobe were lowered. The presence of ATP thus stabilized the protein and increased the

correlation of the motions of the two lobes (see Fig. 4.4, E and F). Most importantly and
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in addition to this general stabilizing effect, ATP directly interacted with the structured

conformation of the activation loop. The local RMSF of the carbon alpha atoms of the

activation loop decreased when ATP was bound (Fig. 4.4A). The �-phosphate formed a

salt bridge with the amine of K583 in the activation loop (Fig. 4.4C). The distance between

the two atoms is plotted over time in Fig. 4.4D. During the simulated 100 ns, the salt

bridge was present 72% of the time. This interaction lowered the RMSF of the activation

loop between the second short �-strand and the APE motif (residues 578-592, Fig. 4.5A,

inset).
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4.4.4 Electrostatic switch that connects the activation loop to the

catalytic site

Because the catalytic activity of FAK was reported to be much higher when the activation

loop is phosphorylated at Y576 and Y577 (Lietha & Eck 2008, Calalb et al. 1995), we asked

how the phosphorylated residues of the activation loop would interact with the catalytic

core. An electrostatic network of conserved charged residues, including the phosphorylated

tyrosines, connects the activation loop to residues of the catalytic site, which is thought to

regulate catalytic activity (Johnson et al. 1996). The phosphorylated tyrosine residue 577

interacted in KD= with R545 and R569 (Fig. 4.5A). In this conformation, the catalyti-

cally important residue D546 and the ATP positioning K454 and E471 were in a position

favorable for catalysis, and did not interact with the two arginine residues R545 and R569.

It was observed in one simulation of KD⇡ that this electrostatic network can be switched

off. While Y577 was far away from the active site, E471 in the activation loop flipped and

interacted with R545 and R569 (Fig. 4.5B). This inactive, switched-off state was reached

rapidly in one simulation and remained stable over the simulated 130 ns. Although we did

not observe differences of the nanosecond ATP-pocket dynamics upon phosphorylation of

the activation loop (Fig. 4.2G), we show that the phosphorylated residues Y576 and Y577

of the activation loop interact with catalytically important residues through a network of

charged residues.

Finally, it is known that point mutations in the activation loop (K578E, K581E) can

increase the catalytic activity of FAK’s KD in vitro, which leads to the name superFAK

(Gabarra-Niecko et al. 2002). Upon removal of either the ATP analog, or of the inhibitor

staurosporine, and by mutating residues K578 and K581, the simulations of the SuperFAK

showed the same behavior as seen previously for the wild-type: the ATP-binding pocket

was structurally unstable when the activation loop was structured, but remained open

when the activation loop was unstructured. The activating mutations K578E and K581E

of the SuperFAK both interacted via salt bridges with R569 and R545 (Fig. 4.5C). In one

simulation, E578, and in another, E581 interacted electrostatically with R569, very similar
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Figure 4.5: Electrostatic switch that controls catalytic activity. (A) In the on-state of the switch,
the phosphotyrosine pY577 interacts with R569 and R545 and the characteristic salt bridge of
an active kinase between K454 and E471 is formed. Note that the activation loop is structured
(KD=) (B) In the off-state, E471 does not interact with K454, but with the two arginine residues
R569 and R545. The activation loop (red) is unstructured (KD⇡) and pY577 is distant to R545
and R569. (C) The two mutated residues E581 and E578 of SuperFAK= interact electrostatically
with R569 and R545.

to pY577 in the phosphorylated-KD= simulations. Most commonly, only one of the two

glutamate residues interacted with R569, and the other pointed toward the solvent, like

pY576 in the KD= simulations. This position is directed toward the autoinhibitory FERM

domain in FAK. In Fig. 4.5C, an intermediate state is shown, where the two mutated

residues interacted simultaneously with R569.

4.5 Discussion

Two different conformations of FAK’s KD are known, one of the phosphorylated kinase in

complex with a nonhydrolysable ATP analog that is catalytically active (Fig. 4.1B), as

well as one of the inactive KD in the presence of an inhibitor (Fig. 4.4C) (Lietha et al.

2007). We could therefore study the dynamics of the relaxation processes within KD upon

either removal of the ATP analog (Fig. 4.2A; KD=) or of the inhibitor (Fig. 4.2A; KD⇡).

The most significant finding of our MD simulations is that the ATP-binding pocket is

structurally unstable upon removal of the ATP analog from FAK’s KD=, which displays

the structured activation loop (Fig. 4.2B and Movies S3, S4, S5, S8, and S9). In contrast,

the pocket remained open after removal of the inhibitor from KD⇡ in its catalytically



40 Chapter 4. Multiple Steps to Activate FAK’s Kinase Domain

inactive configuration that displays the unstructured loop (Fig. 4.1B, Movie2 S1, S2, S6,

and S7). This outcome was perhaps unexpected, because one could have expected that the

active KD= has a stably opened ATP-binding pocket, as is the case for PKA (Akamine

et al. 2003). Based on these findings, we would like to suggest that the transient closure

of the ATP-binding pocket of KD= reduces the on-rate of ATP, as the probability of a

collision leading to a binding event is decreased when the pocket is closed. Our simulations

thus suggest a multistep-structural model in which ATP might preferentially bind the

inactive conformation of FAK’s KD that displays the unstructured activation loop, and not

as previously expected the active conformation with the structured activation loop. MD

simulations allowed us for the first time, to our knowledge, to capture that the ATP-binding

pocket undergoes major structural fluctuations after removal of the ATP analog, dynamics

that cannot easily be captured by experimental techniques. Approaches that could verify

the proposed mechanisms include conformational sensitive fluorescence resonance energy

transfer sensors or NMR spectroscopy as it was used for example to study the dynamics

of cAPK (Li et al. 2001) or PKA (Masterson et al. 2008).

Positional isotope exchange experiments with [�-18O]ATP and viscogen experiments

show a slow, viscosity depending step upon nucleotide binding and after phosphoryl transfer

but before product release (Schneck et al. 2010). Schneck et al. proposed that the slow

step (k
conf

⇡ 0.1 s-1) corresponds to the conformational change of the activation loop. In

agreement with this, our simulations suggest that ATP might preferentially bind KD⇡

displaying the unstructured activation loop, rather than KD=. Additionally, we observed

a stabilizing function of ATP on interlobal dynamics and fluctuations of the structured

activation loop (see Fig. 4.2F), suggesting that ATP-binding might subsequently facilitate

the conformational transition from an unstructured to a structured display of the activation

loop.

Toward the functional role of phosphorylating the activation loop of KD, it is known

that the nonphosphorylated FAK can be catalytically active, but the catalytic activity of

FAK in solution is much higher when the activation loop is phosphorylated at Y576 and

Y577 (Lietha et al. 2007, Calalb et al. 1995). The phosphorylated activation loop can
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thereby interact with catalytically important residues through electrostatic interactions

(Johnson et al. 1996). Both the active and inactive crystal structures of FAK showed the

characteristic salt bridge between E471 and K454. Upon equilibration of the crystal struc-

tures in explicit water, we observed here the inactive state characterized by a flip of E471

in the ↵C helix (Fig. 4.5B), similar to crystallographic structures of other inactive kinases,

for example Hck (Sicheri et al. 1997). Y576 and Y577 were far away from the network

in the unstructured loop, leaving R569 free to interact with E471. Phosphorylation of

the activation loop allows Y577 to interact favorably with catalytically important residues

in the structured conformation of the loop, which might explain the increase in catalytic

activity of FAK upon phosphorylation (Lietha et al. 2007, Calalb et al. 1995). Similarly,

we found here that mutated E581 and E578 interacted with the electrostatic network (Fig.

4.5C).

In other kinases, a displacement of the ↵C helix has been seen between the active and

inactive structures and a swing of the ↵C helix away from the active site was related to their

inactivation (Kornev & Taylor 2010). Similar to the pocket closure here, a domain closure

between the N- and C-lobe was observed in a MD simulation study of ERK2 (Barr et al.

2011). The authors of the ERK2 study considered the closure as the first step of kinase

activation. Simulations by others might further suggest that the mechanism of nucleotide-

binding pocket accessibility might work differently in other kinases. For instance, in CDK5,

the opposite behavior to FAK was observed (Berteotti et al. 2009). The atomistic, meta-

dynamic simulations show that ATP cannot bind the closed, i.e., the conformation with

the unstructured activation loop. In PKC✓, MD simulations show that phosphorylation

instead of activation loop conformation regulates ATP-binding pocket accessibility (Seco

et al. 2011)). It is plausible that different kinases show different mechanisms of activation

and action, especially as the inactive conformations of kinases are diverse (Nolen et al.

2004, Jura et al. 2011, Huse & Kuriyan 2002). Other kinase like PKA also show a confor-

mational change in their catalytic cycle, but their rate constant k
conf

is two to three orders

of magnitude higher (Shaffer & Adams 1999) and might be related to a different mecha-

nism. Indeed, the conformational changes of PKA upon ligand binding are not related to
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the activation loop, but to small changes in an allosteric network around the ligand binding

pocket and at distal sites of the kinase (Masterson et al. 2008). The different mechanism

might have been evolved due to the specific requirements of different signaling pathways

and subcellular localization of the two kinases in their catalytically active or inactive states.

What might be the physiological significance of the results reported here for FAK? We

would like to propose that the structural instability of the ATP-binding pocket of FAK’s

KD slows down its catalytic rate because transient closures of the ATP-binding pocket

will reduce the ATP on-rate. Taking these short cat naps before starting a next catalytic

cycle might give the phosphorylated substrate sufficient time to diffuse away from FAK’s

KD, rather than to rebind. Adjusting the ATP on-rate kinetics of a kinase in the catalytic

cycle might be particularly important in environments where the diffusion rate of the

substrate is slowed, for example by spatial confinement or by crowded conditions. FAK is

one of the most upstream tyrosine kinases orchestrating the formation of focal adhesions

(Mitra et al. 2005, Zaidel-Bar et al. 2007, Lawson et al. 2012). FAK is therefore recruited

to the plasma membrane where it is subsequently catalytically active in crowded protein

environments (Kanchanawong et al. 2010, Seong et al. 2010). In the crowded environments

of focal adhesions, it has been shown already that the diffusion rate of various proteins

is slowed compared to that in the cytosol (Wolfenson et al. 2009). Tuning catalytic cycle

rates of a kinase to the substrate diffusion rates by transient closures of the ATP-binding

pocket might decrease the risk of a blocking association of a phosphorylated substrate.

One could also imagine that binding of a regulatory protein to the kinase domain of FAK

could perhaps alter the pocket dynamics and consequently influence the catalytic cycle.

Finally, FAK overexpression is observed in many cancer cells and often associated with

poor prognosis (Golubovskaya 2010). Several ATP-competitive (Roberts et al. 2008, Slack-

Davis et al. 2007, Liu et al. 2007, Lietha & Eck 2008) and allosteric (Golubovskaya et al.

2008) inhibitors of FAK were developed recently, some of which are in clinical trials (In-

fusino & Jacobson 2011). The insights of this study on the mechanism of FAK might

furthermore provide hints for a rational, structure-based design of inhibitors. Most kinase

inhibitors bind competitively to the ATP-binding pocket. As the pocket-forming residues
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are highly conserved, selectivity is a major issue (Cowan-Jacob et al. 2009). Given that

the kinase has to undergo conformational changes before and after phosphoryl transfer,

small molecules that block the kinase in any state of the catalytic cycle could inhibit its

activity. For instance, one could target the ATP-bound kinase and stabilize this conforma-

tion. Candidate target sites include regions that are less conserved than the ATP-binding

pocket, which could lead to inhibitors with improved kinase specificity.
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4.6 Supporting Material

4.6.1 Supporting Figures
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Figure 4.6: Root mean square deviation of all simulations. The root mean square deviation
(RMSD) of the backbone atoms with respect to the initial structure are shown. (A) Nonphospho-
rylated (np) KD= simulations, (B) phosphorylated (p) KD= simulations, (C) np-KD⇡, (D) p-KD⇡

simulations. (E) Simulations including ATP-Mg. (F) SuperFAK (K578E, K581E) simulations.
(G) np- and p-KD= control simulations, where the protein atoms were fixed for 2 ns to allow for
optimal hydration. (H) np-KD⇡ control simulations with three different initial configurations of
the activation loop. KD= corresponds to FAK with the structured activation loop, while KD⇡

denotes the conformation with the unstructured activation loop.



4.6. Supporting Material 45

 

 
 

Time [ns]

np

p

Number of H-bonds between upper and lower lobe of the pocket

K
D

≈

0 130120110100908070605040302010

 

 

np*

0 20 40 60 80 100

H−Bond Occurrence [%]

 

 

0

1

2

3

4

5

6

np

p

np*

Figure 4.7: Control simulation with different initial configurations of the modeled loop. Hy-
drogen bonding between the upper and lower pocket forming residues over time, as well as their
occurrence is shown for the three nonphosphorylated control simulations np* and the other non-
phosphorylated and phosphorylated np- and p-KD⇡ simulations.
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Figure 4.8: Control simulation where the water was pre-equilibrated first for 2 ns with protein
atoms fixed. Hydrogen bonding between the upper and lower pocket forming residues over time,
as well as their occurrence is shown for the control simulations KD= with and without phospho-
rylation of Y576 and Y577 (p* and np*) and the simulations of KD= without preequilibration of
water (p and np).
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4.6.2 Supporting Movies

Movie S1. Nonphosphorylated np-KD⇡ simulations. Surface representation of the three

nonphosphorylated np-KD⇡ simulations with the unstructured activation loop.

Movie S2. Phosphorylated p-KD⇡ simulations. Surface representation of the three

phosphorylated p-KD⇡ simulations with the unstructured activation loop.

Movie S3. Nonphosphorylated np-KD= simulations. Surface representation of the three

nonphosphorylated np-KD= simulations with the structured activation loop.

Movie S4. Phosphorylated p-KD= simulations. Surface representation of the three

phosphorylated p-KD= simulations with the structured activation loop.

Movie S5. Transient closure of the ATP-binding pocket in one np-KD= simulation.

Cartoon and surface representation of nonphosphorylated KD= with the structured acti-

vation loop. The ATP-binding pocket is enlarged on the lower left, and the two distances

d1 and d2 are plotted over time. First, the initial structure is shown with AMP-PNP

and Mg for reference, followed by the 130 ns simulation without ligand. The ATP-binding

pocket closes and hydrogen bonds are formed between the pocket-forming residues.

Movie S6. Open ATP-binding pocket in one np-KD⇡ simulation. Cartoon and surface

representation of nonphosphorylated KD⇡ with the unstructured activation loop. The

ATP-binding pocket is enlarged on the lower left, and the two distances d1 and d2 are

plotted over time. First, the initial structure is shown with the inhibitor in the ATP-

pocket, followed by the 130 ns simulation without ligand.

Movie S7. Simulations of three different modeled activation loops of np-KD=. Surface

representation of the three different initial configurations of nonphosphorylated np-KD⇡

with the unstructured activation loop.

Movie S8. Nonphosphorylated np-KD= simulations with water preequilibration. Sur-

face representation of the three nonphosphorylated np-KD= simulations where water was

pre-equilibrated for 2 ns to allow for an optimal hydration of the ATP-binding pocket.
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Movie S9. Phosphorylated p-KD= simulations with water preequilibration. Surface

representation of the three phosphorylated p-KD= simulations where water was preequili-

brated for 2 ns to allow for an optimal hydration of the ATP-binding pocket.
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4.8 Follow-up study: Computational Drug Screening

As mentioned in the last paragraph of the discussion, the insights from the MD simulations

and the trajectories themselves could be used for computational drug screening. Since the

kinase undergoes conformational changes in the activation loop before and after phosphoryl

transfer, it would be very interesting to try to stabilize the activation loop with small

molecules, and therefore block the kinase in one state of the catalytic cycle. In collaboration

with the "Computer-assisted drug design" group at ETHZ, we launched a computational

screening to find a novel small molecule inhibitor for the FAK and tested various compounds

in vitro. Unfortunately, we did not find a small molecule that modulated the activity of

the kinase. However, the study is conceptually interesting how MD can be used for the

identification of target sites (see Appendix A).





Chapter 5

Testing the MARTINI Model for

Protein-Lipid Interactions

The work of this chapter has been published in the Journal of Chemical Theory and Compu-

tation. Reprinted with permission from Herzog F. A., Lukas Braun, Ingmar Schoen and

Vogel V., Improved Side Chain Dynamics in MARTINI Simulations of Protein-Lipid In-

terfaces, Journal of Chemical Theory and Computation, April 4, 2016, Vol 12, 2446-2458.

Copyright 2016 American Chemical Society. F.A.H., I.S., and V.V. designed research;

F.A.H. run all the simulations but the ones including the a-spectrin SH3 domain, the B1

domain of protein G and the villin headpiece, which were performed by L.B. F.A.H and

L.B. analyzed the data. All authors discussed the results and wrote the manuscript.

5.1 Abstract

Specific interactions of protein side chains and lipid membranes regulate the localization,

orientation, and activity of many peripheral proteins. Here, we introduce a modification

of the coarse-grained MARTINI protein model, called ’side chain fix’ (scFix), that was

necessary and sufficient to correctly sample the side chain dynamics of b-strands in several

globular proteins. When compared to µs long atomistic simulations or previous experimen-
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tal findings, scFix MARTINI simulations reproduced all key interactions between the well-

studied PLC-d1 pleckstrin homology domain and a phosphatidylinositol-4,5-bisphosphate

(PIP2) containing lipid membrane. Moreover, the extended runtime and higher sampling

speed enabled the systematic mapping of the protein’s rolling motion at the membrane, the

identification of short-lived and stable binding orientations, as well as the verification and

prediction of already known and of novel transient PIP2 binding sites. scFix also showed

promise to maintain proper side chain orientation in other secondary structural motifs of

the a-spectrin SH3 domain, the B1 domain of protein G, and the villin headpiece. This

suggests that scFix improves on the predictive power of MARTINI simulations regarding

protein-lipid and protein-ligand interactions.

5.2 Introduction

A large number of cytosolic proteins interact with components of the different membranes

in cells, either directly by protein-lipid or indirectly by protein-protein interactions (Cho

& Stahelin 2005). Investigating how these peripheral proteins bind to membranes is chal-

lenging due to the limited spatiotemporal resolution of experimental techniques and the

transient nature of most interactions. Coarse-grained (CG) models for studying protein-

membrane interactions (Lindahl & Sansom 2008, Kalli & Sansom 2014) are promising to

sample relevant time-scales at moderate computational cost but require proper validation

by comparison to experimental findings and to state-of-the-art atomistic MD simulations

(Monticelli et al. 2008, de Jong et al. 2013). With the goal to improve on the predictions

how folded proteins interact with the cell membrane, we systematically explored here to

what extent the popular CG MARTINI force field reproduces the well-studied binding of

the phospholipase C-d1 (PLC-d1) pleckstrin homology (PH) domain to a model lipid bi-

layer. In the MARTINI model, roughly 4 heavy atoms are mapped into one CG bead,

and its nonbonded parameters were determined by matching experimental thermodynamic

data, including the partitioning free energy between aqueous and organic phases (Marrink

et al. 2007, Marrink & Tieleman 2013). The original force field was developed for lipids and
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has been extended to other biomolecules, such as proteins (Monticelli et al. 2008), fullerenes

(Wong-Ekkabut et al. 2008), carbohydrates (López et al. 2009), glycolipids (López et al.

2013), crystalline cellulose microfibers (López et al. 2015), and DNA (Uusitalo et al. 2015).

In the MARTINI protein model, amino acids consist of one backbone bead and zero to four

side chain beads, depending on the size of the side chain (Monticelli et al. 2008, de Jong

et al. 2013). To preserve the structure of the proteins without the explicit modeling of

hydrogen bonds, a network of elastic bonds connecting the backbone beads is commonly

applied, which still allows for a certain flexibility of the scaffold (Fig. 5.1A) (Periole et al.

2009). While the CG model was originally validated for the interactions of single amino

acids and short peptides with model membranes (Monticelli et al. 2008, de Jong et al.

2013), it was later used to simulate the interactions of folded proteins with lipids (Kalli &

Sansom 2014, Psachoulia & Sansom 2008, Cojocaru et al. 2011, Balali-Mood et al. 2009,

Lumb & Sansom 2013, 2011, Kalli et al. 2011, Karo et al. 2012, Feng & Mertz 2015, Li

& Gorfe 2012) without proper validation of the side chain orientations. In contrast to

short peptides, formation of secondary structure in folded proteins constrains the rota-

tional flexibility of residue side chains. We here question whether these constraints are

sufficiently represented in the MARTINI model, which could impact protein-lipid interac-

tions. Already well-known limitations of the MARTINI protein force field are the enforced

conservation of secondary and tertiary structures that inhibit large-scale conformational

changes (Monticelli et al. 2008, Periole et al. 2009), the bias of the entropy/enthalpy bal-

ance (Monticelli et al. 2008), overestimated protein-protein interactions (Stark et al. 2013),

and the potential influence of the elastic network on protein-protein or protein-ligand in-

teractions (Li & Gorfe 2012). As it is largely unclear to which extent these or perhaps

other so far unrecognized shortcomings affect the validity of simulations, our goal here was

to benchmark the performance of MARTINI for protein-lipid interactions in the context

of binding of peripheral proteins to a lipid membrane.

The PH domain of PLC-d1 was chosen as a test case, because it has been studied

extensively experimentally (Garcia et al. 1995, Paterson et al. 1995, Lemmon et al. 1995,

Ferguson et al. 1995, Tuzi et al. 2003, Flesch et al. 2005, Uekama et al. 2007, 2009, Tanio &



52 Chapter 5. Testing the MARTINI Model for Protein-Lipid Interactions

E39 − R40

−180 −90 0 90 180
0

0.1

0.2

Dihedral Φ  [deg]

P
(Φ

)

MARTINI

X-RAY

E39

R40

F41
E39

R40

F41B

Atomistic

MARTINI
x-ray

C

SC

BB
BB

SC

Φ
BB

SC

SC

BB

SC
BB

A MARTINIAtomistic

backbone

H-bond network

elastic

network

P
H

 d
o
m

a
in

N
C

Figure 5.1: Unrealistic side chain flexibility of b-strands in conventional coarse-grained (CG)
MARTINI simulations. A) Illustration of the PLC-d1 PH domain (pdb 1mai) in an atomistic (left)
and the coarse-grained (right) representation. B) Representative example how the side chain of
R40 flipped into an unnatural orientation in the conventional MARTINI simulations (red). The
initial conformation of R40 in the crystal structure of PLC-d1 is shown in gray. C) Distribution
of the E39-R40 dihedral angle � for the 3 x 100 ns atomistic (black) and 3 x 1000 ns conventional
MARTINI simulations (red) in solution. The dihedral angle of the crystal structure is shown as a
dashed line.
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Nishimura 2012, 2013) and computationally (Psachoulia & Sansom 2008, Singh & Murray

2003, Lomize et al. 2006). It binds to phosphatidylinositol-4,5-bisphosphate (PIP2) with

high specificity and affinity (Garcia et al. 1995, Lemmon et al. 1995). The phospholipase

thereby enriches at PIP2-containing lipid membranes where the catalytic domain hydroly-

ses other PIP2 molecules in its vicinity into inositol-trisphosphate (IP
3

) and diacylglycerol

(Rebecchi & Pentyala 2000, McLaughlin et al. 2002, Lemmon 2008, Suh et al. 2008). The

PH domain is a common motif of several peripheral membrane-binding proteins, including

Btk, GRP1, and Akt/PKB, and consists of a b-sandwich that is capped by a C-terminal

a-helix on one side (Lemmon & Ferguson 2000). In a crystal structure of the PLC-d1 PH

domain, the PIP2 headgroup IP
3

is bound in a positively charged region opposite to the

C-terminal a-helix (a3) and interacts with the loops between strands b1-b2 (K32-W36),

b3-b4 (E54-Q65), and T107 in loop b6-b7 (Ferguson et al. 1995). The engagement of K57

in IP
3

binding was confirmed by solution NMR (Tanio & Nishimura 2013). It was fur-

ther shown that the b6-b7 loop plays a critical role in membrane targeting as revealed by

the intracellular localization of chimeric, GFP-tagged PH domains (Várnai et al. 2002).

Regions around the IP
3

binding site are also thought to participate in (nonspecific) mem-

brane interactions. Based on energetic calculations, hydrophobic residues in the b3-b4 loop

(V58, M59) were predicted to insert into the hydrocarbon core of the membrane (Lomize

et al. 2007). In addition to these two residues, the closeby and short amphiphatic a-helix

a2 (E82-A88) between strands b5-b6 can engage in IP
3

binding, as revealed by decreased

binding affinity of mutants K86P and F87A (Tanio & Nishimura 2012, 2013). Chemical

shifts in A88 were observed upon binding to a PIP2-containing membrane in solid-state 13C

NMR experiments (Tuzi et al. 2003, Uekama et al. 2007, 2009) and attributed to hydropho-

bic interactions with the lipid bilayer. Overall, several basic residues on this face of the

protein create a strong electrostatic polarization of the domain that is assumed to aid the

global orientation of the PH domain at negatively charged membranes (Lumb & Sansom

2011, Ferguson et al. 1995, Singh & Murray 2003). Taken together, these findings suggest

that the PH domain has a unique orientation at the membrane that is centered around the

PIP2 binding site and stabilized by several nonspecific interactions with residues at this
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membrane-facing side. Although this view is supported by 20-30 ns short atomistic MD

simulations that used exactly this starting configuration (Psachoulia & Sansom 2008), the

interpretation of other (partially contradictory) experimental findings remains controver-

sial (Tuzi et al. 2003, Flesch et al. 2005, Uekama et al. 2007, Tanio & Nishimura 2012,

Várnai et al. 2002). First, the reversible binding of PLC-d1 PH domains to a monolayer

did not lead to detectable changes in the monolayer pressure (Flesch et al. 2005), question-

ing the degree of membrane insertion. Second, the C-terminal a3 helix which is located

opposite to the canonical binding interface was critical for targeting the PH domain to the

plasma membrane (Várnai et al. 2002). Third, chemical shifts upon membrane binding

were also observed at another distant site (A112) (Tuzi et al. 2003, Uekama et al. 2007,

2009), giving rise to speculations about allosteric conformational changes. Many open

questions thus remain: How can residues on opposite sides of the PH domain contribute

to membrane binding? Is there only one unique orientation at the membrane? Which

residues penetrate into the membrane or interact nonspecifically with lipid head groups?

Does PIP2 bind only to the IP
3

binding site, or do secondary binding sites exist? So far, no

validated technique is available to address these questions at near atomistic resolution and

with appropriate dynamic and statistical sampling. To improve on the use of CG models

for studying protein-lipid interactions we proceed as follows: first, we describe a systematic

problem of the conventional MARTINI model that causes unrealistic side chain orientations

in b-strands of globular proteins and propose a solution to it. Subsequently, we use the

membrane binding of the PH domain as a model system to benchmark the performances of

the original and our modified MARTINI models with respect to atomistic simulations. The

improved MARTINI model is then applied to study protein-membrane interactions over

extended time scales with unprecedented statistics. Finally, the implications are discussed

in the context of existing literature.
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5.3 Results

Since correct side chain orientations of proteins play a crucial role in their specific inter-

actions with the environment, we tested whether the conventional CG MARTINI model

faithfully reproduces the distributions observed in atomistic simulations. Specifically, we

analyzed how the orientation of side chains in the PH domain affects its membrane binding

in the presence of PIP2 in a fluid lipid membrane.

5.3.1 Analysis of Side Chain Rotations Using the Conventional

MARTINI Protein Model

During conventional CG MARTINI simulations of the PH domain of PLC-d1 in solution,

we regularly observed torsional flipping of residues within b-strands around the backbone.

One such example is residue R40 as illustrated in the overlay of a simulation snapshot with

the crystal structure (Fig. 5.1B). Once flipped, the positively charged R40 interacts with

the negatively charged E39 at the surface of the protein. The orientation of side chains

can be quantified by the distribution of their dihedral angle �, which is defined as the

angle between the two planes through the backbone (B) beads and the respective first side

chain (S) beads (Fig. 5.1C, inset). The representative case of the amino acid pair E39-R40

is shown in Fig. 5.1C as a red line. In reality, however, a b-strand side chain flip is not

probable because it interferes with the hydrogen-bonding network that defines the b-sheet.

As the conventional MARTINI topology does not explicitly model hydrogen bonds, it lacks

these natural restrictions on side chain rotational flexibility. As a result, dihedral angle

distributions derived from MARTINI simulations were smeared-out or were significantly

displaced (Fig. 5.1C and Fig. 5.2D, red lines). In contrast, the orientation of the side

chains in atomistic simulations more closely resembled those from the crystal structure,

and concomitant dihedral angles (using the center of mass of the atoms that represent a

CG bead) had narrower distributions (Fig. 5.1C and Fig. 5.2D, black lines). In total, 16

out of 30 b-strand dihedral angles in the MARTINI simulations of the PH domain spent
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more than 50% of the simulation time outside the range that was sampled by atomistic

simulations.

5.3.2 Restraining the Torsional Flexibility of Protein Side Chains

in MARTINI

To improve on the agreement between CG and atomistic simulations, we modified the

MARTINI topology by adding a torsion potential Vd on the dihedral angle of amino acids

that are part of b-strands. The potential was modeled according to eq 5.1

V

d

(�) =
1

2
k[1� cos(�� �0)] (5.1)

where k is a force constant, and �0 is the phase angle (Fig. 5.2A). This potential biases

the relative orientation of side chains toward the chosen phase angle. In our model, the

phase angle was set to the respective dihedral angle in the protein structure (either X-ray

or NMR). To determine an appropriate force constant, we tested different values (k = 5,

10, 25, 50, 100, 200 kJ mol-1). With increasing force constant, the angular distributions of

dihedral angles became narrower and evermore closely centered around the reference phase

angle (Fig. 5.2B). Qualitatively, the width and position of the distribution matched the

distribution from the atomistic simulations best at some intermediate potential strength.

As a measure of similarity, the residual sum of squares (RSS) between the dihedral angle

distributions from the modified MARTINI simulations and the atomistic reference simula-

tions was calculated and averaged over all dihedral angles in b-strands. The RSS difference

was minimal at a value of k = 25 kJ mol-1, which corresponds to ⇠10 times the thermal

energy kT, and improved the RSS by more than 40% compared to the unconstrained case

(Fig. 5.2C), leading to an improved agreement of dihedral angle distributions with the

atomistic simulations for all amino acids within b-strands (Fig. 5.2D). To avoid ill-defined

dihedral angles arising from the colinearity of the three beads that define one plane, re-

stricted bending potentials (Bulacu et al. 2013) were used that led to stable simulations
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Figure 5.2: Restraining side chain flexibility in b-strands by torsional potentials (“scFix”). A)
Potentials were applied on the dihedral angles between neighboring side chain (SC) and backbone
(BB) beads with a force constant k. B) Effect of torsion potentials with different force constants
k (same color-code as in C and D) on the distribution of dihedral angle E39-R40. C) Dihedral
potentials applied on all b-strand residues of the PH domain improved the residual sum of squares
(RSS) between the dihedral distributions of the atomistic and the coarse-grained simulations. A
minimum was found for a force constant of k = 25 kJ mol-1. D) Dihedral distributions of all
b-strand residues of the PLC-d1 PH domain for the atomistic (black, 3 x 100 ns), the conventional
MARTINI simulations (red, 3 x 1000 ns), and the scFix MARTINI simulations (blue, 3 x 1000
ns). As a reference, the corresponding dihedral angles in the crystal structure (1mai) are shown
as dashed lines.
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with a 20 fs time step, but did not significantly affect the distributions of the S
i

B
i

B
i+1

and B
i

B
i+1

S
i+1

angles themselves (Fig. 5.8). A VMD tcl script that automatically creates

the additional bending and torsion potentials for the MARTINI protein topology from a

protein structure can be found in the Supporting Information (Supplementary Script S1).

Our modification to the protein force field is defined hereafter as side chain Fix (scFix)

MARTINI.

To test whether the addition of torsional potentials can be used as a general tool to

improve side chain orientations in proteins, we applied dihedral potentials with different

force constants to all amino acid residues and studied four different proteins in solution

(Fig. 5.3): the PH domain, the a-spectrin Src homology (SH3) domain (representing an

all-b class protein), the B1 domain of Streptococcal protein G (representing an a+b class

protein), and the villin headpiece subdomain (representing an a class protein). Amino

acids were classified according to their respective secondary structure into b-strands, a-

helices, turns, or coil structures, and their side chain dihedrals were analyzed as described

before. The addition of dihedral potentials consistently reduced the RSS of b-strands in

each protein, with an optimum force constant between 25 and 100 kJ mol-1 (Fig. 5.3A-

C). The same consistent improvement for b-strands was observed when using the overlap

(rather than the RSS) between coarse-grained and atomistic distributions as a measure

of similarity (Suppl. Fig. 5.9A-C). For the other secondary structure classes, the effects

were heterogeneous and more difficult to interpret. The application of dihedral potentials

worsened the RSS for a-helices, coils, and turns in the PH domain (Fig. 5.3A), while it led

to minor improvements in the SH domain, the B1 domain, and the villin head piece (Fig.

5.3B-D). Judged by the overlap criterion, dihedral potentials seemed to generally improve

side chain orientations in a-helices and coils, as benchmarked against atomistic simulations,

although not as much as in b-strands and at comparably lower force constants (Suppl. Fig.

5.9A-D). We conclude that the unrealistic flexibility of MARTINI side chain beads is a

primary problem for b-strands and restricted the application of dihedral potentials for the

following investigation of the PH domain to b-strands alone.
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5.3.3 Membrane Binding of the PH Domain at Atomistic Resolu-

tion

As a benchmark for studying protein-membrane interactions with CG simulations, we

first simulated the membrane binding of the PLC-d1 PH domain by atomistic molecular

dynamics using short-tailed lipids with accelerated lateral diffusion (Ohkubo et al. 2012).

The PH domain was modeled according to the crystal structure in which a bound IP
3

molecule is resolved (Fig. 5.4A). The lipid bilayer contained 90% of truncated PE and PC

(3:1 ratio) and 7% PIP2. The PH domain was initially placed with a random orientation

40 Å away from the equilibrated membrane (Fig. 5.4B), and three independent simulations

were run for 1.5 µs.

In each of the three simulations, the PH domain bound in distinct orientations to the

lipid membrane within the first 90-200 ns and remained attached until the end of the 1500

ns long simulations (Fig. 5.10). During the remainder of the simulation time, no major

reorientation with respect to the membrane occurred (see Fig. 5.5B, Movies S1, S2, S3).

We will call the three binding orientations States I, II, and III, respectively (Fig. 5.4C-E).

In State I (Fig. 5.4C), the dipole vector of the protein points toward the negatively

charged membrane, which is energetically favorable. One residue of the b1-b2 loop (Trp36)

and two residues of the b3-b4 loop (Val58, Met59) inserted into the membrane. Five PIP2

molecules bound to the PH domain, one of which was close to the binding site, interacting

with residues of the b1-b2 loop (Lys32, Trp36, Arg38), of the b3-b4 loop (Lys57, Arg60),

and of the b7-b8 loop (Arg105).

In State II (Fig. 5.4D), the PH domain showed a slightly tilted orientation with the

dipole vector of the PH domain forming an angle of ⇠120° with the normal of the mem-

brane. A large part of the b3-b4 loop (K57-P62) inserted into the lipid bilayer. Four PIP2

molecules bound to the PH domain, with two of them interacting with the b1-b2, b3-b4,

and b7-b8 loops.

In State III (Fig. 5.4E), the PH domain was lying upside-down with its dipole vec-

tor pointing away from the membrane, with the C-terminal a3-helix in contact with the
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initially placed in the solvent (t = 0 ns), diffused to the membrane (t = 90 ns), and remained
bound to the membrane during the MD simulation (t = 1500 ns). After 1500 ns, three different
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Figure 5.5: Orientation of the PLC-d1 PH domain at the membrane in atomistic and coarse-
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simulations, while mainly two states were sampled in the scFix MARTINI simulations. C) Evo-
lution of the distribution over time for the conventional MARTINI (see also Movie S4). D) A net
flux from State III to either I or II was observed within 2 µs of simulation time. E) Evolution of
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membrane. Only R80 slightly inserted into the membrane. In total, four PIP2 molecules

were bound, of which one interacted with the N-terminus of the PH domain. Although the

number of interactions might indicate that State I is energetically preferred over States II

and III, the limited duration of atomistic simulations prevented the observation of tran-

sitions between these states, and the limited number cannot give a representative picture

for the population of these states or the potential existence of other states.

5.3.4 Systematic Sampling of the PH Domain Orientation at the

Membrane by Conventional versus scFix MARTINI Simula-

tions

To extend the time scales of simulations, we used MARTINI simulations with a reduced

resolution and larger integration time step. Five simulations were started with different

initial orientations of the PH domain, both with the conventional and the scFix MARTINI

model, in nonpolarizable water. They all converged to the same protein-membrane distance

as seen in the atomistic simulations (Fig. 5.10). In most of the conventional MARTINI

simulations, the direction of the dipole vector of the PH domain converged toward 125°

(Fig. 5.10), similar as seen for State II in the atomistic simulation (Fig. 5.10). In contrast,

the scFix MARTINI simulations resulted in a dipole direction around 155° (Fig. 5.10),

which resembled the orientation of State I in the atomistic simulations. Moreover, some

MARTINI simulations started out with an orientation similar to State III of the atomistic

simulations, but then transitioned into either State I or II after a few hundred ns. Addi-

tional simulations with the polarizable water model and long-range electrostatics showed

a preferential orientation of the dipole vector at 160°, but did not show any insertion of

amino acids into the bilayer (Fig. 5.10).

In order to systematically map the rotational diffusion of the PH domain at the mem-

brane, we defined 64 equally distributed initial orientations of the PH domain (see Methods)

and ran 2 µs long simulations with both the conventional and the scFix MARTINI model.

For analysis of the trajectories, the relative orientation was uniquely defined by the direc-
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tion of the membrane with respect to the protein using a geographic coordinate system

with longitude Y and latitude l (Fig. 5.5A, Movie S4). The logarithmic contour plots of

the probability density of all trajectories on this geographic map (Fig. 5.5B) can then be

interpreted as approximate energy potential landscapes on which the rotational diffusion

took place (Abrams & Bussi 2013).

The reference atomistic simulations (Fig. 5.5B, left) showed three separate and rela-

tively narrow peaks that correspond to the three different protein-membrane orientations,

States I-III. The conventional MARTINI simulations (Fig. 5.5B, middle) also populated

three separate regions I-III at similar (but not identical) locations as the atomistic simula-

tions. In contrast, the scFix MARTINI simulations sampled mainly States I and III (Fig.

5.5B, right).

The large data set also allowed us to extract the temporal evolution of preferred protein-

membrane orientations. In conventional MARTINI simulations, States I-III were populated

roughly equally in the beginning, and also an additional fourth State at (Y, l) = (280, 0)

was visible (Fig. 5.5C, left). With progressing simulation time, first this latter peak and

then peak III disappeared, while peaks I and II became more pronounced (Fig. 5.5C, middle

and right, see also Movie S5). In the scFix MARTINI simulations, similar regions (but with

shifted peak positions) as in the conventional MARTINI were populated in the beginning

(Fig. 5.55E, left). Subsequently, first peak II and then peak III disappeared, while peak

I continuously grew (Fig. 5.5E, middle and right, see also Movie S6). The dynamic

exchange between States I-III was studied by defining distinct contour lines for each state

and assigning a transition whenever a simulation trajectory left one and entered another

state (Fig. 5.5D, F). While the atomistic simulations were completely trapped within

the three states over the 1.5 µs duration of the simulation, both sets of CG simulations

showed frequent transitions indicating that the energy barrier between these three protein

orientations is within thermal activation. In the conventional MARTINI (Fig. 5.5D), there

was a net flux from State III to States I and II, as well as vivid exchange between States

I and II. In the scFix MARTINI simulations (Fig. 5.5F), State III transitioned into State
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I, with only one transition in the reverse direction, and the net flux between State II and

I was in the direction of State I.

In summary, both the conventional and the scFix MARTINI simulations consistently

identified State III as a transiently populated local energy minimum, but the two methods

disagreed on the stability of the other States I and II. In the following, we thus further ana-

lyzed States I and II and addressed the origin of the discrepancy between the conventional

and scFix MARTINI simulations.

5.3.5 Interactions of Side Chains with the Membrane in Conven-

tional and scFix MARTINI Simulations

We next asked how well the CG simulations captured the interactions between amino acid

side chains of the PH domain with the membrane. To this end, States I and II (defined by

the black contour lines in Fig. 5.5B) of the atomistic simulations were compared with the

respective states of the multiplexed conventional or scFix MARTINI simulations (Fig. 5.6).

We focused on four amino acids (W36, V58, F67, F87) and plotted the probability densities

along the z-direction for their center of mass positions with respect to the phosphate layer

of the lipid membrane. A molecular snapshot for which the position of these four amino

acids corresponded to their most probable positions is depicted aside (Fig. 5.6).

In State I, W36 from loop b1-b2 and V58 from loop b3-b4 inserted into the membrane,

while F87 and F67 were close to and further above the membrane, respectively (Fig. 5.6A).

The peaks of the four amino acid positions in the scFix MARTINI simulations (Fig. 5.6C)

agreed well with those from the atomistic simulations. In contrast, the interactions in the

conventional MARTINI simulations were quite different (Fig. 5.6B), despite the similar

orientation at the membrane. Whereas the insertion of W36 was conserved, F87 partially

inserted into the membrane and V58 resided mostly outside the membrane, close to F67.

F67 is part of a b-strand and belongs to the inner hydrophobic core of the protein, both

in the crystal structure as well as during the three 1.5 µs long atomistic simulations.

Its flipping in the conventional MARTINI simulations from the interior of the protein to
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Figure 5.6: Interactions of the PH domain of PLC-d1 with the membrane in State I (A-C) and
State II (D-F). Each subpanel shows the relative z-position (right) of amino acids W36, V58, F67,
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by the black contour lines in Fig. 5.5B; the number of contributing frames n is indicated.
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the surface enabled a hydrophobic interaction with V58 that potentially stabilized the

conformation of the b3-b4 loop outside of the membrane.

In State II, the b3-b4 loop comprising V58 penetrated a few Ångström deep into the

membrane, whereas no membrane insertion occurred for the other three amino acids (Fig.

5.6D). Again, the scFix MARTINI simulations captured the membrane interactions and

the positions of the monitored amino acids with respect to the phosphate layer of the mem-

brane well (Fig. 5.6F). However, in the conventional MARTINI, F67 interacted with the

membrane, which is only possible after an unrealistic flip of the side chain (Fig. 5.6E). The

F67-membrane interaction might thus introduce a false bias toward state II in the conven-

tional MARTINI, in contrast to the scFix MARTINI where flipping of F67 is disfavored

by the added torsional side chain potentials.

Overall, only the scFix MARTINI but not the conventional MARTINI simulations were

able to capture the amino acid distributions and membrane interactions that were seen in

the atomistic simulations. Moreover, our data strongly suggest that State I is the most

stable and relevant orientation of the PLC-d1 PH domain at the membrane.

5.3.6 Identification of Distinct PIP2 Binding Sites at the PLC-d1

PH Domain by the scFix MARTINI Simulations

Next, we asked whether the known binding of PIP2 was recapitulated by our simulations.

Using the position of the inositol-trisphosphate in the crystal structure as a reference, we

measured the RMSD between the phosphates in the crystal structure to the closest PIP2

in the simulation. The 5 x 5 µs scFix MARTINI simulations had a pronounced peak at

3.6 Å (Fig. 5.10C), substantially closer than the atomistic (4.8 Å, Fig. 5.10) and the

conventional MARTINI (6.3 Å, Fig. 5.10) simulations. The comparably higher RMSD in

atomistic simulations was probably due to the limited duration (1.5 µs) of the simulation

that did not converge fast enough to the tightly bound state. Since more than one PIP2

molecule simultaneously bound the PH domain in all simulations, we asked how long-lasting

the individual binding events were. Toward this goal, the number of contacts (defined as
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the number of protein beads closer than 6 Å; see Methods) was calculated for each PIP2

molecule over time (Fig. 5.7A). In each of the 5 x 5 µs scFix MARTINI simulations, one

PIP2 molecule had a significantly higher number of contacts than all the others; this was

the PIP2 molecule closest to the known binding site (Fig. 5.7A and 5.11). The interaction

between this PIP2 molecule and its binding site exceeded the simulation time of 5 µs in all

five simulations, while the binding events of other PIP2 molecules to the PH domain were

transient.

To visualize the locations of the PIP2-PH domain interactions, the positions of the P1

atom of all PIP2 molecules were pooled for State I from the 64 x 2 µs scFix MARTINI

simulations and aligned with respect to the protein. The resulting probability density

map showed an increased density of PIP2 molecules around and beneath the PH domain

(Fig. 5.7B). While PIP2 was excluded from regions where the PH domain inserted into

the membrane (sites around W36 and V58), at least two distinct sharp peaks of high

PIP2 occupancy could be identified. The first was located centrally close to the binding

site from the crystal structure (Fig. 5.7B, white cross), whereas the second peak was

located close to A88. To identify which residues of the PH domain interacted with PIP2

molecules, we color-coded the percentage of frames that showed a contact (<6 Å) between

a CG protein bead with a PIP2 molecule (Fig. 5.7C). All the amino acids that contact

inositol-trisphosphate in the crystal structure showed frequent contacts with PIP2 (K30,

K32, W36, R40, S55, R56, K57) except for E54 and T107, which form water-mediated

contacts with IP
3

in the crystal structure. In addition, S35, R37, R60, K86 and R89

frequently interacted with PIP2 molecules in the simulations. These residues were involved

in the transient, secondary binding sites shown in Fig. 5.7B. Thus, the scFix MARTINI

simulations successfully identified one long-lived (primary) binding site for PIP2 at the PH

domain and indicated the existence of at least one transient (secondary) binding site.
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Figure 5.7: PIP2 binding to the PH domain of PLC-d1 in scFix MARTINI simulations. A)
Interaction of PIP2 with the PH domain. The number of protein beads closer than 6 Å is plotted
(color scale) for each PIP2 molecule (y-axis) over time (x-axis). PIP2 molecule Nr. 1 was the
closest to the known binding site in this simulation. See also Fig. 5.11 for the results from all 5 x
5 µs scFix simulations. B) Time averaged 2D particle density of the 1-phosphate bead of all PIP2
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5.4 Discussion

The goal of this study was to test and validate the CG MARTINI model with a particular

focus on its ability to correctly predict the interaction of a well-characterized model protein

with phospholipid membranes. We found that unrealistic side chain orientations within

b-strands (Fig. 5.1 and 5.2) lead to a bias of the conventional MARTINI simulations (Fig.

5.5 and 5.6), which could be removed by a simple modification of the model (Fig. 5.2, 5.5,

5.6). Using this new scFix MARTINI model, we could distinguish between transient and

stable orientations of the PLC-d1 PH domain at the membrane (Fig. 5.5), which was not

possible by 1.5 µs long atomistic simulations (Fig. 5.4). We furthermore elucidated the

molecular interactions between side chains and lipids that mediate these orientations (Fig.

5.6) and observed PIP2 binding to the primary and to several secondary binding sites (Fig.

5.7).

The insufficiency of the conventional MARTINI force field to reproduce the expected

side chain orientation of b-strands stems from an oversimplification by the coarse-graining

procedure. The natural fold of a b-strand is determined by a mixture of backbone hydrogen

bonds, conformational/steric constraints (Ramachandran), and side chain interactions (Dill

et al. 2007). The conventional MARTINI model uses an artificial elastic network to restrain

the position of backbone beads (Fig. 5.1A), but it lacks natural constraints that limit

the flexibility of side chain beads. Consequently, b-strand side chains easily flipped and

engaged in favorable interactions that were sterically hindered in the natural protein fold.

For example, the flipped R40 was stabilized by a “salt bridge” with E39 (Fig. 5.1B),

and the flipped F67 engaged in hydrophobic interactions with V58 (Fig. 5.6B,E). These

non-native interactions had an erroneous impact on the behavior of the PH domain at

the phospholipid membrane: other side chains interacted with lipid heads or inserted into

the membrane (Fig. 5.6B,E) and thereby changed the conformation and stability of, as

well as the transition rates between, membrane-bound states (i.e., of State II, Fig. 5.5C-

F). Results from conventional MARTINI simulations about protein-membrane interactions

that have not been validated by other methods should thus be interpreted with care (Kalli
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& Sansom 2014, Psachoulia & Sansom 2008, Cojocaru et al. 2011, Balali-Mood et al. 2009,

Lumb & Sansom 2013, 2011, Kalli et al. 2011, Karo et al. 2012, Feng & Mertz 2015).

The torsion potentials in our scFix MARTINI model (Fig. 5.2A) impose a more natural

energy landscape for b-strands. The scFix simulations better reproduced the results of

atomistic simulations in terms of the average orientation and the restricted flexibility of

b-strand side chains in three different model proteins (Fig. 5.2C, 5.3, 5.9). For the PH

domain, the optimal force constant for the side chain constraint was 25 kJ mol-1. If no

reference atomistic simulations are available, we recommend a force constant of ⇠50 kJ

mol-1 for b-strands based on the pooled results from our model proteins (Fig. 5.3E).

This simple strategy can be applied to all proteins for which a crystal or NMR structure

is available. It surely could also be refined further. As the orientation of side chains

in crystal structures can be affected by contacts with neighboring unit cells, a further

improvement might be achieved by taking the peak position of the atomistic distribution

as reference angle for the dihedral potential. As other secondary structures showed their

best agreement with atomistic simulations at different potential strengths or even without

(Fig. 5.3 and 5.9), the application of the same force constant to all amino acids seems inept

and is not expected to match the different degrees of flexibility within these structures. The

individual optimization of the force constant for different secondary structures or even for

individual amino acid pairs is in principle possible. However, these advanced modifications

in our opinion contradict the philosophy of the MARTINI force field, namely simplicity

and generality, and were thus not investigated further here.

Regarding the interaction of the PH domain of PLC-d1 with lipid membranes, the

scFix simulations consistently showed an improvement for the side chain distributions of

b-strands compared to the conventional MARTINI simulations (Fig. 5.2 and 5.3) and, more

importantly, of the complex interactions between the PH domain and the lipid membrane

(Fig. 5.5B, 5.6C,F). The PH domain first diffused to the membrane (Fig. 5.10) and rotated

at its surface (Fig. 5.10, 5.5B-F), before it then bound several PIP2 molecules (Fig. 5.4C-

E, 5.7), a behavior which is in agreement with a two-step search model (Corbin et al.

2004). The large majority of the scFix MARTINI simulations converged toward State I
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(Fig. 5.5E) which resembles the generally assumed predominant membrane pose (Lumb

& Sansom 2011, Ferguson et al. 1995, Tuzi et al. 2003, Uekama et al. 2007, 2009, Singh

& Murray 2003). Insertion of V58/M59 (as predicted in (Lomize et al. 2006)) and W36

into the membrane (Fig. 5.6C) stabilized this conformation and opened up the possibility

for various interactions with PIP2 (Fig. 5.7B,C) that could explain the observed NMR

chemical shifts for mutations of K57 and F87 (Tanio & Nishimura 2013), the decreased

binding affinity for mutated residues K86 or F87 (Tanio & Nishimura 2012), the role of

R37 for IP
3

binding and phospholipase activity (Yagisawa et al. 1998), and that included

the residues forming direct hydrogen bonds with IP
3

in the crystal structure (K30, K32,

W36, R40, S55-K57, Fig. 5.7C) (Ferguson et al. 1995). Ample experimental evidence and

our own atomistic simulations thus support the validity of the scFix MARTINI.

Our results can also shed light on molecular interactions of the PH domain with PIP2

that are still under debate. In our scFix MARTINI simulations, PIP2 adopted a slightly

different binding pose compared to the IP
3

-bound crystal structure, which is probably a

consequence of the membrane insertion of W36 that leads to local rearrangements. Inter-

estingly, W36 was shown to be important for the ligand-binding ability of the PH domain

(Lomasney et al. 1996) and suggested to play a role for the communication between the

helix a2 and the PIP2 binding site (Tanio & Nishimura 2012). A small conformational

change might potentially explain the higher affinity of the PLC-d1 PH domain toward IP
3

compared to PIP2, which is thought to be important for product inhibition: the catalytic

activity of PLC-d1 leads to a high local concentration of IP
3

, which can outcompete PIP2 at

the binding site of the PH domain and thereby facilitate membrane unbinding, effectively

limiting lipase activity (Lemmon et al. 1995). Our data further revealed a secondary PIP2

binding site with a similar occupancy as the primary site (Fig. 5.7B) but a higher off-rate

(Fig. 5.7A). This site is close to A88 that shows an NMR shift upon membrane binding

and which was suggested to be involved in a large conformational change of helix a2 (Tuzi

et al. 2003, Uekama et al. 2007, 2009). Moreover, more than one binding site could explain

why the affinity toward PIP2 decreased with increasing concentrations of PIP2 (Baumann

et al. 2011). Finally, the secondary binding events locally increased the PIP2 concentration
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around the protein which might serve as a pool for other proteins (Picas et al. 2013) or

for the catalytic domain of PLC-d1. Although very preliminary, these new findings might

help us to understand the complex regulation of PIP2 signaling in cells, which is essential

for membrane homeostasis, vesicle formation, and cytoskeletal organization (Delage et al.

2012). The predictive power of computer simulations is essential for the elucidation of

molecular mechanisms. Based on the progress made in our study, we suggest using CG

simulations with the scFix MARTINI model to systematically screen protein-membrane

(or protein-ligand) orientations and map the underlying interaction energy landscape. By

choosing representative snapshots from the probability distribution, atomistic models can

be built from the CG structure (Wassenaar et al. 2014) and simulated to refine the inter-

actions between the protein and the lipids/ligands, including (water-mediated) hydrogen

bonds (Ferguson et al. 1995). Such, the strengths of the different simulations are com-

bined in an optimal way. Ideally, these simulation results can then be used to generate a

hypothesis that can be experimentally tested e.g. by a targeted point mutagenesis, hence

avoiding the need to screen a library of random mutations.

5.5 Methods

Four different proteins were studied. All protein structures were obtained from the Protein

Data Bank (pdb) (Berman 2000). The D48G mutant of the a-spectrin SH3 domain (pdb

1BK2) (Martinez et al. 1998), the B1 domain protein G (pdb 1PGB) (Gallagher et al.

1994), and the villin headpiece (pdb 1yrf) (Chiu et al. 2005) were simulated in a water

box and the PLC-d1 pleckstrin homology domain (pdb 1mai) (Ferguson et al. 1995) in the

presence of a lipid membrane.

5.5.1 Atomistic Simulations

The membrane for the atomistic simulations was prepared with Packmol (Martínez et al.

2009) using 6 short-tailed PIP2, 19 PC and 61 PE lipids per leaflet. We used the ap-
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proach of Ohkubo et al. to accelerate the lateral diffusion of lipids (Ohkubo et al. 2012).

Briefly, short-tailed lipids were placed between water and a layer of 810 molecules of 1,1-

dichloroethane (DCLE). Harmonic constraints were applied on carbonyl atoms of the lipids

in the z-direction, with a force constant of k = 0.02 kcal mol-1 Å-2 to prevent diffusion into

the aqueous phase (Baylon et al. 2013). The number of DCLE molecules and the force

constant were chosen such as to mimic the surface area and distribution of atoms derived

from a 20 ns long atomistic simulation with a full membrane of PIP2, POPC, and POPE

with the same lipid ratio. The surface area of the equilibrated (20 ns) membrane patch

was around 5400 Å2. The protein was then placed with a random orientation at a distance

>15 Å from the membrane.

Atomistic molecular dynamics simulations were run with NAMD 2.9 (Phillips et al.

2005) and the CHARMM 27 force field with cMAP corrections for the protein (MacKerell

et al. 2004), CHARMM general force field for DCLE, CHARMM36 parameters for lipids

(Klauda et al. 2010), and the parameters from Lupyan et al. for PIP2 (Lupyan et al. 2010)

with a 2 fs time step. The simulation systems were filled with TIP3P water molecules

(Jorgensen et al. 1983), and NaCl was added at a concentration of 150 mM to neutralize

the system. The system was energy minimized during 2000 steps with fixed protein atoms

and further 2000 steps with no restraints. Then, the temperature was raised from 0 to

310 K by increasing the temperature every 100 steps by 3.1 K. The MD simulations were

performed in a NPT ensemble with a constant periodic boundary ratio in xy. Temperature

was controlled with Langevin dynamics with a damping factor of 5 ps-1, and the pressure

was kept at 1 atm with a Nose-Hoover Langevin piston with a damping time constant of 50

fs and a decay period of 100 fs. The particle mesh Ewald summation (Darden et al. 1993)

was used for the calculation of long-range electrostatic forces with a grid size <1 Å and

periodic boundary conditions. Full electrostatic interactions were evaluated every second

step. Van der Waals interactions were calculated using a switching function starting at 10

Å with a cutoff at 12 Å.
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5.5.2 CG MARTINI Simulations

The CG membrane system was built with INSANE (Wassenaar et al. 2015) with 16 PIP2

molecules, 38 POPC and 113 POPE molecules per leaflet. The CG model of the PLC-d1

PH domain was placed at 60 Å from the membrane with a random initial orientation. The

simulation box was filled with standard MARTINI water, 10% antifreeze particles, and 150

mM NaCl. To preserve the structure of the CG protein, an elastic network of additional

bonds with a force constant of 400 kJ mol-1 nm-2 was applied between backbone beads

with a separation distance between 0.5 and 0.9 nm.

The CG molecular dynamics simulations were run with Gromacs 5.0 (Pronk et al. 2013)

using the MARTINI force field version 2.2 (Monticelli et al. 2008, de Jong et al. 2013,

Marrink et al. 2007). The topology for phosphatidylinositol 4,5-bisphosphate (PIP2) is

based on the topology of phosphatidylinositol-3,4-bisphosphate (PI34) (López et al. 2013)

without the dihedral angle potential for the headgroup orientation.

Nonbonded interactions were calculated with a cutoff at 1.2 nm. The Lennard-Jones

potential was shifted from 0.9 to 1.2 nm, and the Coulomb interactions were shifted from

0 to 1.2 nm using a relative dielectric screening constant of 15. The temperature was kept

constant at 310 K using the Berendsen thermostat (Berendsen et al. 1984) applied on the

protein, the solvent, and the lipids separately with a time constant of 1 ps. After a short

isotropic simulation (1 ns), semi-isotropic pressure coupling was applied with the Berendsen

algorithm (Berendsen et al. 1984) in the plane of the membrane and perpendicular to the

membrane at 1 bar with a time constant of 3 ps and compressibility of 3x10-4. Constraints

were treated with the LINCS algorithm (Hess et al. 1997). The neighbor list was updated

every 10th step with a cutoff of 1.4 nm. An integration time step of 20 fs was chosen.

In order to screen the orientation of the PH domain at the membrane in a systematic

fashion, the protein was equilibrated for 1 µs in water and then placed in different initial

orientations at a distance between 6 and 7 Å from an equilibrated membrane with coun-

terion. The initial orientation was chosen using a Fibonacci spiral with 64 points on a

sphere around the protein which results in equidistant points on the sphere and hence an
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unbiased sampling of possible orientations. By this definition, the vector from the point of

the sphere to the center of the protein then equals the normal of the membrane.

In addition to the conventional MARTINI force field, the PH domain binding to the

membrane was also simulated with the polarizable MARTINI water model (Yesylevskyy

et al. 2010) (see Fig. 5.10) using a relative dielectric screening constant of 2.5, the Particle

Mesh Ewald summation (Darden et al. 1993) for long-range electrostatics, and a distance

cutoff of 1.4 nm for the Coulomb potential. All other parameters were identical to the

conventional MARTINI simulations.

5.5.3 Analysis

The simulations were analyzed in VMD (Humphrey et al. 1996). The distance between

the geometrical center of the protein and the center of the nearest layer of phosphate

atoms/beads in the z-direction defined the protein-membrane distance. The dipole angle

was calculated from the orientation of the dipole vector of the protein and the normal of

the membrane. The PIP2 distance was defined as the root-mean-square deviation (RMSD)

between the phosphates of the IP
3

in the crystal structure and the nearest PIP2 molecule

in the simulation after alignment of the protein. For atomistic simulations, the side chain-

backbone-backbone-side chain (S
i

B
i

B
i+1

S
i+1

) dihedral angles, the S
i

B
i

B
i+1

, and B
i

B
i+1

S
i+1

angles were calculated using the center of the mass of the atoms defining the MARTINI

bead. The number of contacts between each PIP2 molecule and the protein was defined

as the number of protein beads closer than 6 Å from the PIP2 molecule (Psachoulia &

Sansom 2008), which approximately resembles the position of the minimum between the

first and second peak of the radial distribution function. Vice versa, the PIP2 interaction

with the CG protein beads was characterized with the same cutoff (6 Å).

To measure the orientation of the membrane with respect to the protein, we introduced

a geographic coordinate system centered at the center of mass of the protein. As shown

in Fig. 5.5A, the contact point of the membrane with the sphere was represented by the

sphere’s coordinate system (latitude and longitude). The coordinate system was chosen



5.5. Methods 77

such that it resulted in a good visualization of the different states. The 4 x 4 rotation

matrix from the crystal structure (1mai) to our reference frame is R = 1 -0.008 0 -21.345;

0 0.007 -1 11.366; 0.008 1 0.007 -13.246; 0 0 0 1. To generate probability distributions

from the simulated data, 2701 equidistant pinning points were generated on a unit sphere

using the Fibonacci spiral (as already used above), and the angular data were binned to

the respective nearest pinning point. The bins were subsequently projected onto a plane,

and a histogram was interpolated on a 60 x 60 grid using the MATLAB (The MathWorks,

Natick, MA) function “meshgrid” with the method “nearest”. The resulting matrix was then

normalized to the total number of simulation frames, yielding a probability distribution P

whose logarithm log(P ) was plotted as contour lines (see also Movie S4).

In order to get the side chain-membrane distance distributions for W36, V58, F67, and

F87 (Fig. 5.6), we defined States I and II by a contour line that was narrow enough to

give a homogeneous set of orientations and at the same time sufficiently wide to guarantee

good statistics. We found a level of log(P ) = �5.8 to be suitable. Because the peak of

State II’ in the scFix MARTINI simulations was much smaller, we defined it by a hexagon

around its maximum. From these states, the distance distributions of the 4 amino acids

were pooled. To determine the number of transitions between states, we picked the lowest

contour lines that still allowed resolving the individual regions. Data points within each

of these regions were assigned with a unique identifier; data points outside of any of the

three states were discarded. The number of transitions was then simply counted from the

time series using these identifiers.



78 Chapter 5. Testing the MARTINI Model for Protein-Lipid Interactions



5.6. Supporting Material 79

5.6 Supporting Material

5.6.1 Supporting Figures
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beads in MARTINI simulations. The PLC-d1 PH domain was simulated in solution. Distributions
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3

in the crystal structure (pdb: 1mai).



82 Chapter 5. Testing the MARTINI Model for Protein-Lipid Interactions

Figure 5.11: Interaction of PIP2 with the PH domain. The number of protein beads closer
than 6 Å is plotted (color scale) for each PIP2 molecule (y-axis) over time (x-axis) for the scFix
MARTINI simulations (5 x 5 µs). The PIP2 molecule which is closest to the known PIP2 binding
site is marked with an arrow.

5.6.2 Supporting Movies

Movie S1: Membrane binding of the PLC-d1 PH domain, atomistic MD simulation I.

Membrane binding of PLC-d1 PH domain in the 1.5µs atomistic simulation that reached

State I. The colors and representations are the same as in Fig. 5.4.

Movie S2: Membrane binding of the PLC-d1 PH domain, atomistic MD simulation II.

Membrane binding of PLC-d1 PH domain in the 1.5 µs atomistic simulation that reached

State II.

Movie S3: Membrane binding of the PLC-d1 PH domain, atomistic MD simulation III.

Membrane binding of PLC-d1 PH domain in the 1.5 µs atomistic simulation that reached

State III.

Movie S4: Rolling of the PH domain at the model membrane, coarse-grained scFix

MARTINI simulation. The movie contains an animation that explains the definition of the

coordinate system that was used to map the orientation of the protein with respect to the

membrane, as well as one of the 64 x 2 µs long scFix simulations. The orientation of the
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protein in each frame is represented by a dot in the geographical map. The contour lines

were derived from all the 64 x 2 µs long scFix simulations together.

Movie S5: Orientation of the PH domain at the model membrane in conventional

MARTINI. Evolution of the probability distribution of the protein orientation over time in

the 64 x 2 µs long conventional MARTINI simulations using a moving average of 0.2 µs.

Movie S6: Orientation of the PH domain at the model membrane in scFix MARTINI.

Evolution of the probability distribution of the protein orientation over time in the 64 x 2

µs long scFix MARTINI simulations using a moving average of 0.2 µs.

5.6.3 Supplementary Script

The VMD Tcl script that automatically creates the additional dihedrals and angles for the

scFix MARTINI simulations can be found in the Appendix C.
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Chapter 6

Preferred Binding Orientations of FAK

at Lipid Membranes
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6.1 Abstract

Focal adhesion kinase (FAK) is a multidomain protein (FERM-Kinase-FAT) and serves as

major signaling scaffold in focal adhesions where it orchestrates cell adhesion responses.

Its inactive, auto-inhibited form is recruited from the cytoplasm to the plasma membrane,

where it becomes activated at PIP2 enriched regions. To elucidate the molecular basis of

activation, we determined the landscape of binding orientations of FAK’s FERM-Kinase

complex, as well as of the FERM and kinase domains alone, on model plasma membranes

using coarse-grained scFix MARTINI simulations. Rather than promoting single docking

orientations, the presence of PIP2 tunes and narrows the complex landscapes of competing

interfacial orientations. We also found that isolated FERM domains adopted a preferred

85
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orientation involving their autoinhibitory interface rather than their ’basic patch’, while

some of the FERM-Kinase complex orientations are stabilized by basic patch-PIP2 inter-

actions, suggesting a PIP2-dependent FAK activation mechanism: membrane binding of

the dissociated FERM domain competes with the rebinding of the kinase domain. This

competition could promote FAK autophosphorylation on Y397 and subsequent Src bind-

ing. Knowledge regarding the orientational landscape by which FAK and other proteins

dock to membranes is also required to exploit steered molecular dynamics to predict how

tensile forces might stretch and thereby switch their active states.

6.2 Introduction

The Focal Adhesion Kinase (FAK) is a key signaling molecule in the formation and turnover

of focal adhesions at the cell periphery (Mitra et al. 2005, Schaller 2010, Arold 2011). It

has both scaffolding and enzymatic functions that are tightly regulated through post-

translational modifications and interactions with other proteins or ligands. The kinase

domain is flanked by the N-terminal FERM domain and the C-terminal focal adhesion

targeting (FAT) domain (Fig. 6.1). Inactive FAK adopts an auto-inhibited conformation

where the FERM domain binds to the kinase domain and blocks kinase activity (Lietha

et al. 2007). A crucial step of activation is the autophosphorylation of Y397 by another

FAK molecule in trans upon cell adhesion to the extracellular matrix (Schaller 2010),

which requires local enrichment and dimerization of FAK (Brami-Cherrier et al. 2014).

The phosphorylated tyrosine residue then forms a binding site for the Src kinase, which

can in turn phosphorylate Y576 and Y577 in the activation loop of FAK. This abolishes

the autoinhibition of FAK and increases the catalytic activity of the kinase (Calalb et al.

1995, Lietha et al. 2007). In the active conformation of the kinase, the activation loop is

structured (Lietha et al. 2007), and the phosphorylated Y577 interacts with the catalytic

core through a network of charged amino acids (Lietha et al. 2007, Herzog & Vogel 2013).

It has been suggested that FAK might be a mechano-regulated protein, whereby me-

chanical tension might regulate its activation (Zhou, Aponte-Santamaría, Sturm, Buller-
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Figure 6.1: The structure of the Focal Adhesion Kinase (FAK). The kinase domain (yellow)
is flanked by an N-terminal FERM domain (blue) and a C-terminal FAT domain (green). The
ATP-binding pocket and important tyrosine residues that are phosphorylated during the activation
process are highlighted.

jahn, Bronowska & Gräter 2015, Mofrad et al. 2004). Steered molecular dynamics simula-

tions, as first introduced by Klaus Schulten (Lu et al. 1998) allow to compute the protein

response to mechanical force, and thus to develop atomistic models how protein structure

function relationships are regulated by mechanics (Puklin-Faucher et al. 2006). In particu-

lar, the locations at which the pulling forces are acting, and thus the geometry under which

clusters of bonds are opened, plays a major role on the unfolding trajectory of proteins and

defines its mechanical stability (Isralewitz et al. 2001). To run SMD simulations that have

predictive value, it is thus crucial to grab the protein of interest in the right positions and

to apply the force vector in a physiologically relevant orientation (Schoeler et al. 2015).

For peripheral membrane proteins, prior knowledge about their orientation or orientational

distribution, and how this might depend on the lipid composition, is thus essential and

was an additional motivation for our current investigation.

FAK binding to negatively charged phosphatidylinositol-4,5-bisphosphate (PIP2) is re-

quired for its activation (Cai et al. 2007). PIP2 is localized to specific areas of the intra-

cellular leaflet of the plasma membrane and is involved in many biological processes, such
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as exocytosis, endocytosis, membrane trafficking and the activation of enzymes (Stuart

McLaughlin et al. 2003, McLaughlin & Murray 2005). PIP2 binding leads to clustering

and partial opening of the interface between the FERM and the kinase domain, which

allows access to the phosphorylation site Y397 (Goñi et al. 2014). Since mutation of the

basic patch on the FERM domain inhibits the binding of the FERM domain and the

FERM-Kinase complex to PIP2 containing vesicles (Cai et al. 2007, Goñi et al. 2014), the

basic patch is since then thought to be responsible for PIP2 binding.

In the crystal structure of the basic patch mutant (K216A, K218A, R221A and K222A),

the loop Y180-K190 that interacts with the kinase domain in the autoinhibited conforma-

tion could not be resolved, presumably because of high flexibility (Goñi et al. 2014). It was

also observed that the basic patch mutant does not bind the kinase domain as efficiently as

the wild-type (Dunty et al. 2004). Moreover, binding of the FERM domain to the receptor

kinase c-Met (Chen & Chen 2006), to the FAT domain (Brami-Cherrier et al. 2014) or FAK

translocation to the nucleus (Lim et al. 2008) are blocked by this mutant, which indicates

a multifunctional role of the basic patch residues.

The interaction of the autoinhibited FAK with lipid membranes was previously studied

with atomistic and coarse-grained molecular dynamics simulations (Goñi et al. 2014, Feng

& Mertz 2015, Zhou, Aponte-Santamaría, Sturm, Bullerjahn, Bronowska & Gräter 2015).

Knowing the binding orientation of FAK at the membrane could reveal the accessibility

of FAK’s ligand binding sites and provide a model to study the influence of mechanical

force with steered molecular dynamics simulations (Isralewitz et al. 2001, Zhou, Aponte-

Santamaría, Sturm, Bullerjahn, Bronowska & Gräter 2015), which would help to under-

stand the function of the potential mechanosensor at the cell membrane. For the atomistic

simulations, the protein was docked on a single PIP2 molecule and embedded into the

membrane (Goñi et al. 2014, Zhou, Aponte-Santamaría, Sturm, Bullerjahn, Bronowska &

Gräter 2015). However, the time scales of the atomistic simulations in the order of 150

ns did not allow for a sampling of wide ranges of orientations at the membrane. It is

thus unclear whether the orientation chosen in these simulations (Goñi et al. 2014, Zhou,
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Aponte-Santamaría, Sturm, Bullerjahn, Bronowska & Gräter 2015) is actually the most

relevant.

In contrast, coarse-grained MARTINI simulations, which can more efficiently sample the

configurational space, studied the binding process from the solvent to the membrane with

the polarizable water model and observed additional binding orientations (Feng & Mertz

2015). While the non-bonded interactions in the MARTINI model have been validated for

the interactions of lipids with short unstructured peptides (de Jong et al. 2013), the model

has never been rigorously tested for membrane-bound proteins until recently (Herzog et al.

2016). Since we repeatedly observed unrealistic side chain flips of beta strand residues in

several model proteins caused by the lack of physical constraints, we previously introduced

and rigorously tested an improved version of the MARTINI protein model called side-

chain fix (scFix). In scFix MARTINI, the side chain orientations of residues that are part

of beta strands are restrained to match the range of orientational fluctuation observed in

atomistic simulations (Herzog et al. 2016). This modification was necessary and sufficient

to correctly predict the binding pose of the pleckstrin homology domain of PLC-�1 which

we then verified in atomistic simulations (Herzog et al. 2016).

Using scFix MARTINI force fields, we systematically explored here possible membrane

orientations of the FERM-Kinase complex, and of the individual domains alone. We ana-

lyzed their orientational movements on µs time scales to identify stable membrane orienta-

tions in the absence or presence of PIP2. We use this approach to ask how the orientational

landscape is controlled by residues defining the basic patch, and finally to clarify which of

the FAK binding sites are accessible in a membrane-bound state.

6.3 Results

6.3.1 The autoinhibited FAK FERM-kinase complex

To answer how FAK in its autoinhibited conformation binds lipid membranes, we first

screened the membrane orientation of the FERM-kinase complex on a fluid POPC mem-
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brane with 6% PIP2 using 32 coarse-grained simulations starting from evenly distributed

initial orientations with 5 µs duration each. This simulation time is sufficient for con-

vergence of the membrane-binding process (Fig. 6.2A). The membrane composition was

chosen to match the experimental details in the vesicle pull-down assay performed by Goñi

et al. (Goñi et al. 2014).

First, we assessed the protein-membrane interactions of the FERM-Kinase complex

throughout all simulations. All replicas of the FERM-Kinase complex bound to the mem-

brane within the 5 µs simulation time (Fig. 6.2A). The average binding kinetics could be

fitted with an exponential function f(t) = a-b*exp(-ct), with an apparent binding rate of

c = 1.6 µs-1 and a saturation at a = 31.5 (= 98.4%). While these values can be compared

between different simulation conditions, they have to be interpreted with care since the

simulation time did not allow for sufficient sampling of the off-rate (Suppl. Fig. 6.7) and

because of the accelerated dynamics in the coarse-grained MARTINI simulations.

Next, the evolution of protein orientations in contact with the membrane was assessed

over time. The trajectories were then used to compute probability density maps. When us-

ing a geographic coordinate system with longitude Y and latitude l, the preferred binding

orientations of the protein at the membrane can be visualized with a two-dimensional map

as described before (Herzog et al. 2016). Three main states were observed in the resulting

probability density (Fig. 6.2B), albeit not all the states were equally stable. While State I

was consistently sampled in 8 simulations on average, the number of simulations sampling

State II decreased over time, while the number of simulations in State III increased (Fig.

6.2C). In some simulations, the FERM-Kinase complex rotated from one state to another.

A relatively frequent exchange between States II and III with a net flux towards State III

was observed, whereas few transitions from State II into State I, and none in the reverse

direction, happened during the simulated timeframe of 5 µs (Fig. 6.2D). This analysis thus

indicates that State II was less stable than State I or State III.

In State I, the FERM-Kinase complex was lying on one of its flat sides and PIP2

frequently interacted with amino acids in the vicinity of the ATP-binding pocket at the

putative substrate-binding site (Fig. 6.2F, left). In the transiently populated State II, FAK
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is in a position where only the F2 lobe of the FERM domain and the C-terminal lobe of the

kinase domain are in contact with the membrane (Fig. 6.2E). In State II, PIP2 frequently

interacted with the basic patch on the FERM domain, but also with positively charged

residues in the C-terminal lobe of the kinase domain (Fig. 6.2E, middle). In State III, the

FERM-Kinase complex was flipped by 180° with respect to State I and basic amino acids

that are spread over the FERM and the kinase domains interacted frequently with PIP2

(Fig. 6.2F, right).

Next, we asked how stable these orientations are with respect to ATP binding and the

charges at the N- and C-termini of the backbone beads. Since the ATP-binding pocket is

in contact with the membrane in State I, ATP binding could potentially affect the stability

of State I. We therefore ran a control simulation with coarse-grained ATP-Mg bound in its

pocket (see Methods) and found that the peaks of the probability density map remained

unchanged (Fig. 6.8A). Moreover, we asked whether the positive and negative charges

of the N- and the C-terminal backbone beads, respectively, affected the outcome of the

simulations. We therefore ran another set of control simulations with uncharged termini,

and found that only minor changes in the probability density map were observed (Fig.

6.8B). We conclude that the location and height of the States I, II and III were robust

with respect to ATP-binding and N- and C-terminal charges.

The POPC:PIP2 membrane is a simplified model of the cell membrane. To obtain a

more realistic model of the bilayer and to study the role of the background lipids, we built

two cell-mimetic and asymmetric membranes with 6 different lipid types based on lipid

composition of the cell membrane (Ingólfsson et al. 2014), with and without PIP2 (Table

6.1), and probed the binding kinetics and orientations of the FERM-Kinase complex at

these more realistic membranes (Fig. 6.3). The FERM-Kinase complex bound with similar

efficiency (a=99%) but faster (c=2.9 µs-1) to the complex membrane containing PIP2 (Fig.

6.3A) compared to the simplified POPC:PIP2 membrane (see above). In contrast, both

the binding rate (c = 0.4 µs-1) as well as the saturation level (a = 86.6%) were significantly

smaller at the complex membrane without PIP2 (Fig. 6.3B), indicating that PIP2 plays a

major role in defining the localization and pose of FAK at lipid membranes. In comparison



92 Chapter 6. Preferred Binding Orientations of FAK at Lipid Membranes

Figure 6.2: Binding dynamics and orientations of the autoinhibited FERM-Kinase complex on
a fluid membrane containing only PC lipids and 6% PIP2. A) Time evolution of the number of
simulations in which the FERM-Kinase complex was in contact with the membrane. The data
was fitted to an exponential model f(t) = a-b*exp(-c*t) that yielded a = 31.5, b = 16.5, c = 1.6
µs-1. The total number of 5 µs-simulations was 32. B) Three main peaks were observed in the
probability density map derived from 32 5-µs long simulations showing three distinct orientations
of the FERM-kinase complex at the membrane. C) Number of simulations in State I, II and III
over time. The solid lines are moving averages of the actual data (transparent) with a window size
of 0.5 µs. D) Transitions between States I, II and III. E) The orientation of the FERM-Kinase
complex facing the membrane (gray spheres) is shown in States I, II and III (same color code as
in Fig. 6.1). F) Views of the domains that face the membranes for the three different States.
The fraction of time each amino acid interacted with PIP2 is color-coded. Note that the residues
which showed the highest PIP2 interaction probabilities for the three different States are distinctly
different, and that many of them are not part of the basic patch.
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leaflet PC PE SM PS PI PIP2 Chol
with PIP2 inner 16.3 23.8 8.8 10 4.2 10 27
with PIP2 outer 39.2 6 20.9 - - - 34.4
no PIP2 inner 18.2 26.5 9.8 11.3 4.8 - 29.9
no PIP2 outer 39.2 6 20.9 - - - 34.4

Table 6.1: Composition of the cell-mimetic membrane in mol%. PC = phosphatidylcholine, PE =
phosphatidylethanolamine, SM = sphingomyelin, PS = phosphatidylserine, PI = phosphoinositol,
PIP2 = phosphatidylinositol-4,5-bisphosphate, Chol = cholesterol.

to the simple POPC:PIP2 membrane, more orientations of the FERM-Kinase complex

were sampled, but the main States I and III were conserved (Fig. 6.3C and D).

The comparison between the membrane with and without PIP2 showed that PIP2

modulated the shape, location and occupancy of the peaks in the probability density map

(Fig. 3D). While some states were shifted (State Ia), others disappeared (State IV) and

new ones appeared (State VI, IIc). In general, the peaks were sharper or, equivalently,

the orientations were more precisely defined in the presence of PIP2. Out of the 6 states,

State I and III were sampled most frequently (Fig. 6.3F), similar to the simulations with

the simple POPC:PIP2 membrane (cf. Fig. 6.3A). Both states shared approximately the

same occupancy, irrespective of the presence or absence of PIP2 (Fig. 6.3E and F), but the

presence of PIP2 allowed more simulations to reach States I and III (Fig. 6.3G, H). A tilt

of 30° around the perpendicular axis was observed in State Ia in the absence of PIP2, such

that only the kinase domain was in contact with the membrane (Fig. 6.3I), in contrast

to the State I in the presence of PIP2 that led to a completely flat orientation, where

both the FERM and the kinase domain interacted with the lipid membrane (Fig. 6.3J).

In summary, PIP2 had by far the biggest effect of all tested lipids on the interaction of

FAK’s FERM-kinase complex with lipid membranes, but importantly, also the other lipids

changed the orientational sampling. In order to more closely mimic the natural situation

and without loss of generality, we used the complex membrane composition for further

simulations of the isolated FERM or kinase domain.
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Figure 6.3: Binding of the FERM-Kinase complex to the cell mimetic membrane (see Table 6.1)
without and with 10% PIP2. A) In the absence of PIP2, the binding kinetics of the complex to the
membrane were slower compared to the membrane with PIP2 (B). The fitted model parameters
are a= 27.7, b=18.7, c=0.4 µs-1 without PIP2, and a=31.8, b=17.8 c=2.9 µs-1 with PIP2. C) A
multitude of orientations were sampled when compilin 32 5 µs-lon simulation indication a slight
preference towards State Ia and III as shown in panel E. D) In the presence of 10% PIP2, some
peaks were shifted (State I), while others disappeared (State IV). F) Mainly two orientations were
sampled (States I and III). Evolution of States I and III in the absence (G) and presence (H) of
PIP2. The orientation of the protein in these states is visualized without (I) and with PIP2 (J) of
PIP2 (same color code as in Fig. 6.1). K) The fraction of time each amino acid interacted with
PIP2 is color-coded for States I and III. Notice the many residues that are firmly anchored in the
membrane and that only K218 is part of the so-called basic patch.
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6.3.2 The FERM domain of FAK

Since the basic patch of the FERM domain is thought to predominantly drive the binding

of FAK to PIP2 (Cai et al. 2007), we probed the orientation of the FERM domain (amino

acids 35-362) alone. To facilitate the comparison between the FERM-Kinase complex and

the individual FAK domains, we chose similar coordinate systems and used the same label

for similar states such that the orientation in State “i” of the FERM domain is comparable

to State “i” in the FERM-Kinase complex.

The individual FERM domain bound to the cell mimetic membrane (see Table 6.1)

that contained PIP2 much faster (Fig. 6.4B) than to the PIP2-free membrane (Fig.

6.4A). Around four preferential orientations were observed on the PIP2-free membrane

(Fig. 6.4C), which were approximately equally occupied (Fig. 6.4E) and showed a sim-

ilar evolution of occupancy over the time course of the simulation (Fig. 6.4G). In the

presence of 10% PIP2, however, the individual FERM domain behaved quite differently

(Fig. 6.4D). State IX was by far the most occupied state (Fig. 6.4F and H). PIP2 thus

effectively modulated the binding energy landscape and drove the system towards State

IX which is not seen for the FERM-Kinase complex. Since we see so many new States, are

the surfaces that point towards the membrane of the isolated FERM complex buried at

the FERM-Kinase interface? In State IX, the F1 and F2 modules of the isolated FERM

domain are in contact with the cell membrane (Fig. 6.4I). Frequent interactions with PIP2

were observed for several amino acids of F1 and F2, including those which bind the kinase

domain and the short �-strand that includes the phosphorylation site Y397 in the autoin-

hibited conformation (Fig. 6.4J,K,L). Since these residues are not accessible in the inactive

form (Lietha et al. 2007), these interactions of the FERM domain with the membrane can

only occur if the kinase domain and the linker are dissociated.

Even though positively charged residues of the basic patch (K216, K218, R221, K222)

made contact with PIP2 molecules for 57-79% of the time, other residues (R35, R57, R184,

K190, K191, R236) did interact even more frequently (more than 95% of the time, Fig.

6.4J). Among these, lysines K190 and K191 are spatially in close proximity to the basic
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patch. To test whether these basic patch amino acids were required for the membrane

binding or might contribute to stabilizing one orientational state of an isolate FERM

domain, we performed a membrane orientation screening with the basic patch mutant

(K216A, K218A, R221A, K222A) based on the respective crystal structure (pdb 3zdt)

(Goñi et al. 2014). Surprisingly, the mutated FERM domain was in contact with the

membrane 97% of the time in our simulations, comparable to the wild type FERM (95%),

and the main peaks in the probability density map were conserved, including the preference

for State IX (Fig. 6.9). We conclude from our simulations that the basic patch of the FAK

domain does not change in major ways the preferred orientation of the isolated FERM

domain at our PIP2-containing lipid model membrane.

6.3.3 The individual kinase domain

Even though the kinase domain is not known to contribute to the membrane binding

of FAK, our simulations indicated that some residues of the kinase domain engaged in

lipid binding (Fig. 6.2F). Therefore, we investigated the orientation of the isolated kinase

domain with ATP-Mg bound to its pocket in an inactive and active conformation at the

PIP2-membrane, which both bound the membrane (Fig. 6.5A, B). The kinase domain in

the autoinhibited conformation is not phosphorylated and has an unstructured activation

loop. For this inactive kinase domain, the same two main orientations (States I and

III) as for the autoinhibited FERM-Kinase complex were observed, and both states were

approximately equally occupied (Fig. 6.5C, E, G). In State I, the active site was facing

towards the membrane (Fig. 6.5I), while it was solvent-accessible in State III (Fig. 6.5I).

Amino acids that frequently interacted with PIP2 in State I included R426, K587 and

K621 (Fig. 6.5K), while in State III, amino acids at the other side of the protein (R413,

R541, R665) interacted frequently with PIP2.

Upon Src binding, the two tyrosine residues 576 and 577 in the activation loop become

phosphorylated and a conformational change leads to adoption of secondary structure,

thus referred to as structured activation loop (Lietha et al. 2007). To test for the effect
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Figure 6.4: Membrane binding dynamics of the individual FERM domain on a cell mimetic (see
Table 6.1) membrane. Binding kinetics on a membrane A) without PIP2 (fitted model parameters
a=32, b=22.8 and c=0.7 µs-1) and B) with 10% PIP2 (parameters a=30.9, b=9.4, c=6.8 µs-1).
C,E,G) In the absence of PIP2, four main orientations (States V, VII, VIII, IX) were equally
occupied. D,F,H) In the presence of 10% PIP2, similar states were sampled, but State IX was
occupied much more frequently than the other states. I) In State IX, residues of F1 and F2
modules interacted with PIP2 molecules in the membrane J) Percentage of time each residue was
in contact with PIP2 in state IX. K) The FERM residues involved in PIP2 binding (solid surface,
color scale) correspond to the autoinhibitory interface, as shown by the overlay of the crystal
structure (pdb 2j0j, gray ribbon structure). L) Residues with frequent contact with PIP2 are
highlighted and regions of high PIP2 density are shown in red as iso-surfaces.
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of phosphorylation on membrane binding, we then simulated this ‘active’ phosphorylated

kinase domain and found surprisingly that, State III was much less frequently sampled (Fig.

6.5D, F, H). The most prominent peak in the probability density map was State Ib, that

was shifted by about 30° compared to the non-phosphorylated kinase. In this orientation,

access to the active site of the Kinase was limited (Fig. 6.5J). PIP2 frequently interacted

with basic residues (R508, R581, R583, R597, K621) in the vicinity of the ATP-binding

pocket at the predicted substrate binding site (Fig. 6.5L). Small and membrane-proximal

substrates could potentially compete with PIP2 for binding these residues.

6.4 Discussion

Since little is known about the orientational distribution of FAK at the cell membrane,

we studied the effect of lipid composition, binding of ligands, conformational changes and

posttranslational modifications on the membrane binding pose of FAK using scFix MAR-

TINI simulations. We found that PIP2 had a major impact on the membrane binding

velocity and orientation of FAK and its domains (Figs. 6.2-6.5), suggesting an important

role of PIP2 during early activation events. In particular, the orientational landscape of

the FERM domain is highly sensitive to PIP2 concentration (Fig. 6.4), as well as the

orientation of the FERM-Kinase complex (Fig. 6.2, 6.3) and the isolated kinase domain

(Fig. 6.5).

Upon integrin-mediated cell adhesion, FAK accumulates at nascent adhesions and be-

comes activated to orchestrate the formation and turnover of focal adhesions (Arold 2011).

Activation of FAK at the membrane is accompanied by conformational changes as has

been revealed by experiments with FRET-labeled FAK constructs (Papusheva et al. 2009,

Cai et al. 2007, Goñi et al. 2014). It is thus commonly assumed that FAK makes the

first intimate contact with the membrane in its autoinhibited conformation (Goñi et al.

2014). Our simulations show that the autoinhibited FERM-Kinase complex had a rather

low affinity for and a relatively undefined orientation at the inner leaflet of cell membranes

without PIP2 (Fig. 6.2A, C), whereas it firmly bound PIP2-enriched plasma membranes
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2) FERM-KD dissociation

2)

3) FERM reorientation + Y397 unbinding

3)

4) Y397 phosphorylation by FAK

y397
KD

FERM

PIP21)

1) Membrane binding

5)
*

**

4)
*

5) Y577, Y576 phosphorylation by SRC

Figure 6.6: Schematic model of the first activation steps of FAK. 1) PIP2 favours the membrane
bound state of the autoinhibited FERM-Kinase complex. 2) Dissociation of the FERM-Kinase
complex is followed by a reorientation of the FERM domain and Y397 unbinding (3). 4) Subse-
quent autophosphorylation of Y397 (marked by an *) blocks the rebinding of pY397 to the FERM
domain. 5) Further phosphorylation of Y576 and Y577 by Src.

in two preferred orientations (Fig. 6.2B, D, Fig 6.6). The PIP2-induced orientations were

robust with respect to background lipids, the charge of the N- and C-terminus, or whether

ATP-Mg was bound or not (Fig. 6.2, 6.3, 6.7). Importantly though and not predicted be-

fore, the complex lay flat on the membrane in two distinct states which we termed States

I and III here, with large areas of the FERM and the kinase domain in contact with the

membrane. Unexpectedly, the ATP and substrate binding sites were only accessible in

State III, whereas the binding pockets were hidden by the membrane in State I (Fig. 6.2E)

which has major functional implications. Furthermore, the docked orientation as assumed

in previous computational studies (Goñi et al. 2014, Zhou, Bronowska, Le Coq, Lietha &

Gräter 2015) corresponds roughly to State II in our simulations, yet this orientation was

not the most stable since we observed a net flux towards either State I and III (Fig. 6.2C,

D).

PIP2 binding is thought to partially open up the FERM-kinase complex, which allows

for phosphorylation of Y397 (Goñi et al. 2014). What would happen if the FERM-Kinase
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complex spontaneously dissociated at the membrane? Interestingly, FAK’s FERM domain

alone preferentially adopted a different orientation than the FERM-Kinase complex in the

presence of PIP2 (Fig. 6.2, 6.4 and 6.6). While State III was common to the FERM-

Kinase complex and to the individual FERM domain, a new State IX appeared when

the inhibitory kinase domain was removed from the complex. A strong tendency towards

State IX was observed in the presence of PIP2 (Fig. 6.4F, H). Amino acids that interact

with the kinase domain in the autoinhibited conformation are found here to be in contact

with the cell membrane (Fig. 6.4K). Our simulations now reveal that these protein-lipid

interactions thus compete with the rebinding of the kinase domain to the FERM domain.

We would thus like to propose that once the FERM domain is released from the kinase

domain, it can rotate at the membrane from State III to IX, thereby burying the autoin-

hibitory interface and the binding site of Y397 on its F1 module (Fig. 6.4K, Fig.6.6). In

fact, two different FRET sensor were developed to investigate the activation process (Cai

et al. 2007, Papusheva et al. 2009). Despite the similar design of the probes, an opposite

response in FRET was observed upon activation, which does support a change in orienta-

tion rather than a change in the FERM-Kinase distance (Papusheva et al. 2009). Our data

now suggest that there might be a dynamic equilibrium between the FERM-Kinase and

the FERM-membrane interactions. Since the previous FRET measurements correspond to

ensemble averages (Goñi et al. 2014), it is possible, that the ‘partial opening’ corresponds

to the average of two populations: one where the FERM domain is bound to the Kinase,

and another, where the lipids bind the FERM domain. Please note though, that we did

not assess the binding affinity of these states from the probability density map because of

the small number of sampled transitions.

PIP2 directly interacts with amino acids on the F1 lobe of the FERM domain that bind

the short linker segment that includes the phosphorylation site Y397. Our simulations now

predict that this binding site might not be accessible when the FERM domain is bound

to a PIP2 containing membrane (Fig. 6.4L). It is thus tempting to speculate that PIP2

binding would prevent not only the rebinding of the kinase domain, but also the rebinding

of the short linker segment that includes Y397. In the dissociated case, Y397 would be
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accessible for phosphorylation. Since the posttranslational modification of Y397 prevents

the rebinding to the FERM domain and enables the further phosphorylation of Y576

and Y577 that block the FERM-kinase interaction, the phosphorylation of Y397 would

effectively stabilize the fully dissociated state (Fig. 6.6).

How might membrane binding affect the activity of the kinase domain? The two main

orientations of the FERM-Kinase complex at the membrane are also preferentially sam-

pled by the kinase domain alone (State I and III, Fig. 6.5). In fact, it seems that the

kinase domain is mainly responsible for the orientation of the autoinhibited FERM-Kinase

complex at the membrane. However, the orientation of the activated kinase domain at the

membrane is changed upon phosphorylation of Y576 and Y577 and the associated confor-

mational change in the activation loop (Fig. 6.5D). State III is shifted upon phosphory-

lation of Y576 and Y577 and much less sampled (Fig. 6.5F, H). In the main orientation,

the substrate-binding pocket is facing the lipid membrane. There is only limited access to

the binding sites, but the Kinase could potentially phosphorylate unstructured regions of

peripheral or transmembrane proteins that are able to compete with the lipid head groups

that bind to the kinase domain. It is also possible that the Kinase is not catalytically active

when bound to the cell membrane. Only by binding to different ligands or by detaching

the kinase from the membrane, for example by mechanical force, the substrate-binding site

would become fully accessible.

Would the membrane binding orientation of the FERM-Kinase complex be compatible

with dimerization? It has been shown that dimerization of FAK is required for autophos-

phorylation of Y397 (Brami-Cherrier et al. 2014). The FERM F3 lobe forms the dimer-

ization interface for an elongated, arch-shaped dimer (Brami-Cherrier et al. 2014). If we

consider a certain flexibility of the membrane bound states along the longitudinal axis of

the FERM-Kinase complex, the two main States I and III are in a predisposed orientation

for dimerization.

Moreover, PIP2 mediates FAK clustering at the cell membrane via the basic patch in

the F2 lobe of the FERM (Goñi et al. 2014). Importantly, the basic-patch mutant of the

FERM domain (K216A, K218A, R221A, K22A) bound the membrane in our simulations
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with similar dynamics and orientations as the wild-type (Fig. 6.8). In the main orientation

(State IX), the basic patch residues are not at the direct protein-membrane interface, but

the relatively large head group of PIP2 or other ligands can interact with these residues

(Fig. 6.4C) which is in contrast to assumed models where the basic patch residues are

completely buried in the membrane (Goñi et al. 2014, Zhou, Bronowska, Le Coq, Lietha &

Gräter 2015). In our simulations, the basic patch did not directly determine the binding

affinity of the FERM domain for PIP2 containing membranes. As an alternative expla-

nation, we hypothesize that the basic patch could mediate clustering of FAK at PIP2

containing membranes and thereby enhance association with membranes by an avidity

effect.

The landscape of possible orientations is far more complex than previously thought and

has major implications regarding the recruitment of FAK to lipid membranes, as well as the

PIP2 induced activation process. The preferential orientation of the FERM domain on the

membrane can be experimentally tested for example by electron paramagnetic resonance

(EPR) to probe for the solvent accessibility of amino acids (Chen et al. 2012). The combi-

nation of EPR with coarse-grained simulation is in general a powerful method, since it can

avoid the screening of many mutations and guide the experimentalist towards more specific

and fewer target mutations. Potential PIP2-directed FAK dimerization could also be fur-

ther studied by coarse-grained (Parton et al. 2011) or with large scale atomistic molecular

dynamics simulations (Sener et al. 2007) to refine the structural models. Given the com-

plexity of interactions involved, only a combined theoretical and experimental effort will

provide the necessary information to decipher the detailed activation mechanism of FAK

at cellular membranes. The here presented systematic screening by coarse-grained sim-

ulations substantially facilitates such an integrated computational-experimental research

strategy.
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6.5 Methods

The human FAK domains were modeled using Modeller (Webb & Sali 2014) based on the

autoinhibited crystal structure (pdb 2J0J) (Lietha et al. 2007) and the basic patch mutant

of the FERM domain (pdb 3zdt) (Goñi et al. 2014). The model was coarse-grained with

the MARTINI force field v2.2 (Monticelli et al. 2008, de Jong et al. 2013) and an elastic

network (Periole et al. 2009) connecting the backbone beads was applied with a force con-

stant of 400 kJ mol-1 nm-2 and a distance cutoff between 0.5 and 0.9 nm, except for the

residues that are missing in the crystal structure. Additional dihedral potential controlled

the side chain orientations of beta strands (scFix) (Herzog et al. 2016). The membrane

was built with INSANE (Wassenaar et al. 2015). The simplified membrane consisted of 6%

PIP2 in the upper leaflet and POPC as a background lipid. The more complex membrane

was based on the head group distribution of the plasma membrane (Ingólfsson et al. 2014)

and contained 78 POPC, 114 POPE, 42 DPSM, 48 POPS, 20 POPI, 48 PIP2 (POP2)

and 129 cholesterol molecules in the upper leaflet, and 188 POPC, 29 POP2, 100 DPSM

and 165 cholesterol molecules in the lower leaflet. The topology for phosphatidylinositol

4,5-bisphosphate (PIP2) is based on the topology for phosphatidylinositol 3,4-bisphosphate

(PI34) (López et al. 2013) without the dihedral potential for the head group. The mem-

brane was neutralized with Na+ ions, minimized for 1000 steps and equilibrated during 1

µs with a 20 fs time step.

To study the protein-lipid interactions, we placed the protein in 32 systematically spaced

orientations in close proximity to the membrane (< 7 Å) using the Fibonacci spiral mapped

on a sphere (Herzog et al. 2016). The initial set-ups were minimized first for 10 steps

in vacuum and then 5000 steps with coarse-grained water and 150 mM NaCl. Then, the

system was equilibrated for 1 ns using a 20 fs time step and the velocity rescale temperature

(Bussi et al. 2007) and Berendsen (Berendsen et al. 1984) pressure coupling scheme with

parameters of 1 and 3 ps-1. For production, the neighbor list was updated every 20th

step with the Verlet neighbor search (Verlet 1967) and a 20 fs time step. Temperature

was controlled with the velocity rescale thermostat and the Parinello-Rahman barostat
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(Parrinello & Rahman 1981) with coupling parameters of 1 and 12 ps-1 and reference

temperature and pressure of 310 K and 1 bar, respectively. Lennard-Jones and Coulomb

forces were cut off at 1.1 nm with the potentials shifted to zero at the cut off using the

Potential modifiers. All simulations were run with Gromacs 5.0.6 (Pronk et al. 2013).

The model of the coarse-grained ATP-Mg was built on the basis of adenine (Uusitalo

et al. 2015). Two Qa beads were added with charge of -2 and -1 to represent the additional

phosphate groups and one Qd bead with a charge of +2 for the hydrated magnesium ion.

The bond length and angles were based on their distribution in 100 ns long atomistic sim-

ulations of ATP bound to the kinase. Since the coarse-grained ATP-Mg moved within the

binding pocket, the beads of ATP-Mg were connected to the backbone beads of surround-

ing residues with elastic bonds, the same way as the backbone beads are connected to each

other to preserve the structure of the protein. This ‘ad hoc’ model of ATP-Mg was built

to represent the bound ATP and should therefor not be used for other purposes.

The phosphorylated amino acids Y576 and Y577 in the active structure of the kinase

domain (pdb 2j0k) were modeled by adding a Qa bead with a charge of -2 to the coarse-

grained side chain beads 2 and 3 (SC2, SC3) of the tyrosine residue. The bond length was

set to 3.6 Å and the force constant to 5000 kJ mol-1 nm-2.

The orientation of the protein was monitored over time using the geographical coordi-

nate system with latitude and longitude. A rotation in Y corresponds to a rotation around

the longitudinal axis of the FERM-kinase complex. For all simulation frames where the

protein was in contact with the membrane (< 6 Å), the orientation was used to compute

the probability density map (Herzog et al. 2016). For the PIP2 interaction, the same

6 Å cut off was used (Psachoulia & Sansom 2008). All figures were rendered in VMD

(Humphrey et al. 1996).
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Figure 6.7: The FERM-Kinase complex at the POPC membrane with 6% PIP2. For all 32
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Chapter 7

Implications and Outlook

Here, we contributed to decipher several aspects of FAK activation, by providing atomistic

details on the dynamics of the kinase domain, and by generating new ideas how the mem-

brane binding of the FERM domain could prevent the autoinhibition of the kinase domain.

Deciphering the molecular activation mechanism of a multifunctional and multidomain pro-

tein like FAK is a challenging task that requires many different methodological approaches.

Simulations that are based on available protein structures and build on hypotheses derived

from experimental work can provide explanations at the molecular level and in turn, de-

velop new hypotheses. This fruitful combination of experiments and simulations will help

to deepen our understanding of membrane bound proteins.

7.1 Dynamics of FAK’s kinase domain

First, we set out to study the dynamics of the kinase domain at atomistic resolution

while perturbing the system by ligand removal, phosphorylation and mutation (Chapter

4). When the nucleotide was removed from the active kinase domain, the ligand binding

pocket did not remain stably open. This pocket closure has not been characterized in

other kinases to the best of our knowledge. The removal lead to large motions between

the N- and the C-lobe that were not as pronounced when a ligand was bound to the

109
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ATP pocket. In contrast, in the inactive conformation, the pocket remained stably open.

We therefor speculate, that ATP binds preferably the inactive conformation, which would

require a conformational change in the activation loop for the kinase to become catalytically

active. The simulations provide a molecular explanation of the model that was built

on experimental measurements (Schneck et al. 2010). Future research will show if this

mechanism is specific to FAK or if it can be extended to other kinases as well.

7.2 Rational drug screening based on MD simulations

Since upregulated expression and activity of FAK is promoting tumor progression in dif-

ferent types of cancers, and since ATP-competitive kinase inhibitors often inhibit other

kinases as well, it would be of great interest if one could develop allosteric inhibitors that

bind the kinase at different, potentially more specific sites. Based on the results of the MD

simulations, we developed a new strategy to use the conformations generated by the sim-

ulations for computational drug screening. Transient pockets were discovered in the MD

simulations that we used for computational drug screening (Appendix A). Unfortunately,

the in vitro testing of candidate molecules did not lead to a discovery of a novel inhibitor.

However, the approach nicely showed how MD simulations can provide conformations that

are not accessible with experimental techniques, which might potentially reveal promising

targets in future drug screening projects.

In fact, during the time of this thesis, several allosteric FAK inhibitors were developed

(Iwatani et al. 2013, Tomita et al. 2013) and MD simulations used to identify transient

pockets targeted in a computational screening successfully reactivated p53 (Wassman et al.

2013). Incorporating MD simulations into the process of rational drug design is an active

field of research (Durrant & McCammon 2011, Alonso et al. 2006) that has a promising

future, due to the increasing computational power, smarter algorithms, the refinement of

force fields and the more realistic docking procedures that are developed.
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7.3 Membrane binding of FAK

Our improvement of the MARTINI protein force field (which is going to be implemented

in the MARTINI software according to the developers), in hand with the validation of our

systematic computational approach to study protein-lipid interactions (Chapter 5), allowed

us to discover the binding mode of the autoinhibited FERM-kinase fragment, the FERM

domain, and the kinase domain alone. An unexpected binding pose of the FERM domain,

which is sensitive to the presence of PIP2, has important implication in the activation

process, since it masks the autoinhibitory interface that can inhibit the kinase domain

(Chapter 6).

Testing this hypothesis experimentally is the next goal. Therefore, we started a collab-

oration with the Electron Paramagnetic Rensonance (EPR) group headed by Prof. Gunnar

Jeschke at ETH Zurich and Dr. Marina Rubini from the Marx group at the University

of Konstanz. We intend to introduce site-directed labels into the FERM domain by using

non-natural amino acids that can be spin-labeled for EPR spectroscopy. Direct cysteine

labeling is not feasible due to the abundance of cysteines on the wild-type FERM domain.

Since the power saturation measurements reveal the accessibility of the spin label, it will

be possible to determine which labels bind to the membrane and which are solvent acces-

sible, and therefore derive a membrane binding orientation of the protein (Osterberg et al.

2015). This strategy was previously used for example to determine the binding orientation

of the Synaptotagmin 7 C2A domain (Osterberg et al. 2015) and the GRP1 PH domain

(Chen et al. 2012), but with our prediction based on the simulations, a large screening of

mutations can be avoided, since fewer labels are required to validate the model.

Other strategies to determine the orientation of proteins on membranes include x-ray

reflectivity (Tietjen et al. 2014) or attenuated total reflectance Fourier transform infrared

experiments (Gueldenhaupt et al. 2012).

The interaction of proteins with lipids and how the lipids can regulate protein function

is an important area of research, since it is estimated that 30% of the human proteins are

functioning in a membrane associated form (Casadio et al. 2008). For example, the ERM
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(ezrin, radixin, moesin) family is known to connect the actin cytoskeleton to the membrane.

The sequence homology of ezrin, radixin and moesin is very high, but other members of the

protein family show much lower sequence homology. While the PIP2 binding site of ezrin

is known (Hamada et al. 2000), it is not known, whether other members like Protein 4.1 or

Merlin bind PIP2 at the same site. Our computational approach could reveal differences

and similarities between proteins of the ERM family.

Other interesting biological systems for our computational protein-membrane-binding

approach include focal adhesion proteins like vinculin and talin, or vesicle fusion proteins

such as Synaptotagmin 7 which mediates the release of synaptic vesicles in response to rising

Ca2+ concentrations. It is clear, that much more research is required to characterize and

understand the manifold interactions between proteins and lipids, which is only possible

in a combined effort of experimental and simulation-based research.



Appendix A

FAK Virtual Drug Screening

The results of Chapter 4 initiated a collaboration with the ‘Computer-assisted Drug Design’

group headed by Prof. G. Schneider at ETH Zürich with the goal to find a novel, potentially

allosteric inhibitor of FAK, which is a promising target in several types of cancers. The

project was planned by Viola Vogel, Gisbert Schneider, Petra Schneider, Nickolay Todoroff

and Florian Herzog. F. Herzog run all the MD simulations (see Chapter 4). N. Todoroff

performed the virtual screening, and the best candidates were visually checked by G.

Schneider, N. Todoroff and F. Herzog. The in vitro experiments were performed by F.

Herzog. Unfortunately, we did not find a small molecule that modulated the activity

of the kinase. However, the study is of conceptual interest, as it shows how molecular

dynamics simulations can be used for the identification of target sites in a computational

drug screening.

A.1 Introduction

FAK expression and activity plays an important role in cell motility, survival and prolifer-

ation during development and in various tumors (Parsons 2003, Schaller 2010, Sulzmaier

et al. 2014, Zhao & Guan 2009). It was shown that FAK mRNA levels are increased

in invasive breast cancers (Network, The Cancer Genome Atlas et al. 2012) and ovarian
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tumors (Cancer Genome Atlas Research Network 2011), and that high FAK expression

levels correlate with poor patient survival (Sood et al. 2010, Ward et al. 2013). Since FAK

becomes activated by dimerization (Brami-Cherrier et al. 2014), the protein concentration

is a critical factor for FAK activity. Several ATP-competitive (Kang, Hu, Ivan, Dalton,

Miyake, Pecot, Zand, Liu, Huang, Jennings, Rupaimoole, Taylor, Pradeep, Wu, Lu, Wen,

Huang, Liu & Sood 2013, Roberts et al. 2008, Shi et al. 2007, Slack-Davis et al. 2007,

Tanjoni et al. 2010, Weis et al. 2008) and allosteric (Heinrich et al. 2013, Iwatani et al.

2013, Tomita et al. 2013) inhibitors targeting the kinase domain of FAK were developed.

By the time of the initiation of the project in May 2012, no allosteric FAK inhibitor was

known. Due to the highly conserved ATP-binding pocket in the kinase protein family, ATP

competitive inhibitors often target several kinases and lack specificity (Fabian et al. 2005).

Allosteric inhibitors that target less conserved regions could potentially be more specific.

The extensive molecular dynamics simulations of FAK’s kinase domain in different

states (Chapter 4) allowed us to capture transient binding pockets that are not seen in

the crystal structures. We tried to exploit this structural information for a virtual drug

screening. In particular, we wanted to block the kinase by stabilizing the activation loop

in its structured conformation, since our MD study (Chapter 4) and experimental work

(Schneck et al. 2010) suggest that the activation loop undergoes a conformational change

in each catalytic cycle. By blocking the activation loop in one state, the catalytic cycle

would be inhibited.

A.2 Computational Drug Screening

The first step in virtual drug screening is the identification of potential ligand binding sites

(McInnes 2007). As the local surface roughness of macromolecules was shown to correlate

with ligand binding potential, we decided to measure the Local Roughness Index (LoRI)

(Todoroff et al. 2014). We calculated the index for each atom over time for the 100 ns long

simulation of phosphorylated kinase domain of FAK with the structured activation loop

(p-KD=) and with ATP-Mg bound. The averaged and binned indicators are shown in Fig.
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Figure A.1: Potential ligand binding pockets of FAK’s kinase domain. A) Areas with high
predicted probability of ligand binding are colored in red, while medium and low predicted prob-
abilities are in green and blue, respectively. The LoRI values were averaged and binned over a
100 ns MD simulation. B) Four pockets p1-p4 were defined by PocketPicker in areas of high LoRI
values and were used as targets for the subsequent screening.

A.1A. High local roughness was found between the upper and lower lobe of the kinase,

which corresponds to the binding site of ATP and the substrate. We selected 4 regions of

interest and defined them with PocketPicker (Weisel et al. 2007) (Fig. A.1B). Pocket p1

covers the ATP binding site, pocket p2 and p3 are the predicted substrate binding sites

and pocket p4 is a novel allosteric site. The rationale behind these selections is to screen

for an ATP-competitive, substrate competitive or an allosteric inhibitor, respectively. The

allosteric site p4 is formed by the activation loop in its active conformation. Since it was

proposed that the activation loop has to undergo a conformational change in each cycle of

catalytic activity (Schneck et al. 2010), the binding of a small molecule at this site could

potentially stabilize the activation loop, and therefore inhibit the catalytic cycle.

The four pockets p1-p4 are formed by several side chains that are dynamic. We char-

acterized the state of the pockets by measuring distances between pocket forming residues.

For the subsequent screening, we selected for each pocket a snapshot from the MD sim-

ulations with large pocket openings. These conformational states of the protein could
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potentially be stabilized by small molecules and alter the function of the protein (Nussinov

& Tsai 2013).

The pockets were then used for the pharmacophore modeling by VirtualLigand (Löwer

et al. 2010), which creates a fuzzy pharmacophore model by autocorrelating the projected

pharmacophoric features of expected potential binding partners of the inspected pocket.

The LIQUID software (Tanrikulu et al. 2007) was used to generate the pharmacophore

description of the Alllib and ZINC fragments library (Irwin & Shoichet 2005), which were

then ranked by similarity to the different pharmacophore models of the pockets. The best

candidates from the library were then docked into the pockets with GOLD 5 (Verdonk

et al. 2003). The poses of the docked compounds were evaluated by the ChemPLP and the

Gold score. Candidates for all the four pockets with high scores for both scoring functions

were visually inspected. Out of the best candidates, 25 commercially available compounds

were purchased and tested in vitro.

A.3 In vitro kinase assay

Candidates from the virtual screening have to be tested and show that they inhibit the ki-

nase in vitro. Therefore, I tested the activity of the preactivated FAK (Invitrogen, PV3832)

in the presence of the compounds with the OmniaKinase Assay (Invitrogen, KNZ3031) at

a concentration of 15 nM. In short, the fluorescence of the substrate peptide with a Mg2+

chelating moiety (Y3) is greatly enhanced when phosphorylated. The monitoring of the

fluorescence in a plate reader allows for a continuous readout of the kinase activity. We

followed the company’s protocol and tested the 25 compounds and the known inhibitor

PF-573228 (Sigma Aldrich) at a concentration of 10 µM, together with a no-kinase and

DMSO control in black, small volume 384 well plates (Corning, #3673). After removing

the background signal (no kinase) from the readouts, the slope was calculated from the

linear part, which is proportional to the reaction velocity. The 25 compounds were tested

three times in two different sets for practical reasons (I1-I12, M1-M13, see table A.1). As

shown in Fig. A.2, in both sets, the known inhibitor PF-573228 significantly changed the
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Name Source Access Number

I1 Enamine T5215722

I2 Enamine z57055576

I3 Enamine z21995423

I4 Enamine z56873598

I5 Enamine z335769022

I6 Enamine z18356531

I7 Enamine z609890068

I8 Enamine z151697558

I9 Enamine z367367002

I10 Enamine z89493790

I11 Enamine z109445398

I12 Enamine z27932975

M1 Chembridge 6515091

M2 Chembridge 13665771

M3 Chembridge 50173782

M4 Chembridge 32161044

M5 Chembridge 40250350

M6 Chembridge 7570383

M7 Chembridge 21163723

M8 Chembridge 80530426

M9 Chembridge 64756788

M10 Chembridge 7975660

M11 Chembridge 31968469

M12 Chembridge 15034155

M13 Chembridge 91307603

Table A.1: Tested compounds

activity of the kinase compared to the DMSO control (2-way ANOVA, p<0.01 and p<0.05,

respectively). However, none of the other 25 compounds changed the activity of FAK sig-

nificantly. Candidate M4 interfered with the assay read out because of its fluorescence.

Due to the small volumes of the assay (20 µl), the variations between different repetitions of

the experiment are considerable. Six candidates that lead to a slightly increased apparent

reaction velocity at 10 µM were further tested at 100 µM in triplicates (Fig. A.3). At this

concentration, no change in activity of FAK was observed. Only the reaction velocity of the

known inhibitor (PF) was significantly reduced, compared to the DMSO control (p<0.01,

one-way ANOVA). In conclusion, none of the tested small molecules lead to a change of

catalytic activity of FAK, despite the promising scores from the virtual screening.

A.4 Discussion

Computational methods in the process of drug development have shown to be valuable

in hit identification (Kitchen et al. 2004). Computational drug screening can speed up
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Figure A.2: Reaction velocity of FAK in presence of drug candidates at a concentration of 10
µM. The average (bar) and individual data points (n=3) are shown. The colors indicate different
repetitions of the experiment. A) Candidates I1-I12, together with the known inhibitor PF-573228
(PF), the DMSO and no kinase control. B) The same for candidates M1-M13 with PF, DMSO
and no kinase controls. Only the known inhibitor has a significantly different reaction velocity
compared to the DMSO control. * p<0.05, ** p<0.01 2-way ANOVA, F-test.
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Figure A.3: Reaction velocity of FAK in presence of drug candidates at a concentration of 100
µM. The average and individual data points (n=3) of one experiment are shown. The known
inhibitor, PF-573228 (PF), the DMSO and the no kinase control are shown as well. M4 was
also tested, but removed from the data set because it is fluorescent and interfered with the assay
readout. **p<0.01, 1-way ANOVA, F-Test.

and reduce the costs considerably. 100’000 of compounds can be tested within hours or

days. However, the predictive power of the computational drug screening is still limited by

the accuracy of the scoring functions and the simplified dynamics of the small molecule -

target interactions. It is nowadays possible to integrate or use MD simulation in the drug

screening process (Alonso et al. 2006, Durrant & McCammon 2011). For instance, as done

here, one can generate conformations of the target molecule that are not accessible in x-ray

or NMR structures (Alonso et al. 2006, Durrant & McCammon 2011). Other possibilities

are to more realistically model the flexibility of the protein-compound interactions (Ge

et al. 2013) and to study the mechanism of binding and action of allosteric drugs (Dror

et al. 2013).

Here, we tried to use the conformations sampled with atomistic MD simulations for

computational drug screening. The MD trajectories were used to predict the ligand binding

probability in a first step (Fig. A.1A), and after choosing regions of interest (Fig. A.1B),

conformations with wide pocket openings were pooled from the trajectories. In addition

to the ATP- and the substrate-binding sites, for which potent inhibitors already exist
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(Infusino & Jacobson 2011), we discovered an allosteric pocket that we used as a target for

the drug screening. For all the pockets, we found candidates with high scores that were

commercially available and could be tested in vitro. Unfortunately, none of the 25 tested

compounds changed the activity of FAK (Fig. A.2 and A.3).

Which are the limiting factors of the present study? In addition to the scoring and rank-

ing functions which are known bottlenecks of the computational drug screening (Kitchen

et al., 2004), it is possible that the conformations generated by MD were not accurate or

that the hypothesis that binding of a ligand to the allosteric pocket p4 would alter the

activity of the kinase is wrong. In fact, we don’t know if the ligands that were targeting

this pocket were actually binding or not. However, at this point it would be beyond the

scope of the project to further investigate the failure of the computational drug screening

Despite the sobering results of this study, we believe that MD simulations provide

useful information to the drug development process at various stages (Kitchen et al. 2004).

Especially with the increasing computational power, the refinement of the force fields and

scoring functions and the development of smarter algorithms will increase the reliability of

computational drug screening in the future.
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Lamin A/C Epitope

The results presented here are published in Nature Materials (2015). 14, 1252-1261: Teemu

O. Ihalainen, Lina Aires, Florian A. Herzog, Ruth Schwartlander, Jens Moeller and

Viola Vogel, "Differential basal-to-apical accessibility of lamin A/C epitopes in the nuclear

lamina regulated by changes in cytoskeletal tension".

Author contributions: T.O.I., L.A. and V.V. designed the experiments. T.O.I. per-

formed the PAA cushion experiments and L.A. carried out the LA/C-C epitope mapping.

T.O.I. and L.A. did the remaining experiments with the help of J.M. (µ-island experi-

ments) and R.S. (cell spreading experiments). F.H. was responsible for the structural

analysis of lamin A and SMD simulations. All of the authors were involved in the analyses

and interpretation of data. T.O.I., L.A. and V.V. wrote the paper, with the help of the

co-authors.

B.1 Abstract

Nuclear lamins play central roles at the intersection between cytoplasmic signalling and

nuclear events. Here, we show that at least two N- and C-terminal lamin epitopes are not

accessible at the basal side of the nuclear envelope under environmental conditions known to

upregulate cell contractility. The conformational epitope on the Ig-domain of A-type lamins
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is more buried in the basal than apical nuclear envelope of human mesenchymal stem cells

undergoing osteogenesis (but not adipogenesis), and in fibroblasts adhering to rigid (but not

soft) polyacrylamide hydrogels. This structural polarization of the lamina is promoted by

compressive forces, emerges during cell spreading, and requires lamin A/C multimerization,

intact nucleoskeleton-cytoskeleton linkages (LINC), and apical-actin stress-fibre assembly.

Notably, the identified Ig-epitope overlaps with emerin, DNA and histone binding sites,

and comprises various laminopathy mutation sites. Our findings should help decipher how

the physical properties of cellular microenvironments regulate nuclear events.

Hereafter, the contributions of F.H. are elaborated.

B.2 Structural model of the conformational epitope

The discovery that a specific epitope against lamin A is more accessible at the apical than

at the basal side of the nuclear envelope raised the question about the precise epitope

sequence. Using a PepSpot membrane, two regions that reacted with the antibody could

be identified, that showed no sequence similarity. Based on different crystal structures of

lamin domains (Strelkov et al. 2004, Krimm et al. 2002) and electron microscopy studies

(Stuurman et al. 1996, Kapinos et al. 2010, Ben-Harush et al. 2009), I visualized the

location of the two epitopes within the dimer, and predicted their location in the higher

order structures ranging from dimers to filaments (Fig. B.1). This built the basis for new

hypothesis that were tested in further experiments.

B.3 Mechanical stability of the Ig-fold

Since the differential accessibility of the epitope was dependent on mechanical cues, we

asked if the conformational epitope would be stable under force. Since epitope ✏

c1 is in an

unstructured region, we could only assess the mechanical stability of the second epitope

✏

c2 within the Ig-fold with steered molecular dynamics simulations. I applied a constant
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Figure B.1: Schematic representation of lamin A/C organization from monomer to filament. The
monomer consists of an ↵-helical rod domain and a tail domain with an immunoglobulin domain
(Ig-fold). The sketch is based on the sequence, different crystal structures of lamin domains
(Strelkov et al. 2004, Krimm et al. 2002) and electron microscopy studies (Stuurman et al. 1996,
Kapinos et al. 2010, Ben-Harush et al. 2009). The conformational epitope identified in this study
is highlighted in green and labeled as ✏

c1 and ✏
c2.
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Figure B.2: SMD simulation of lamin A/C Ig-like domain. The distance between the carbon
alpha atoms of S428 and V549 is shown over time for the first 10 ns of equilibration and the two
SMD simulations with constant forces of 100 and 200 pN applied on the the carbon alpha atoms
of S428 and V549 in opposite direction but with equal magnitude. In both simulations, a stable
structural intermediate is formed with the beta strand A pulled out of the Ig-fold.

force on the N- and C-terminus of the Ig-fold. In a first step of unfolding, the beta-strand

A was pulled out of the Ig-fold, which led to a relatively stable intermediate structure that

didn’t affect the conformation of the epitope ✏

c2 (Fig. B.2).

Another experimental study identified Cys522 as a stress sensitive site, which means,

that its accessibility depends on the mechanical state of the protein (Swift et al. 2013). In

the crystal structure of the Ig-fold of lamin A/C, Cys522 is solvent accessible (Krimm et al.

2002). In our simulations, the residue remains accessible within the 10 ns of equilibration

without any application of external force (Fig. B.3). However, one has to consider that

any kind of higher-order structure is neglected in the simulation set-up. It is well possible

that Cys522 is buried in relaxed filaments and only become accessible upon application of

force in stressed filaments.

B.4 Methods

Following well established protocols (Gao et al. 2003), steered molecular dynamics (SMD)

simulations were performed with NAMD (Phillips et al. 2005) using the CHARMM27
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Figure B.3: The suggested stress sensitive site Cys522 (Swift et al. 2013) is exposed to water in
our simulations. The solvent accessible surface area of Cys522 is shown during the first 10 ns of
equilibration.

force fields (Mackerell et al. 1998). The Ig-like domain of human lamin A/C (pdb: 1IVT,

(Krimm et al. 2002)) was immersed in a water box filled with TIP3P molecule (Jorgensen

et al. 1983) with at least 15 Å padding between the protein and the box edge in all

directions using the Solvate plugin in VMD (Humphrey et al. 1996) and neutralized at

0.15 M salt concentration. For the equilibration, the system was minimized for 2000 steps

while keeping protein atoms fixed and further 2000 steps without restraints. The system

was then heated to 310 K by raising the temperature 3.1 K every 100 steps and equilibrated

for 10 ns. For the SMD simulations, the water box was increased to either 150 Å or 337 Å

in the direction of applied force. Constant tensile forces were then applied on the carbon

alpha atoms of S428 and V549 in opposite direction but with equal magnitude. Simulations

were performed with constant pressure and temperature (NPT ensemble) using Langevin

dynamics using a damping factor of 1 ps-1 and Nose-Hoover Langevin piston method with a

damping time constant of 50 fs and decay period of 100 fs. Long-range electrostatic forces

were simulated using the particle mesh Ewald summation with a grid size smaller than 1

Å. Full electrostatic interactions were calculated every 4th step. Van der Waals interactions
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were calculated using a switching function starting at 10 Å with a cutoff at 12 Å. Rigid

bond lengths of water molecules were used and an integration step of 1 fs was chosen. All

simulations were performed on a Cray XE6 at the Swiss National Supercomputing Centre.

Figures were rendered with VMD (Humphrey et al. 1996).
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#########################################################################################
#
# SYNOPSIS
# addDihedral topology pdbcode
#
# DESCRIPTION
# this VMD script generates the topology for SC - BB - BB - SC dihedrals. 
# - loads the pdb file "pdbcode"
# - reads the Martini topology file "topology"
# - it measures the dihedrals in the atomistic structure
# - prints the topology for extended structuers:
# - SC - BB - BB - SC dihedrals
# - SC - BB - BB and BB - BB - SC restricted angle potentials
# EXAMPLE
# addDihedral "Protein_A.itp" "1mai"
#
# AUTHOR
# Florian Herzog <florian.herzog@hest.ethz.ch
#
# 04/30/2015
#
#########################################################################################

proc addDihedral {topology pdbcode} {
# PARAMETERS
set b 25 ;# force constant for dihedral: V = b(1+cos(phi-a))
set k1 5 ;# force constant for SBB ReB angle
set k2 5 ;# force constant for BBS ReB angle
set theta1 100 ;# theta0 for the SBB ReB angle
set theta2 100 ;# theta0 for the BBS ReB angle
set n_reb 10 ;# function number for the restricted bending 

 # potential (might change between gromacs versions)

set ff "martini" ;# force-field: either martini or elnedyn

# LOAD PDB FILE $pdbcode. 
# Remove these lines if you have your atomistic structure loaded in VMD as "top"
puts "load pdb file $pdbcode"
mol new $pdbcode

# READ TOPOLOGY: secondary structure, index and resid in $topology
set fp [open $topology r]
set file_data [read $fp]
close $fp
set data [split $file_data "\n"]
set atom_section false
for {set i 0} {$i < [llength $data]} {incr i} {

set line [lindex $data $i]

if {[regexp {^\; Secondary Structure} $line]} {
set ss [lindex $data [expr $i+1]]    
set ss [regexp {([A-Z,1-9]+)} $ss tmp]
set ss [split $tmp {}]

}
if {[regexp {^\; Sequence} $line]} {

set seq [lindex $data [expr $i+1]]    
set seq [regexp {([A-Z,1-9]+)} $seq tmp2]
set seq [split $tmp2 {}]

}

if {$atom_section && [llength $line] == 9} {
set resid [lindex $line 2]
if {[lindex $line 8] == [lindex $ss [expr $resid-1]]} {

set index [lindex $line 0]
set type [lindex $line 4]
lappend idx $index
lappend rsd $resid
lappend typ $type

} else {
puts "ERROR reading the topology $topology"

}

}

if {[regexp {^\[ atoms} $line]} {
set atom_section true

}

if {[regexp {^\[ bonds} $line]} {
set atom_section false

}
}
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# MEASURE DIHEDRALS BB BB BB for atomistic structure
# for GLY / ALA   -> dihedral = 0
# NOTE: changes the position of CA and CB atoms in atomistic structures !!

set ext [atomselect "top" "name CA"]

set lext [$ext get resid]
set n [$ext num]

# place CA at center of mass of BB definition
# and CB at center of mass of SC1 definition
set numframes [molinfo "top" get numframes]

 
puts "moving CA and CB to center of mass of BB, SC1 bead"
foreach res $lext {

set resname [[atomselect "top" "resid $res and name CA"] get resname]
# puts "$resname $res"
if {$ff eq "martini"} {

set bb "N CA C O H H1 H2 H3 O1 O2"
} elseif {$ff eq "elnedyn"} {

set bb "CA"
} else {

puts "ERROR: no proper forcefield definition: $ff"
}
set sc ""
if {$resname eq "ALA"} { 

if {$ff eq "martini" } {
set bb [concat $bb "CB"]

}
set sc ""

} elseif {$resname eq "CYS"} {
set sc "CB SG"

} elseif {$resname eq "ASP"} {
set sc "CB CG OD1 OD2"

} elseif {$resname eq "GLU"} {
set sc "CB CG CD OE1 OE2"

} elseif {$resname eq "PHE"} {
set sc "CB CG CD1 HD1"

} elseif {$resname eq "GLY"} {
set sc ""

} elseif {$resname eq "HIS"  ||  $resname eq "HSD"} {
set sc "CB CG"

} elseif {$resname eq "ILE"} {
set sc "CB CG1 CG2 CD CD1"

} elseif {$resname eq "LYS"} {
set sc "CB CG CD"

} elseif {$resname eq "LEU"} {
set sc "CB CG CD1 CD2"

} elseif {$resname eq "MET"} {
set sc "CB CG SD CE"

} elseif {$resname eq "ASN"} {
set sc "CB CG ND1 ND2 OD1 OD2 HD11 HD12 HD21 HD22"

} elseif {$resname eq "PRO"} {
set sc "CB CG CD"

} elseif {$resname eq "GLN"} {
set sc "CB CG CD OE1 OE2 NE1 NE2 HE11 HE12 HE21 HE22"

} elseif {$resname eq "PRO"} {
set sc "CB CG CD"

} elseif {$resname eq "ARG"} {
set sc "CB CG CD"

} elseif {$resname eq "SER"} {
set sc "CB OG HG"

} elseif {$resname eq "THR"} {
set sc "CB OG1 HG1 CG2"

} elseif {$resname eq "VAL"} {
set sc "CB CG1 CG2"

} elseif {$resname eq "TRP"} {
set sc "CB CG CD2"

} elseif {$resname eq "TYR"} {
set sc "CB CG CD1 HD1"

} else {
puts "ERROR: did not recognize residue $resname"

}
if {$sc ne ""} {

set bbsel [atomselect "top" "protein and resid $res and name $bb"]
set scsel [atomselect "top" "protein and resid $res and name $sc"]
set casel [atomselect "top" "protein and resid $res and name CA"]
set cbsel [atomselect "top" "protein and resid $res and name CB"]

for {set f 0} {$f<$numframes} {incr f} {
$bbsel frame $f
$scsel frame $f
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$casel frame $f
$cbsel frame $f

set com_bb [measure center $bbsel weight mass] 
set com_sc [measure center $scsel weight mass]
$casel set x [lindex $com_bb 0]
$casel set y [lindex $com_bb 1]
$casel set z [lindex $com_bb 2]

$cbsel set x [lindex $com_sc 0]
$cbsel set y [lindex $com_sc 1]
$cbsel set z [lindex $com_sc 2]

}
$bbsel delete
$scsel delete
$casel delete
$cbsel delete

}
}
# measure dihedrals
puts "measuring SC BB BB SC dihedrals"
# create empty string for GLY, ALA
set empty ""
for {set f 0} {$f<$numframes} {incr f} {

lappend empty 0
}
for {set i 0} {$i < [expr $n-1]} {incr i} {

set sel [atomselect "top" "(resid [lindex $lext $i] and name CB CA) or \
(resid [lindex $lext [expr $i+1]] and name CA CB)"]

if {[$sel num] == 4} {
set atoms [$sel get index]
set a1 [lindex $atoms 1]
set a2 [lindex $atoms 0]
set a3 [lindex $atoms 2]
set a4 [lindex $atoms 3]
# puts "$a1 $a2 $a3 $a4"
set phi [measure dihed "$a1 $a2 $a3 $a4" frame "all"]

} else {
set phi $empty

}
lappend dih $phi
$sel delete

}

puts "\[ dihedrals ]"
puts "; SC-BB-BB-SC dihedrals"

# go through list and create dihedral potentials
for {set i 0} {$i < [llength $dih]} {incr i} {

# variables i, dih, typ, rsd, idx
# find index of BB resid i
set k [lsearch $rsd [expr $i+1]]
# calculate dihedral only if this or next residue not equal to Ala, Gly
if {[lindex $seq $i] ne "A" && [lindex $seq $i] ne "G" && \

[lindex $seq [expr 1+$i]] ne "A" && [lindex $seq [expr 1+$i]] ne "G"} {
if {[lindex $ss $i] eq "E" && [lindex $ss [expr $i+1]] eq "E" } {

set a2 [lindex $idx $k]
set a1 [lindex $idx [expr $k+1]]
set a3 [lindex $idx [lsearch $rsd [expr $i+2]]]
set a4 [lindex $idx [expr 1+ [lsearch $rsd [expr $i+2]]]]
set angle [expr round([lindex $dih $i]) -180]

# make sure that angle within [-180,180]
if {$angle < -180} {

set angle [expr $angle+360]
}
if {$angle > 180} {

set angle [expr $angle-360]
}
puts [format "%*d %*d %*d %*d      1 %*d %*d     1 ; \
[lindex $seq $i]([expr $i + 1])-[lindex $seq [expr 1+$i]]([expr $i + 2])"\
5 $a1 5 $a2 5 $a3 5 $a4 6 $angle 5 $b]

}
}

}
puts "\[ angles ]"
puts "; SC-BB-BB  and  BB-BB-SC"

# go through list and create ReB angle potentials
for {set i 0} {$i < [llength $dih]} {incr i} {
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# variables i, dih, typ, rsd, idx
# find index of BB resid i
set k [lsearch $rsd [expr $i+1]]
# add angle potential only if this or next residue not equal to Ala, Gly
if {[lindex $seq $i] ne "A" && [lindex $seq $i] ne "G" && \

[lindex $seq [expr 1+$i]] ne "A" && [lindex $seq [expr 1+$i]] ne "G"} {
if {[lindex $ss $i] eq "E" && [lindex $ss [expr $i+1]] eq "E" } {

set a2 [lindex $idx $k]
set a1 [lindex $idx [expr $k+1]]
set a3 [lindex $idx [lsearch $rsd [expr $i+2]]]
set a4 [lindex $idx [expr 1+ [lsearch $rsd [expr $i+2]]]]

puts [format "%*d %*d %*d %*d %*d %*d ; [lindex $seq $i]([expr $i + 1])\
-[lindex $seq $i]([expr $i + 1])-[lindex $seq [expr 1+$i]]([expr $i + 2])\
SBB" 5 $a1 5 $a2 5 $a3 6 $n_reb 6 $theta1 5 $k1]
puts [format "%*d %*d %*d %*d %*d %*d ; [lindex $seq $i]([expr $i + 1])\
-[lindex $seq [expr 1+$i]]([expr $i + 2])-[lindex $seq [expr 1+$i]]\
([expr $i + 2]) BBS" 5 $a2 5 $a3 5 $a4 6 $n_reb 6 $theta2 5 $k2]

}
}

}

# delete pdb file
mol delete "top"

}
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