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accepted on the recommendation of
Prof. Dr. Viola Vogel, examiner

Prof. Dr. Markus Aebi, co-examiner
Prof. Dr. Thomas Schulthess, co-examiner

2012





Abstract

The extracellular matrix (ECM) is crucial for cells to perform their functions. It not

only acts as a supporting scaffold, but also provides a cache for growth factors and enables

biochemical crosstalk between cells. An essential component of the ECM is the protein

fibronectin (Fn). Fn plays important roles in wound healing and is affected in various

diseases including fibrosis and cancer. Its abundance in wounds makes it an ideal target

for various pathogenic bacteria, which have evolved specialized adhesins to bind to Fn

and thus initiate host invasion. Fn is a multimodular protein consisting of three different

types of modules, termed FnI, FnII and FnIII modules. Fn molecules inside the fibrillar

meshwork of the ECM are constantly exposed to external mechanical force generated by

cells. The effects of mechanical force on Fn have been explored only for FnIII modules,

and thus our current picture of how physical stress can impact Fn and its interactions is

incomplete.

In this thesis, the effect of mechanical force on the structure of FnI modules was ex-

plored using steered molecular dynamics simulations (SMD). The results show that the

FnI modules extend and thus contribute to the large extension of Fn, even though they

contain stabilizing disulfide bonds that are absent in FnIII modules. Since many ligands

and pathogenic bacteria can bind to the FnI modules, the effect of mechanical force on Fn

function is studied as well. SMD simulations of a complex of two FnI modules and a bac-

terial adhesin show that the host-pathogen interaction studied here is mechanosensitive.

Experimental studies support the finding that this bacterial Fn-binding repeat (FnBR)

binds preferentially to mechanically relaxed Fn. This demonstration of how the specific

binding of adhesins might be altered by the tension of ECM fibers provides a novel per-

spective of how the mechanobiology of the ECM could regulate bacterial adhesion and

infection. Since ECM fibers are physically or proteolytically cleaved in wounds and thus

more relaxed, it is possible that bacteria are able to differentiate healthy tissue from wound

sites.
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Combining structural information from Fn-FnBR complexes with sequence alignments

of FnBRs from different bacteria reveals that FnBRs have evolved a big variation in the

length of the linker region connecting their FnI-binding motifs. SMD simulations of ad-

ditional Fn-FnBR complexes suggest that the lengths of these linker regions govern the

sensitivity of this mechanosensor. FnBRs with a short linker region are expected to bind

in a mechanosensitive manner, whereas FnBRs with long linkers should be able to retain

full binding affinity to stretched Fn. This computationally derived hypothesis describing

the necessary condition for mechanosensitive binding is in excellent agreement with experi-

mental results: Engineered insertion of a few amino acids into the linker region of a peptide

derived from a mechanosensitive FnBR abolished its mechanosensitive binding properties.

Peptides derived from bacterial FnBRs could thus be used as toolkit of strain sensors for

measuring tissue strain in vivo.

The findings presented in this thesis provide first insights into how mechanical force

acting on a receptor can regulate specific binding of a ligand, and stimulate a variety

of further projects and studies: Knowledge gained from SMD simulations enabled the

successful fine-tuning of the sensitivity of a mechanosensor, which is of interest for the

protein engineering community. Future microbiological studies will have to consider the

possibility that the FnBRs from different bacteria have evolved different linker-regions

to optimize their adhesion and infection pathways in the dynamic environment of the

ECM. Moreover, the mechanism discovered here could have evolved in other contexts

where mechanical regulation of protein-protein interactions is required.



Zusammenfassung

Die extrazelluläre Matrix (ECM) ist massgeblich für die korrekte Funktionsweise der

Zellen verantwortlich. Sie dient nicht nur als stützendes Gewebe, sondern ermöglicht auch

die Speicherung von Wachstumsfaktoren und die biochemische Kommunikation zwischen

den Zellen. Ein essentieller Bestandteil der ECM ist das Protein Fibronektin (Fn). Fn spielt

wichtige Rollen in der Wundheilung und seine korrekte Funktionsweise wird beeinträchtigt

durch diverse Krankheiten wie Fibrose und Krebs. Das Vorkommen von Fn in Wunden wird

von vielen krankheitserregenden Bakterien ausgenutzt, welche spezielle Adhäsions-Proteine

entwickelt haben, die an Fn binden können. Fn ist ein multimodulares Protein und besteht

aus drei verschiedenen Typen von globulären Untereinheiten, genannt FnI, FnII und FnIII

Module. In den faserartigen Strukturen der Matrix eingebettete Fn Moleküle sind ständig

einer mechanischen Kraft ausgesetzt, welche von den umgebenden Zellen ausgeübt wird.

Die Auswirkungen dieser mechanischen Stimuli auf Fn wurde bisher ausschliesslich für die

FnIII Module untersucht, weswegen wir derzeit nur ein unvollständiges Verständnis über

diese Vorgänge besitzen.

In der vorliegenden Arbeit werden zunächst die Auswirkungen der mechanischen Kraft

auf die Struktur der FnI Module mittels Steered Molecular Dynamics (SMD) Simulationen

untersucht. Die Resultate zeigen, dass sich die FnI Module trotz stabilisierenden Disulfid-

Brücken ausdehnen und so zur Dehnbarkeit von Fn beitragen können. Da verschiedene

Liganden und Bakterien an Fibronektin binden können, wurden zusätzlich die Auswirkun-

gen der mechanischen Kraft auf die Funktion von Fn studiert. SMD Simulationen eines

Komplexes bestehend aus zwei FnI Modulen und einem bakteriellen Adhesin zeigen, dass

diese Interaktion zwischen Wirts- und Pathogen-Molekül mechanosensitiv ist. Experimen-

telle Studien bestätigen, dass dieses bakterielle Fn-bindende Repeat (FnBR) eine höhere

Bindungstärke zu relaxierten gegenüber gespannten Fn Fasern aufweist. Diese Ergebnisse

illustrieren, wie die spezifische Bindung eines Adhesins durch die mechanische Streckung

von ECM Fibrillen reguliert werden könnte. Dies eröffnet neue Perspektiven in der Mecha-

nobiologie der ECM und in den regulatorischen Mechanismen der bakteriellen Adhäsion
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und Infektion. Da ECM Fibrillen in Wunden in reduzierter Spannung vorliegen, besteht

die Möglichkeit, dass Bakterien in der Lage sind, zwischen Wunden und gesundem Gewebe

unterscheiden zu können.

Strukturelle Daten in Kombination mit Sequenzanalysen von FnBRs von verschiede-

nen Bakterien zeigen, dass sich die Länge der Linker-Regionen, welche die FnI-bindenden

Sequenzen der FnBRs verbinden, unterschiedlich entwickelt haben. SMD Simulationen von

zusätzlichen Fn-FnBR Komplexen suggerieren, dass die Länge der Linker-Region die Emp-

findlichkeit dieses Mechanosensors reguliert. Gemäss dieser Theorie sollten FnBRs mit kur-

zen Linker-Regionen mechanosensitiv sein, während FnBRs mit langen Linker-Regionen

ihre volle Affinität auch für Fn in gedehntem Zustand beibehalten können. Diese aufgrund

von Computer-Simulationen formulierte Hypothese vermag die experimentellen Daten sehr

gut zu erklären: Die Verlängerung der Linker-Region eines mechanosensitiven FnBRs durch

Einfügen zusätzlicher Aminosäuren führt zum Verlust der mechanosensitiven Eigenschaf-

ten. Peptide, deren Sequenzen auf bakteriellen Adhesinen basieren, könnten als Sensoren

verwendet werden, die in der Lage sind den Dehnungsgrad von Gewebefasern in vivo zu

messen.

Die in dieser Arbeit präsentierten Ergebnisse erklären wie mechanische Kraft, die

auf einen Rezeptor einwirkt, die spezifische Bindung eines Liganden regulieren kann. Die

neu gewonnen Erkenntnisse stimulieren zudem eine Vielzahl von weiteren Projekten und

möglichen Anwendungsbereichen: Erkenntnisse, die aus SMD Simulationen gewonnen wur-

den, erlaubten das ”fine-tuning” der Empfindlichkeit eines Mechanosensors, was insbeson-

dere für die Forschung auf dem Gebiet des Protein Engineering interessant ist. Zukünftige

mikrobiologische Studien sollten die Möglichkeit berücksichtigen, dass Bakterien verschie-

dene Linker-Regionen in den FnBRs entwickelt haben, um ihre Adhäsion und Infektions-

wege im dynamischen Umfeld der ECM zu optimieren. Zudem könnte der hier beschriebene

Mechanismus auch in anderen Protein-Protein Wechselwirkungen von Bedeutung sein.



Nous ne voyons pas les choses comme elles sont, 
nous les voyons comme nous sommes.

— Anaïs Nin
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Chapter 1

Scope of the Thesis

1.1 Motivation and Significance

Today, it is well recognized that the structure-function relationship of proteins is highly

dynamic: proteins can acquire a broad range of different conformations. It is this ensemble

of structures that then determines the function of the protein (Figure 1.1), and not just the

“snapshot” of the observed static structure that simply represents one single possible con-

firmation (Bahar et al. 2010). This ensemble of confirmations gets further extended under

non-equilibrium conditions. A growing body of literature in the field of mechanobiology

and cellular mechanotransduction is concerned about how external stimuli like mechanical

force can change protein structure and function (reviewed in (Eyckmans et al. 2011)).

The protein Fibronectin (Fn) is an essential component in the extracellular matrix

(ECM). It is important for a broad variety of biological processes like cell adhesion, mi-

gration, growth and differentiation (Pankov 2002). Fn molecules forming the fibrillar

meshwork of Fn matrix in the ECM are constantly exposed to external mechanical force

generated by cells (Vogel 2006). Since current assays of protein structure determination

can only resolve the structure of proteins in equilibrium states, we need a strategy to

probe the effect of mechanical force on the structure and function of Fn. Several methods

have been developed to study the behavior of single molecules under the effect of exter-

1



2 Chapter 1. Scope of the Thesis
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Figure 1.1: Dynamic picture of the structure-function relationship of proteins.

nal mechanical force. Two of the most common strategies are AFM pulling experiments

and steered molecular dynamics simulations (SMD) (Sotomayor & Schulten 2007). While

both assays have been applied to some regions of Fn (including the region containing the

binding site for cells, see chapters 2 and 3), other regions including the N-terminal region

have not been explored. Putative force-induced structural changes of the N-terminal region

will have significant implications for the function of Fn: The N-terminal region contains

many binding sites for various ligands with important physiological functions. It is also

an essential site required for Fn-Fn self-interaction, which is required for the formation of

new Fn matrix (Singh et al. 2010).

Additionally, the N-terminal region of Fn is the main target of pathogenic bacteria

that recognize Fn to initiate host invasion (Schwarz-Linek et al. 2006). Many bacteria

have evolved Fn-binding bacterial adhesins that are important virulence factors. Several

structures of bacterial adhesins in complex with the N-terminal region of Fn have been

resolved (Schwarz-Linek et al. 2003, Bingham et al. 2008, Norris et al. 2011). These NMR-

or X-ray-derived structures only deliver a static picture of the binding mechanism and do

not take into account that cell-generated external mechanical force might drastically change

the structure of Fn and thus the interaction with bacterial adhesins. This is physiologically
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highly relevant, since bacteria invading the ECM will encounter Fn also in stretched, non-

equilibrium states (Figure 1.2).

Figure 1.2: Schematic overview of a bacteria (green, not to scale) binding to a Fn fiber (grey).
How does mechanical force (red) acting on Fn impact this interaction?
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1.2 Objectives

When work on this thesis began, the effect of mechanical force on neither structure nor

function of the N-terminal region of Fn was known. Therefore, four objectives were defined

that address the issues and questions presented above.

1. Explore the effect of mechanical force on the structure of the N-terminal region of Fn.

To probe the effect of external force on the structure of the N-terminal region of

Fn, we use SMD simulations, since no structures of mechanically stretched proteins

are available. The N-terminal region consist of five subunits called FnI modules.

After having explored a fragment containing two FnI modules (chapter 3), we later

constructed a full-length structure of the N-terminal region by combining several

NMR- and X-ray-derived structures. This enables us to apply force on all five FnI

modules at once and allows us to compare the effect of mechanical force on the entire

N-terminal region (chapter 5). We will learn that due to the different linker length

connecting the single FnI modules, the extensions between two modules can vary. To

compare the relative mechanical stabilities of different Fn regions, SMD simulations

of FnIII modules using the same parameters were performed as well. They are given

in appendix A. These first insights into the mechanoresponse of the FnI modules lay

the foundation of our functional explorations described below.

2. Probe the effect of force on the interaction between two FnI domains and a bacterial

adhesin.

To test whether the force-induced structural changes can also affect the function

of FnI modules, we conducted SMD simulations of two N-terminal FnI modules in

complex with part of a Fn-binding repeat (FnBR) from the bacterium Streptococcus

dysgalactiae (chapter 4). The goal is not only to explore the effect of the mechanical

force on the affinity of this Fn-ligand complex, but also whether the bound ligand

can influence the mechanical properties of Fn. The FORTRAN program that was

conceived to analyze the SMD simulations presented in chapters 3, 4 and 5 is out-
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lined in appendix B. The findings discovered here raise interesting questions of how

bacterial adhesion and infection might be regulated by the tension of Fn fibers in the

ECM.

3. Study larger FnI fragments in complex with bacterial adhesins with different linker-

region lengths.

While addressing objective 2, we found that the affinity of the interaction between

the FnBR and FnI modules is regulated by the amount of strain of the FnI mod-

ules. SMD simulations suggest that the linker connecting the FnI-binding motifs on

the FnBR plays a central role in regulating the sensitivity of this mechanosensor.

Additionally, since the extensions of the FnI-template different from module-pair to

module-pair, it is important to characterize the behavior of full-length FnBRs. In

chapter 5, we extend our exploration of the binding of FnBRs to stretched multi-

meric FnI structures by performing SMD simulations of larger systems. Fragments

containing four sequential FnI modules in complex with FnBRs containing linker

regions of different length were studied. Interestingly, sequence alignments combined

with structural data from Fn-FnBR complexes suggest that different bacteria could

have evolved FnBRs with different mechanosensitivities to optimize their adhesion

and infection pathways. Additionally, the mechanosensitive mode of receptor-ligand

binding discovered here could have evolved outside the context of host-pathogen in-

teractions and play important roles in a variety of protein-protein interactions.

4. Formulate an experimentally testable hypothesis that describes the conditions for

mechanosensitive binding and allows for the development of a toolkit of strain-sensing

peptides.

This objective is based on the results that we found when addressing the aims pre-

sented above. Having performed SMD simulations of several natural bacterial FnBRs,

we aim to come up with a hypothesis that allows us to predict whether mechanical

force can affect the affinity of a specific FnBR to the N-terminal region of Fn. A
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detailed picture of the conditions required for mechanosensitive binding of bacterial

FnBRs to Fn is provided. Indeed, experiments using synthesized peptides derived

from FnBRs shown in chapters 4 and 5 agree very well with this hypothesis. More-

over, the design principles obtained through SMD simulations allowed synthesis of a

modified peptide with altered mechanosensitivity compared to its natural template

peptide, which could open new ways for visualizing strain in the ECM in vivo.



Chapter 2

Introduction and General

Background

2.1 Focal adhesions, mechanotransduction and the ex-

tracellular matrix

Cells in the human body have developed numerous ways to sense their environment. A

multitude of signaling cascades regulate a broad variety of cellular functions via molec-

ular messengers including hormones, growth factors and cytokines. Apart from reacting

to chemical signals, cells can also sense mechanical stimuli. Mechanical stress can regu-

late cell adhesion, migration, proliferation, differentiation and apoptosis (Eyckmans et al.

2011). One of the major protein networks that connects cells with the extracellular matrix

(ECM) and acts as a mechanosensor is the focal adhesion (Figure 2.1) (Zaidel-Bar et al.

2007, Wehrle-Haller 2011). Focal adhesions contain many different proteins that form a

functional ensemble, which connects the actin cytoskeleton inside the cell with the fibrillar

network of ECM proteins, allowing cells to anchor to the ECM and sense their environment

(Geiger et al. 2009).

The proteins forming the transmembrane part of the focal adhesions are the integrins,

which are heterodimers composed of an α and a β subunit. While their extracellular

7
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Actin

Integrin
α subunit Integrin

β sub-
unit

Cell Membrane

α
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proteins

ECM
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FnIII10

Figure 2.1: Architecture of focal adhesions. The intracellular actin cytoskeleton (green) is
linked to Fibronectin (Fn) (red) via numerous intracellular focal adhesion proteins (grey) and
the heterodimeric transmembrane-protein integrin (α subunit: blue, β subunit: purple). Figure
created with the help of Sheila Luna.

domains bind directly to ECM proteins like Fn, the cytoplasmic tail of the β subunit binds

indirectly to actin via several intracellular focal adhesion proteins. These focal adhesion

proteins are involved in bidirectional transduction of mechanical and biochemical signals,

and examples include talin, vinculin, α-actinin, filamin and focal adhesion kinase (Mitra

et al. 2005).

Actin-associated myosin motor proteins and the dynamic properties of actin filaments

themselves result in continuous remodeling of the actin cytoskeleton and locomotion of the

entire cell. Mechanical force originating from these processes is transmitted to the outside

of the cell via focal adhesions. Due to this dynamic nature of cells and the mechanotrans-

ducing focal adhesions, the macromolecules present in the ECM are exposed to mechanical

force as well (Vogel 2006).
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2.2 Fibronectin structure and functional interactions

Being a major component of the ECM, the large glycoprotein Fibronectin (Fn) is found in

all vertebrates. It is important for a broad variety of biological processes such as cell adhe-

sion, migration, growth and differentiation (Pankov 2002). Fn is a homodimer consisting

of two subunits with a molecular weight of 250 kD linked together near the C-terminus

by two disulfide bonds (Figure 2.2A). Each monomer consists of multiple repeats of three

types of modules: 12 Fn type I modules (FnI), two Fn type II modules (FnII) and 15-17

Fn type III modules (FnIII).

FnIII modules
Fibrin
IgG
Heparin
TNF-alpha
Tenascin
Bacteria

Fibrin

?

Variable
region

N

N

C

C
D

CB

A

E

N
C

N

C

GBF

N-terminal region
(29kD fragment)

FnI2

FnI1

FnI

A

B C DFnII FnIII

FnI3

FnI4 FnI5

FnI6FnII2

FnII1

FnI7
FnI8

FnI9

FnIII2

FnIII1

Integrins

FnIII9,10

FnIII12,13,14

FnI10

FnI11

FnI12
Collagen
Bacteria

FnI modules

FnI modules
Heparin

Two disulfide bonds
to second monomer

B

C

D

E
F

G
A

Figure 2.2: Molecular architecture of Fn and location of ligand binding sites. FnI modules
are shown in grey, FnII modules in cyan, and FnIII modules in red. Cysteine residues forming
disulfide bonds in FnI and FnII are shown in yellow. A) Structure of a Fn monomer. Ligands for
specific regions are given in light grey text, and GBF stands for gelatin-binding fragment, the Fn
region binding to collagen. B,C,D) Structure of single FnI, FnII and FnIII modules, respectively.
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FnI (Figure 2.2B) modules consist of ∼ 43 amino acids that form a β-sandwich com-

posed of a β-hairpin (strands A and B) stacked on an antiparallel three-stranded β-sheet

(strands C, D and E). Two intramodular disulfide bonds connect strand A with D and D

with E. As shown later, these disulfide bonds are important for the mechanical stability

of the FnI modules. FnII modules (Figure 2.2C) have a length of 49 residues and are also

stabilized by two disulfide bonds. Their secondary structure is less regular compared to

the other two module types and contains a two-stranded β-sheet. FnIII modules (Figure

2.2D) contain 90-100 amino acids that form a β-sandwich composed of an antiparallel

three-stranded β-sheet (strands A, B and E) stacked on an antiparallel four-stranded β-

sheet (strands C, D, F and G). In contrast to the other two module types, FnIII modules

do not contain any disulfide bonds.

Several sequential modules form functional units with distinct functions and binding

properties (Henderson et al. 2010). The first five FnI modules, comprising the N-terminal

29kD region, are involved in several (both intra- or intermolecular) Fn-Fn interactions, for

example interactions with FnIII1-2 (Vakonakis et al. 2007) and FnIII12-14 (Bultmann 1998).

Interestingly, the binding sites located in modules FnIII1-2 are cryptic, i.e. not accessible

in the native conformation of the protein (reviewed in (Singh et al. 2010)). Besides self-

association, several additional binding sites have also been located in the N-terminal region

of fibronectin: Fibrin and IgG bind to modules FnI4-5 (Matsuka et al. 1994, Rostagno et al.

1996), whereas Heparin, TNF-α and Tenascin bind to modules FnI1-5 (Kishore et al. 1997,

Alon et al. 1994, To & Midwood 2011). The N-terminal 29kD Fn fragment is also the

target for several pathogenic bacteria (Henderson et al. 2010), as will be discussed below

and in chapters 4 and 5. The gelatin-binding fragment (GBF) consists of the modules

FnI6-FnII1-2-FnI7-9 and comprises the main binding sites for collagen. A high-affinity site

has been mapped to FnI8-9 and weaker interactions were found involving FnI6-FnII1-2-FnI7

(Erat et al. 2009). The structure of a collagen peptide-FnI8-9 complex has been resolved

and shows similarities with bacterial adhesin-Fn complexes.

FnIII modules also interact with a multitude of binding partners. Besides the already

mentioned binding sites for FnI1-5, the most notable one is the main cell binding site:
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Located on FnIII10, the RGD-loop binds to various integrins and therefore forms the main

anchor point for focal adhesions (Gardner & Hynes 1985). Besides the RGD sequence,

certain integrins require the presence of the synergy site located on FnIII9 for high-affinity

binding to Fn (Leiss et al. 2008). In addition to modules FnIII9-10, other integrin binding

sites have been indentified on FnI5, the extra domain A (FnEDA) and the variable region

located between FnIII14 and FnIII15 (Figure 2.2A) (Leiss et al. 2008). A second heparin

binding site is located on FnIII12-14, and a second fibrin binding site on FnI10-12 (reviewed

in (Pankov 2002)). The physiological role of the two extra domains FnEDA and FnEDB

and the variable region are not completely understood and reviewed in (Singh et al. 2010).

2.3 Fn fibrillogenesis and the role of mechanical force

Cells assemble Fn into a dense fibrillar meshwork that forms part of the ECM, a process

termed Fn fibrillogenesis (Singh et al. 2010). The molecular details of Fn fibrillogenesis

and the structural organization of individual Fn molecules in a fiber remain poorly under-

stood. The current model suggests that mechanical force plays a key role in fibrillogenesis.

The process is initiated by Fn molecules binding to integrin receptors on the cell surface.

Fn in solution appears to have a closed conformation. This triggers outside-in signaling

of integrins, which leads to recruitment of intracellular focal adhesion proteins to the cy-

toplasmic tail of the integrins. New connections with the actin cytoskeleton are formed,

and cell contractility increases. The arising mechanical force is transmitted via inside-out

signaling of the integrins to the bound Fn molecules. This leads to conformational changes

and exposure of cryptic Fn-Fn interactions, most probably involving FnIII1-2, FnIII12-14

and FnI1-5 (Singh et al. 2010). These exposed self-interaction sites then induce formation

of insoluble Fn fibers.

Since it can alter the quaternary, tertiary and secondary structure of the Fn molecules,

mechanical force can affect the affinities of interactions of ligands with Fn fibers. Examples

include the upregulated binding of albumin and casein (Little et al. 2009), a large N-

terminal Fn fragment (Little et al. 2008) and cysteine-reactive dye (Klotzsch et al. 2009)
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when Fn is stretched. However, most of the molecular mechanisms underlying these strain-

sensitive properties are still unknown.

The role of mechanical forces is not restricted to Fn fibrillogenesis; even mature Fn

fibrils are exposed to cell-generated mechanical forces, which have the potential to alter

both their structure and functionality (Baneyx et al. 2002). Studies using Fn that has been

labeled with multiple FRET donor-acceptor pairs acting as strain-sensors showed that the

ensemble of Fn molecules in a fiber displays a very heterogeneous range of mechanical

conformations, from relaxed to highly stretched (Smith et al. 2007). At least part of this

extensibility of the Fn molecules arises due to unfolding of FnIII domains (Lemmon et al.

2011, Smith et al. 2007), although the degree of the unfolding and which FnIII modules

are involved is still unclear. Although the acceptors required for the FRET are located at

FnIII7 and FnIII15, the donors are linked to amines (present in the amino acid lysine) which

are found along the entire Fn molecule. Therefore, it is impossible to localize the exact

positions of the force-induced elongations measured with FRET. Hence, the conformational

changes of the FnI modules and their contributions to the force-induced extension of Fn

are not known.

2.4 Bacteria targeting Fibronectin

Fn is involved in wound healing and is therefore highly abundant in wounds (Clark 1990),

which makes it an ideal target for pathogenic bacteria (Henderson et al. 2010). Therefore

it is not surprising that a broad variety of bacterial strains target Fn to ensure host ad-

hesion and initiate host invasion. This includes Gram-positive Staphylococcus aureus, the

worlds leading cause for nosocomial diseases (Ohlsen & Lorenz 2010) and the spirochete

Borrelia burgdorferi, the causative agent for Lyme borreliosis, which is the most commonly

reported tick-transmitted disease in the northern hemisphere and can cause severe illness if

untreated (Stanek & Strle 2003). All Fn-binding bacteria target the same binding sites on

Fn. They express cell wall-attached Fn-binding proteins (FnBP), which belong to a family

of microbial adhesins termed MSCRAMMs (microbial surface components recognizing ad-
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hesive matrix molecule). Although most bacteria have additional MSCRAMMs capable of

binding to other components of the host ECM, FnBPs are an important virulence factor

(Schwarz-Linek et al. 2006).
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Figure 2.3: Domain organization of FnBPs from Staphylococcus aureus (FnBPA), Streptococcus
pyogenes (SfbI, Pfbp, SfbII, FbaB, SfbX), Streptococcus dysgalactiae (FnBA, FnBB), Strepto-
coccus equisimilis (FnZ) and Borrelia burgdorferi (BBK32), modified from (Schwarz-Linek et al.
2006). The accession codes are given in brackets. Besides the Fn-binding repeats (FnBRs in
red and GBF-binding motifs in orange), FnBPs can have other functional domains and binding
partners.

A single FnBP can contain several Fn-binding repeats (FnBRs), which bind to the

N-terminal 29kD Fn fragment or to the GBF of Fn (Figure 2.3). The FnBR can interact

simultaneously with the E-strands of four or five FnI modules by forming an antiparallel
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tandem β-zipper (Schwarz-Linek et al. 2003). The multimodularity of the interaction leads

to very high binding affinities and might also enhance the specificity of the FnBRs for the

N-terminal Fn region by enabling them to distinguish FnI2-5 from FnI7-9 and FnI10-12

(Henderson et al. 2010). The molecular details of the interaction will be introduced in

chapter 4. Several of these FnBR-FnI complexes have been structurally resolved (Figure

2.4): part of an FnBR from S. dysgalactiae in complex with FnI1-2 (Schwarz-Linek et al.

2003), two FnBRs from S. aureus bound to FnI2-5 (Bingham et al. 2008) and part of an

FnBR from S. pyogenes in complex with FnI2-3 (Norris et al. 2011). However, all these

structures were obtained with soluble FnI fragments in equilibrium conformation that were

either crystallized or explored via NMR (see also Table 3.1 in chapter 3). It is not known

how the FnBR-FnI interaction is affected when the FnI modules are exposed to mechanical

force. In chapters 4 and 5, we will explore how mechanical force can alter the affinity of

the Fn N-terminal region to bacterial FnBRs.
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Figure 2.4: Structures of all available Fn-FnBR complexes. FnI modules are shown in grey,
and cysteine residues forming disulfide bonds in yellow. A) The peptide B3 (green) is part of an
FnBR from S. dysgalactiae and binds to FnI1-2. B) The peptide SfbI-5 (red) is part of an FnBR
of S. pyogenes and targets FnI2-3. C,D) The peptides STATT1 and STAFF1(blue) together form
the first FnBR on FnBPA of S. aureus. E,F) STATT5 and STAFF5 (purple) form the fifth FnBR
on FnBPA of S. aureus. Although full-length FnBRs bind to four or five sequential FnI modules,
only complexes spanning two FnI modules have been resolved.





Chapter 3

Steered Molecular Dynamics

Simulations

3.1 Background

Molecular dynamics (MD) is a highly valuable technique for studying the structural and

functional properties of proteins. It not only gives us a clearly defined and easily controlled

environment, but also enables tracking and monitoring of every single atom of a protein

down to a resolution of fractions of an Ångström. In steered molecular dynamics (SMD), an

external force is introduced to study the behavior of proteins under a mechanical stimulus

(Krammer et al. 1999, Sotomayor & Schulten 2007).

Since our systems can reach sizes of more than 105 atoms (chapter 5), we employ

classical MD and SMD for all our simulations. As opposed to simulation techniques that

take quantum mechanics into account, classical MD is solely based on Newtons equations of

motion (Newton 1687). This means that the computational cost is lower than for quantum

simulations, but chemical reactions (i.e. the formation and breakage of covalent bonds)

can not be modeled. Covalent bonds are fixed and non-covalent interactions are calculated

by force fields. The parameters in these force fields were optimized to produce the best

results for the system of choice, in our case CHARMM which was optimized for proteins

17
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(Feller & MacKerell 2000). Since most inter-protein interactions are mediated by non-

covalent interactions, MD is the method of choice for simulation of large protein systems

and complexes.

The force field is used to calculate the forces based on the initial coordinates of the

system. The atoms are then allowed to move for a defined time interval (called step size),

which generates the next set of coordinates of the system, and the process is iterated. The

smaller the step size, the more often the forces will be recalculated based on the current

coordinates. A small step size leads to more accurate trajectories, but requires a bigger

computational effort. We used a step size of 1 fs (10−15 seconds) in all simulations, which

provides for a good compromise between accuracy and calculation speed. As the simulation

progresses, temperature and pressure are prone to deviate from their initial values due to

rounding errors and application of external force. Therefore, we use thermostats and

barostats to maintain T = 310 K and P = 1 atm.

Another aspect of simulating close to physiological conditions (and perhaps the most

important) is the presence of solvent: Proteins are always immersed in water. To mimic

this environment as closely as possible, the protein has to be solvated in silico as well.

There are two basic methods available for the simulation of liquid water: explicit and

implicit water models, both with advantages and disadvantages. In explicit water models,

every single water molecule is explicitly present in the simulation, with each of its three

atoms sensitive to the force field. Since the protein can undergo major conformational

changes, especially in SMD simulations, the number of required water molecules for the

simulations can be huge. This can dramatically increase the computational cost of a protein

simulation. Implicit water models represent water as a continuum. The presence of water

is mimicked by accounting for the solvation energy of the solute and for additional solvent

effects like hydrophobics, electrostatic screening and viscosity. Since no additional water

molecules are added to the solute, implicit water models require less computational effort

than explicit water models.

However, SMD simulations studying the unfolding of proteins (reviewed in (Sotomayor

& Schulten 2007, Vogel 2006)) have suggested that key unfolding events in β-sheet-forming
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modules are triggered by the breakage of single hydrogen bonds. The rupture of these non-

covalent interactions is initiated by water molecules competing for hydrogen bonds with

the protein residues. Therefore, when studying the unfolding of proteins, it is important

to simulate using explicit water models. In our simulations, we employ the widely used

TIP3P water model (Jorgensen et al. 1983). Since they would take years to complete on a

desktop computer, all the simulations were performed on supercomputers. Most of them

were carried out on 512 nodes of a CRAY XT5 cluster located at the Swiss Center for

Supercomputing CSCS in Manno, Ticino.

Besides choosing the right parameterization of the force field and creating a physio-

logical environment, the main input of every MD or SMD simulation is the structure of

the protein. As of February 2012, there are over 79,000 structures of proteins publicly

available on the protein database website (www.pdb.org). We will now take a detailed

look into which parts of Fn have been structurally resolved, and which have been studied

by MD and SMD.

3.2 MD and SMD of Fn modules

Since Fn is a very large protein with a molecular weight of 500kD (Henderson et al. 2010),

current assays for structure determination can only be used for Fn fragments containing

a few single modules. So far, the biggest resolved structure is the fragment FnIII7-10

(Leahy et al. 1996). Besides this four-module fragment containing the RGD-loop, many

more modules have been structurally determined both by X-ray crystallography and NMR

spectroscopy. An overview of all resolved structures is given in Table 3.1.

FnIII modules have been explored by numerous MD and SMD studies ((Gee et al.

2008, Craig et al. 2001, 2004, Gao et al. 2003, 2002, Krammer et al. 2002, 1999, Paci &

Karplus 1999) and reviewed in (Vogel 2006)). Since they do not contain any stabilizing

disulfide bonds, FnIII modules unfold completely when exposed to mechanical force. The

mechanical stability differs from module to module (Oberhauser 2002, Craig et al. 2004)

and the existence of various intermediate, partially unfolded states might correlate with

http://www.pdb.org
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Fn modules with Method PDB code Reference

FnI1-2 - NMR 1QGB (Potts et al. 1999)
FnI1-2 FnBR NMR 1O9A (Schwarz-Linek et al. 2003)
FnI2-3 - X-ray 2CG6, 2CG7, 2CKU (Rudiño-Piñera et al. 2007)
FnI2-3 FnBR X-ray 2RKZ, 3CAL (Bingham et al. 2008)
FnI2-3 FnBR X-ray 3ZRZ (Norris et al. 2011)
FnI4-5 - NMR 1FBR (Williams et al. 1994)
FnI4-5 FnBR X-ray 2RKY, 2RL0 (Bingham et al. 2008)
FnI6-FnII1 - NMR 1QO6 (Bocquier et al. 1999)
FnI6-FnII1-2 - NMR 1E88, 1E8B (Pickford et al. 2001)
FnI6-9-FnII1-2 Zinc X-ray 3M7P (Graille et al. 2010)
FnII2 - NMR 2FN2 (Sticht et al. 1998)
FnI7 - NMR not available (Baron et al. 1990)
FnI8-9 Collagen X-ray 3EJH (Erat et al. 2009)
FnI8-9 Collagen X-ray 3GXE Erat et al., unpublished
FnIII1 - NMR 1OWW (Gao et al. 2003)
FnIII1-2 - NMR 2H41, 2H45, 2HA1 (Vakonakis et al. 2007)
FnEDA - NMR 1J8K (Niimi et al. 2001)
FnIII10 - NMR 1TTG, 1TTF (Main et al. 1992)
FnIII10 - X-ray 1FNA (Dickinson et al. 1994)
FnIII7-10 - X-ray 1FNF (Leahy et al. 1996)
FnEDB - NMR 2FNB (Fattorusso et al. 1999)
FnEDB-FnIII8 - X-ray 2GEE (Bencharit et al. 2007)
FnIII12-14 - X-ray 1FNH (Sharma et al. 1999)
FnI11 - NMR 2EC3 Sano et al., unpublished

Table 3.1: List of all resolved Fn structures with their binding partners (if present).

the exposure of cryptic binding sites (Vogel 2006). The intermediate states observed in

silico were confirmed by single-molecule AFM experiments, as reviewed in (Sotomayor &

Schulten 2007).

In contrast, FnI modules have been less studied, even though numerous structures are

available (Table 3.1). The first publication reporting SMD simulations of FnI modules

appeared in 2010 (Diao et al. 2010), which agrees with our results presented in chapter 4

(Chabria et al. 2010). In the following section, the procedure of a typical SMD simulation

using the fragment FnI1-2 as a starting structure is described in detail. All SMD simulations

presented in chapters 4 and 5 were performed following the same protocol.
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3.3 Procedure of a typical SMD simulation

A

PDB 1O9A
1,406 atoms

FnI1 FnI2

P = 1 atm
T = 310° K

after 2 ns of MD after 5 ns of SMD (F = 400 pN)

17,274 H2O molecules, 13x6x6 nm 

24 Na+ ions 25 Cl- ions

B

C D

E F

Figure 3.1: A-F: The six basic steps of an SMD simulation of Fn. In D, E and F (and in all
subsequent structures of Fn), water molecules and ions are not shown to enhance clarity.

1. The structure of the two N-terminal FnI domains FnI1-2 is downloaded from the

PDB-database (code 1QGB (Potts et al. 1999)). The protein structure contains

1,406 atoms (Figure 3.1A).



22 Chapter 3. Steered Molecular Dynamics Simulations

2. The molecule is placed into a box containing explicit water molecules (Figure 3.1B).

In the example shown here, the box contains 17,274 water molecules and has the

dimensions 13 by 6 by 6 nm.

3. Ions are added to obtain an electrically neutral system with a physiological salt

concentration of 0.15 M NaCl (Figure 3.1C). In our case, this results in the addition

of 24 Sodium ions and 25 Chlorine ions.

4. The systems energy is minimized to prevent sterical overlaps and high repulsive

forces and a temperature of T = 310 K (human body temperature) is introduced by

a stepwise increase of the atom velocities (Figure 3.1D).

5. Before application of the external force, the system needs to be equilibrated (Figure

3.1E). The two FnI modules have now acquired a more bent configuration (Figure

3.2A). All Simulations were carried out on the Brutus cluster at ETH Zurich and on

a Cray XT3/5 cluster at the Swiss National Supercomputing Center (CSCS).

6. A constant external force of 400 pN is applied to the two termini of FnI1-2 (Figure

3.1F). The magnitude and the direction of the external force can be applied to any

number of atoms by the user. In our example, we observe that the distance between

FnI1 and FnI2 has extended after 5 ns of pulling (Figure 3.2B), but the secondary

structure of the two modules has largely remained intact. It is important to note

that the magnitude of the force cannot be compared directly to experimental values

(e.g. single-molecule studies with AFM), since the loading rate in simulations is

usually much higher than in experiments (Sotomayor & Schulten 2007). These high

pulling speeds are required such that the desired observed effects take place within

a reasonable timescale of simulation (see chapter 4 for a more detailed discussion on

force magnitudes and physiological relevance).
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Equilibrated
Structure (0 ns)

FnI1

FnI2

FnI1
FnI2

A

B

Stretched
Structure (5 ns)

400 pN

400 pN

Figure 3.2: Surface representation of relaxed and stretched structured of the FnI1-2 fragment.
A) After equilibration, the two modules acquire a slightly bent configuration. B) After 5 ns
of pulling, the two modules are aligned to the direction of force. The distance between them
increased, and the connecting linker is now fully stretched. This figure was created using the
program Qutemol (Tarini et al. 2006) with ambient occlusion presets. Darker regions indicate
less accessible areas.

3.4 Analysis of SMD simulations

Besides a visual inspection of the final coordinates of the system, various observables can

be plotted and analyzed. The most apparent change in the example presented above is

the increasing distance between the two modules (Figure 3.1F and 3.2). Having defined

an intermodular distance between the cysteine residues on the E-strands, we can plot this

distance as a function of simulation time (Figure 3.3A). It extends by 3 nm as soon as the

force is applied (we define 0 ns as the time point when the force is applied, i.e. the end of

the MD simulation and the start of the SMD simulation).

One of the most important key observables to analyze the force-induced unfolding

of proteins are the breaking events of force-bearing hydrogen bonds (Vogel 2006). All



24 Chapter 3. Steered Molecular Dynamics Simulations

basic secondary structure elements of proteins like α-helices and β-sheets are essentially

specific patterns of hydrogen bond networks (Figure 3.3B). When proteins unfold, these

patterns change or get disrupted. For example, when external force unfolds an FnIII

module, the backbone hydrogen bonds of its β-sheets break. How does mechanical force

affect the secondary structure of FnI modules? To answer this question, we can plot all

hydrogen bonds of the system versus simulation time (Figure 3.3C). In our simulation, we

observe breaking of backbone hydrogen bonds forming the β-sheet between the D- and E-

strands. Most of the hydrogen bonds defining the secondary structure of FnI1-2 stay intact.

Interestingly, no hydrogen bonds between FnI1 and FnI2 were found. As we explore the

force response of other FnI modules in the N-terminal region (chapter 5), we will see that

this is the reason for the rapid increase of the intermodular distance shown in Figure 3.3A.

To illustrate the role of water, we can also plot the water accessibility of all residues in

FnI1-2. Figure 3.4A shows the hydrogen bonds formed between protein residues and water

molecules plotted against simulation time. Some of the residues that were first engaged in

hydrogen bonds with other protein residues (Figure 3.4B) suddenly become accessible for

hydrogen bonding with water molecules (Figure 3.4C). However, these residues are at the

periphery of the globular FnI structure and the hydrophobic core of both FnI modules stays

intact and remains inaccessible for water throughout the entire SMD simulation. (Although

SMD studies show that hydrogen bonds are important for the mechanical stability of

proteins, various other forces are important for protein folding, including hydrophobicity

and entropic contributions (Pace et al. 1996, Dill 1990)).

In the SMD simulations of FnI modules in complex with bacterial adhesins (chapters 4

and 5), we will investigate the interactions between these two molecules. Since the β-zipper

consists mainly of hydrogen bonds (Schwarz-Linek et al. 2003), the FORTRAN script used

here to create Figures 3.3C and 3.4A also features the possibility to analyze intermolecular

hydrogen bonds (see appendix B).

In summary, the SMD simulation presented here shows that the intermodular distance

between FnI1 and FnI2 increases when the molecule is exposed to an external mechanical

force. The disulfide bonds act as force-clamps and therefore the secondary and tertiary
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structure of the single modules stays largely intact. In the next two chapters, we will

explore how this can influence the binding of bacterial adhesins to FnI. In chapter 5, we

will also learn that the force-induced extension of the intermodular distance varies for

different FnI module pairs.

3.5 Experimental verification of SMD simulations

A number of previous SMD predictions identified key structural intermediates that were

verified experimentally. Examples include studies on the Ig-like and Fn domains (reviewed

in (Sotomayor & Schulten 2007, Vogel 2006)), the catch-bond forming bacterial adhesin

FimH (Thomas et al. 2008), the muscle-protein titin (Marszalek et al. 1999) and the struc-

tural predictions proposing a mechanism how the stretching of talin causes the exposure

of vinculin binding sites (del Rio et al. 2009, Hytönen & Vogel 2008).

Unfortunately, the only study performing single molecule AFM-pulls on FnI modules

was performed under conditions where the intramodular disulfide bonds were not present

(Oberdörfer et al. 2000). However, the experiments presented in chapters 4 and 5 are in

excellent agreement with the predictions derived from SMD simulations.
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Figure 3.3: Analysis of the SMD simulation of the FnI1-2 structure. A) Plot of the distance
between the two FnI modules versus simulation time. The distance extends as soon as an external
mechanical force is applied (starting at 0 ns). B) Besides disulfide bonds (yellow), backbone
hydrogen bonds (orange) form the main intramodular interactions in a FnI module. C) Plot
of the intramodular backbone hydrogen bonds (orange) and side chain hydrogen bonds (black)
versus simulation time. Only bonds that are present during at least 2 ns are shown. Residues
pairs forming hydrogen bond that break during SMD are given in bold text. VAL44-GLU57,
THR46-ASN55 and TYR48-GLY53 form the β-sheet between the D- and E-strands on FnI1, and
ILE89-ALA107 connects the D- and E-strands on FnI2. These interactions break during the SMD
simulation.
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Figure 3.4: Hydrogen bonds between protein residues and water molecules in the SMD sim-
ulation of FnI1-2. A) Plot of the protein-water hydrogen bonds versus simulation time. White
bars indicate no protein-water hydrogen bond, light blue bars represent hydrogen bonds between
side chain atoms and water, and dark blue bars show hydrogen bonds between backbone atoms
and water. The three residues MET88, ILE89 and ALA107 become solvent accessible around 0.5
ns. B) Before application of the external force, ILE89 forms a hydrogen bond with ALA107. C)
At 0.5 ns, this intramolecular hydrogen bond breaks (see Figure 3.3C), which leads to partial
separation of the D- and E-strand. All three residues are now accessible for hydrogen bonding
with water molecules.
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Stretching Fibronectin Fibers

Disrupts Binding of Bacterial

Adhesins
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on the manuscript.

4.1 Abstract

While soluble inhibitors are frequently used to block cell binding, to extracellular matrix

(ECM), mechanical stretching of a protein fiber alone can physically destroy a cell binding

site. Using binding assays and steered molecular dynamics (SMD), we show that mechani-
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cal tension along fibronectin (Fn) fibers causes a structural mismatch between Fn binding

proteins (FnBP) from S. dysgalactiae and S. aureus. Both adhesins target a multimodular

site on Fn that is switched to low affinity by stretching the inter-modular distances on Fn.

These adhesins might thus preferentially bind to sites were ECM fibers are cleaved, such

as wounds or inflamed tissues. The mechanical switch described here operates distinctly

different from the catch bond mechanism that Escherichia coli uses to adhere to surfaces

under fluid flow. Demonstrating the existence of a mechano-sensitive cell binding site pro-

vides a never considered perspective of how the mechanobiology of ECM might regulate

bacterial and cell binding events, virulence and the course of infection.

4.2 Introduction

Despite the intensive research on bacterial adhesins, so far there is no evidence that me-

chanical factors might regulate the binding efficiency of bacterial adhesins to extracellular

matrix (ECM). Pathogens often begin host invasion by binding to ECM proteins, which

display a variety of specific adhesion sites for bacteria and eukaryotic cells. Numerous mi-

crobes have evolved cell-surface proteins that expose recognition sequences for a majority

of host ECM proteins, including Fn (Kuusela 1978) and serum proteins (Clarke & Foster

2006, Hauck et al. 2006) leading to a wide variety of diseases including wound infections.

Fn is a glycoprotein that circulates in body fluids (300 µg/ml) as a soluble compact dimer

and is assembled by cells into insoluble ECM fibers (Hynes 2009, Pankov et al. 2000). It

plays a critical role in wound healing where its expression and fibrillogenesis are known

to be up-regulated to assist in tissue regeneration (Knox et al. 1986, Maurer et al. 2010),

thus making it a well suited target for bacterial binding (Hickey & Kubes 2009). Many

bacteria, including Staphylococcal, Streptococcal strains and Spirochetes express cell-wall

anchored Fn binding proteins (FnBP) that all recognize the same binding site on Fn (Sinha

& Fraunholz 2010).

The multi-modularity of Fn (Figure 4.1A) allows spatial distribution of distinct molec-

ular recognition sites along the molecule enabling diverse interactions such as with other



4.2. Introduction 31

ECM proteins, growth factors, prokaryotic and eukaryotic cells (Vogel 2006). The more

than 50 modules for dimeric Fn belong to one of the three structural β-sheet motifs, FnI,

FnII and FnIII (Potts & Campbell 1996). To enhance specificity, the bacterial FnBP ex-

ploit the modular structure of Fn by simultaneously binding to several FnI modules that

define the N-terminal 29 KDa region (Mosher & Proctor 1980) (Figure 4.1B). The bacterial

FnBP aligns antiparallel with up to five FnI modules and undergoes a disordered-ordered

transition upon binding to form a tandem β-zipper (Schwarz-Linek et al. 2003). A com-

parison of FnBP across different classes of bacteria shows that the bacterial Fn binding

repeats (FnBR) are each made up of 35-40 residues that form the primary binding site to

Fn, but the number of FnBR varies considerably across species, containing just one for

Borrelia burgdorferi and eleven for Staphylococcus aureus (Ingham et al. 2004) (Fig 4.1B).

The significance of this variation in relation to the specific modes of host adhesion and

invasion are not known.

In wounds, bacteria encounter both soluble plasma Fn and fibrillar matrix Fn

(Dobaczewski et al. 2010, Singer & Clark 1999). While the interaction of bacterial FnBP

with either surface adsorbed Fn or Fn in solution is well characterized (Ingham et al.

2004), it is not known whether tensile mechanical forces might play a role in regulating the

interaction of bacterial adhesins with ECM molecules. Fn in fibrillar matrix is known to

have distinctly different conformations compared to soluble Fn or surface-bound dimeric

Fn (as reviewed in (Vogel 2006)). Cells assemble Fn into matrix fibers (F. & Mosher 1993,

Schwarzbauer & Sechler 1999) and cell generated forces are sufficient to stretch and par-

tially unfold fibrillar Fn (Baneyx et al. 2002, Smith et al. 2007), thus stabilizing a broad

range of new conformations that are not found under equilibrium conditions. Significant in

the context of understanding Fn as a mechano-regulated protein were the findings that the

stretching of Fn fibers can disrupt an antibody epitope located between FnI9 and FnIII1

(Little et al. 2009) and expose cryptic binding sites in FnIII modules that are buried in

the relaxed Fn fibers (Klotzsch et al. 2009).

The heterogeneous distribution of Fn molecular conformation in the ECM of living

cells (Baneyx et al. 2002, Smith et al. 2007) makes it difficult to directly show bacterial
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binding being affected by ECM fiber tension, since the size of bacteria are at the typical

length scale at which stretch-induced structural heterogeneities exist in native ECM. To

circumvent this problem, we use a cell-free binding assay that allows the stretching of single

Fn fibers through the full range of physiologically relevant conformations that are present

in cell culture (Little et al. 2009, 2008). To explore whether tensile forces acting on protein

fibers can regulate the binding of an adhesin, a bacterial peptide, i.e. part of a FnBR from

Streptococcus dysgalactiae, was used since a high-resolution structure in complex with the

fragment FnI1-2 is available (Schwarz-Linek et al. 2003). S. dysgalactiae, the causative agent

for bovine mastitis (McGavin et al. 1993), has four FnBRs that can potentially interact

with not just one but multiple Fn molecules within a fibril. The FnBP containing adhesins

expressed on the bacterial surface are up to 1000 amino acids long and contain potentially

other specific and non-specific binding sites that could interact with Fn (Schwarz-Linek

et al. 2006). Here, we explore how the specific binding of two short bacterial peptides B3

and STAFF5, derived from S. dysgalactiae and S. aureus, respectively, are modulated by

stretching Fn fibers (Figure 4.1B-C).

To understand the underlying structural aspects of mechano-regulation, we use steered

molecular dynamic (SMD) simulations to ask how tensile force applied to the B3T-FnI1-2

complex could alter the hydrogen-bond network defining this receptor-ligand interaction.

Together with the experimental results derived from the Fn binding assay, we show that

both bacterial peptides bind significantly less to stretched than to relaxed Fn fibers, thus

demonstrating the mechano-regulation of a cell-binding site on the N-terminus of Fn.
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Figure 4.1: Structural organization of Fibronectin and the bacterial Fn binding proteins
(FnBP). (A) Schematic representation of the multi-modular structure of Fn emphasizing spe-
cific binding sites for cells and matrix proteins (adapted from (Vogel 2006)). The modules type
I, II and III are represented in blue, cyan and red respectively. (B) Domain organization of
five FnBP from various bacteria including the peptides used in this study: B3 from FnBB-4
of S. dysgalactiae and STAFF5 from FnBPA5 of S. aureus. (C) Sequence alignment of various
Fn binding repeats (FnBR) binding to FnI1-5 from S. pyogenes and S. dysgalactiae (based on
(Schwarz-Linek, Höök & Potts 2004)). Grey regions indicate conserved residues, letters in green
are the residues mainly involved in β-interactions with the corresponding Fn modules, and the
numbers correspond to the first and last residues. For site-specific photolabeling, the B3 moiety
with an additional N-terminal cysteine (B3C) was synthesized. B3T, the truncated form of the
B3 peptide, is part of the NMR structure that has been used for SMD simulations (pdb-code
1O9A). The sequence of the peptide STAFF5C is given in the last line.
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4.3 Results

4.3.1 Stretching Fn fibers destroys bacterial binding site

To determine whether mechanical strain alters the binding of a bacterial adhesin, a frag-

ment B3 of the FnBR-4 from S. dysgalactiae (Figure 4.1B) was used. The B3 peptide

(Figure 4.1C) was synthesized with an additional N-terminal cysteine residue (B3C) in

order to label it with Alexa Fluor-488 dye (B3C-488). A binding assay that allows the

stretching of single Fn fibers through the full range of physiologically relevant conforma-

tions (from fully relaxed to breakage) (Little et al. 2008) was used in combination with

optical co-localization studies to experimentally verify strain dependent binding (Little

et al. 2009).

Figure 4.2: Fibronectin fiber stretch assay to quantify mechano-sensitive peptide binding. (A)
The Fn fibers were made by dipping a sharp tip into a drop of PBS containing 0.5 g/L Fn (5%
Fn-Cy5 and 95% unlabeled Fn), which is then gently pulled back to induce Fn polymerization into
fibers. (B) These prestrained fibers are subsequently deposited onto stretchable silicone sheets
(Little et al. 2008) in various orientations to the direction of stretching, resulting in variable
degrees of fiber strains. (C) Confocal micrograph depicting fluorescent intensity ratios of bacterial
peptide B3C-488 binding to Fn-Cy5 fibers, shown here in false colors. Scale bar: 50 µm.

Fn fibers were manually deposited on stretchable silicone sheets (Figure 4.2A-B). To

quantify the binding, ratiometric measurements of labelled B3C-488 bound to Fn fibers

that contained Cy5-labeled Fn were observed as function of fiber extension (mechanical

strain) (Figure 4.2C). Depositing fibers in different orientations on the same shelowed an
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overview of differential binding as a function of strain. In order to increase statistical

significance, we deposited fibers parallel to each other that are under same mechanical

strain (Figure 4.3A-F) The intensity ratio of the labelled B3C-488 (IB3C−488) per labelled

Fn (IFn−Cy5) versus the mechanical strain shows that the binding of the bacterial peptide

B3C-488 decreased significantly when the fibers were stretched (Figure 4.4A).
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Figure 4.3: Binding of photolabeled bacterial peptide B3C to Fibronectin fibers. Schematic
representation of Fn fibers (A) relaxed and (B) stretched on elastic silicone substrate manipu-
lated using a uniaxial mechanical straining device (Klotzsch et al. 2009). Confocal micrographs
depicting fluorescent intensity values of (C) relaxed and (D) stretched Fn fibers. Corresponding
confocal images of the same fibers as shown in c and d indicating the normalized intensity ratios
of B3C-488 versus Fn-Cy5 in false colors for (E) relaxed and (F) stretched Fn fibers. Fibers were
deposited in parallel arrangement to increase sample size for each strain value. Scale bars: 50
µm.

To demonstrate that mechano-sensitivity is a more common feature of bacterial FnBPs,

the experiment was repeated using a different peptide STAFF5, which is part of the fifth

FnBR in FnBPA of Staphylococcus aureus (Figure 4.1B-C). The peptide STAFF5 binds to

Fn using the same mechanism as B3C binds to Fn, but recognizes FnI4-5 (Bingham et al.

2008) close to Fns N-terminus. This peptide was also synthesized with an additional N-

terminal cysteine residue that was used to conjugate Alexa Fluor-488 dye (STAFF5C-488).

As the mechanical strain increased, we observed a decrease in binding of STAFF5C-488 to

Fn fibers, similar to our findings with B3C-488 (Figure 4.4B).
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Figure 4.4: Experimental validation of mechanosensitive binding of bacterial peptides to Fn
fibers. (A-B) Strain-dependent binding of the bacterial peptides B3C-Alexa488 and STAFF5C-

Alexa488 to Cy5-labeled Fn fibers. The mean of the intensity ratios (
IB3C−488

IFn−Cy5
) of relaxed fibers

was set to 1 and the other values were scaled accordingly. All mean values are significantly
different from each other with P < 0.001 (unpaired two-tailed students t-test) except where
noted. (A) Intensity ratio plot of Alexa488-labeled B3C to Cy5-labeled Fn fibers versus Fn fiber
strain. Each experiment (shown as different colored data points) consisted of 30 fibers: ten were
relaxed (∼7% strain), ten deposited only in a prestrained state (no mechanical manipulation of the
silicone sheet, ∼140% strain (Klotzsch et al. 2009)) and ten stretched (∼300% or ∼380% strain).
(B) Intensity ratio plot of Alexa488-labeled STAFF5C to Cy5-labeled Fn fibers versus Fn fibre
strain. Each experiment (shown as different colored data points) consisted of 40 fibers, including
twenty relaxed (∼0% and ∼100% strain) and twenty stretched fibers (∼250% and ∼380% strain).
Inhibition of strain-dependent binding of the bacterial peptide B3C-Alexa488 to Cy5-labeled Fn
fibers in presence (red bars) of (C) soluble Fn (300 µl/mg) and (D) heparin (100 µl/mg). The
mean of the intensity ratio of relaxed fibers in absence (blue bars) of soluble Fn or heparin was set
to 1 and the remaining three values were scaled accordingly. All values are significantly different
from each other (unpaired two-tailed students t-test) with P < 0.0001 except where indicated.
Values are means of intensity ratios of 20 fibers or 10 fibers in the presence of Fn and heparin
respectively, and error bars indicate standard deviations.
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4.3.2 Mechano-sensitive binding unaltered by heparin and solu-

ble Fn

The same N-terminal region of Fn to which most gram positive bacteria adhere also acts as

a binding site for soluble Fn (Aguirre et al. 1994) and heparin(Kishore et al. 1997) (Figure

4.1A). High concentrations of soluble Fn are present in serum (Hynes & Yamada 1982),

and heparin is frequently administered as a preoperative anticoagulant (Hirsh et al. 2008).

Since both of these molecules might co-regulate the binding of bacterial adhesins to Fn, we

asked whether the presence of either one of the molecules might impact the force-regulated

binding of bacterial FnBRs to fibrillar Fn. In the presence of physiological concentrations

of soluble Fn (300µg/ml), the binding of B3C to relaxed and stretched Fn fibers decreases

by 40% or 60%, respectively, but is still strain-dependent (Figure 4.4C). Confirming the

trend seen in Figure 4.4A, more bacterial peptide binds to relaxed than to stretched Fn

fibers, which indicates that the peptide is sensitive to Fn fiber tension even in the presence

of soluble Fn. The decrease in B3C binding to Fn fibers in the presence of soluble Fn could

be attributed to either B3C binding to soluble Fn in solution without further interaction

of this complex with fibrillar Fn and/or soluble Fn binding to fibrillar Fn and partially

blocking B3C binding to the fibers.

Similar results were obtained for heparin, where we observe a reduction in the binding

of B3C to relaxed and stretched Fn fibers of 25% or 40%, respectively (Figure 4.4D). This

is in good agreement with an earlier study where 100 µg/ml of heparin reduced bacterial

adhesion to implant surfaces coated with surface adsorbed Fn (Vaudaux et al. 1992).

Important for learning whether the ECM mechano-switch is sensitive in physiological

environments where soluble Fn and heparin are present, our data indicates that both

soluble Fn and heparin decrease the binding of the bacterial adhesin to Fn fibers, but the

presence of either does not alter the mechano-sensitivity of the binding of bacterial peptide

to Fn fibers.
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4.3.3 Fn stretching causes structural mismatch of binding epi-

topes

To explore the underpinning mechanism by which tensile force acting on Fn fibers can

disrupt bacterial binding sites, we used SMD to simulate the stretching of FnI modules in

complex with the bacterial peptide B3T (B3-truncated) (Figure 4.1C). The NMR-crystal

structure of the FnI1-2-B3T complex (Schwarz-Linek et al. 2003) (PDB 1O9A) was used

as a starting structure for all simulations and hydrated in a box filled with explicit water

molecules. The bacterial B3T peptide binds to both FnI modules by the antiparallel

alignment of the two binding motifs on B3T with two distinct β-sheets formed by FnI1

and FnI2. For the SMD simulations, the solvated system was equilibrated for 2 ns before

applying constant tensile force (defined as t = 0 ns) (Figure 4.5A-B). Three independent

simulations were performed, each of which lasted for 7 ns.

When stretching the FnI1-2 modules with an external mechanical force of 400 pN applied

to its terminal ends, the distance between FnI1 and FnI2 increases (green curve in Figure

4.6A). This coincides with a decrease in the number of backbone hydrogen bonds formed

between Fn and B3T (green curve in Figure 4.6B, Figure 4.7). While stretching the FnI1-2

modules, the β-zipper motif formed with module FnI1 was disrupted while the backbone

hydrogen bonds formed between FnI2 and the bacterial peptide remained intact. The β-

sheet formed between the FnI1 and B3T is partially destroyed after 2 ns of pulling (Figure

4.5C-D and Supplementary Movie 1). In the second simulation, B3T detaches from FnI2

but remains bound to FnI1 (blue curves in Figure 4.6A-C). In the third simulation, the

number of backbone hydrogen bonds decreases only slightly (red curve in Figure 4.6B). This

is because the corresponding starting structure did not show a pronounced β-interaction

between the C-terminus of B3T and FnI1 and thus fewer bonds were broken when compared

to the two other trajectories. We also observe a small increase in side chain hydrogen bonds

formed between Fn1-2 and B3T (red curve in Figure 4.6C), which are able to form near the

C-terminus of B3T. However, similar to the observations in the other two simulations, the

distance between FnI1 and FnI2 increases (red curve in Figure 4.6A).

http://www.nature.com/ncomms/journal/v1/n9/extref/ncomms1135-s1.mov
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In all three simulations, stretching Fn causes a structural mismatch leading to partial

detachment of B3T from FnI1-2 where the formation of the tandem β-zipper is partially

destroyed and reduced to a monomodular interaction between the bacterial peptide and

one of the FnI modules. The number of side chain hydrogen bonds fluctuates significantly

and differs among the simulations due to the large mobility of the bacterial peptide once

it partially disconnects from the Fn fragment (Figure 4.6C). However, in all our previous

simulations of β-sheet motifs, we found that the major force-bearing interactions were

defined by backbone and not side chain interactions (Craig et al. 2004, Li et al. 2002).

Our conclusions derived from this computational analysis agree with a very recent and

independently conducted simulation (Diao et al. 2010). Taken together, the insights gained

from SMD simulations provide a high-resolution structural mechanism that shows how

mechanical force acting on Fn can affect the interaction between B3 and FnI1-2, thereby

offering an explanation for the experimentally observed decrease in binding of the bacterial

peptide to stretched Fn fibers.
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Figure 4.5: Steered molecular dynamics (SMD) simulation of the FnI1-2 B3T complex illus-
trating the molecular mechanism of strain-induced unbinding. (A) Equilibrated structure at 0
ns. Backbone hydrogen bonds between the Fn modules (grey) and the bacterial peptide (green)
are shown as orange springs and the intramodular FnI disulfide bond forming cysteine residues
are represented in blue. The distance D is defined as the spacing between residues ASN55 on
FnI1 and CYS104 on FnI2, which are located at the center of the respective modules binding
site for B3T. (B) Molecular surface representation of the same complex, color-coded according
to charge (neutral: white or green, positive: red, negative: blue). (C) The complex at 5 ns after
having applied a constant force (black arrows) of 400 pN to the Fn termini. (D) Molecular surface
representation at 5 ns, color-coded according to charge (neutral: white or green, positive: red,
negative: blue).
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Figure 4.6: Intermodular FnI1-FnI2 distances and number of intermolecular hydrogen bonds
formed between Fn and the bacterial peptide B3T for three independently conducted SMD simu-
lations (different color traces). A constant force of 400 pN is applied at time equals zero to stretch
Fn. The green curves correspond to the simulation whose structures are presented in Figure 4.5,
at the time points indicated by the green arrows. (A) Intermodular distance D (as defined in
Figure 4.5A) plotted versus time. (B) Total number of backbone hydrogen bonds formed between
FnI1-2 and the peptide B3T versus time. (C) Total number of side chain hydrogen bonds formed
between FnI1-2 and the peptide B3T versus time.
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Figure 4.7: Backbone hydrogen bonds (orange) and side chain hydrogen bonds (black) formed
between FnI1-2 and B3T are plotted over simulation time. Residues on FnI1-2 are listed in black
text and residues on B3T in green. Only bonds that were present during 0.3 ns or longer are
shown. Constant external force of 400 pN was applied starting at 0 ns. Backbone hydrogen bonds
between FnI1 and B3T are disrupted at ∼1 ns (PHE54-PHE28 and CYS56-ILE26) whereas FnI2
stays bound to B3T (ILE102-GLU18 and CYS104-GLU16). The total numbers of intermolec-
ular hydrogen bonds for this simulation are plotted in the green curve in Figure 4.6, and the
corresponding structures are displayed in Figure 4.5.
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4.4 Discussion

The finding that the specific binding of bacterial FnBR can be mechanically regulated

(Figure 4.4) is to our knowledge the first experimental demonstration that mechanical

forces acting on ECM fibers can disrupt a cell binding site. Various FnBPs, which are

intrinsically disordered in solution(House-Pompeo et al. 1996), engage up to five FnI mod-

ules (Figure 4.1) to form the tandem β-zipper that ensure specific binding. Insights into

the structural mechanism that mediates the experimentally observed force-induced disrup-

tion of the bacterial adhesin interacting with FnI modules (Figure 4.2-4.4) were obtained

by steered molecular dynamic simulations (Figure 4.5-4.7). Stretching of consecutive FnI

modules bound to bacterial peptide increases the distance between the bacterial binding

sites of Fn. This structural mismatch finally leads to the partial dissociation of the bacterial

peptide from the FnI modules (Figure 4.5C), thus disrupting the multimodular interaction.

Our results with the peptide STAFF5 derived from S. aureus (Figure 4.4B) indicate

that the structural unbinding mechanism described for the bacterial peptide B3 interact-

ing with FnI1-2 (Figure 4.5) might be more general. Experimental results from STAFF5

illustrate that mechanical forces acting on Fn can also cause a strain-induced structural

mismatch at FnI4-5, where the two FnI modules are separated by a shorter linker chain

than FnI1-2. The FnI modules contain many other physiologically significant bindings sites,

i.e. to heparin, collagen, tenascin and fibrin (Figure 4.1A), which could also be potentially

mechano-regulated.

Soluble Fn and heparin are known to recognize the same N-terminal domain of Fn

as the bacterial adhesins (Vogel 2006), therefore we tested the binding of B3C to Fn

fibers in presence of soluble Fn and heparin. The binding of the bacterial peptide to Fn

fibers is significantly reduced in both instances (Figure 4.4C-D), which correlates well with

previous studies that show inhibition of FnBP-mediated bacterial adhesion to Fn-coated

surfaces (Arciola 2003, Vaudaux et al. 1992). The question arises whether the observed

inhibitory effects would also be relevant in vivo, since the Kd of B3C (a part of an FnBR)

to Fn fragments is about 1 µM (Schwarz-Linek et al. 2003), whereas complete FnBR can
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bind to Fn with nanomolar affinity(Schwarz-Linek et al. 2006) due to the multimodularity

of the interaction. However, it is important to note that the affinities were measured

to Fn fragments in solution, and not to (full-length) fibrillar Fn. Furthermore, in case

of heparin, evidence suggests that the binding site is located on loop regions and not

on the β-strands of the FnI modules (Kishore et al. 1997), meaning that heparin and

bacterial FnBRs do not necessarily compete for the same epitope on Fn. Hence it is

possible that heparin sterically hinders the binding of bacterial peptides to Fn. Regardless

of the degree of the observed inhibition, our results indicate that the mechano-sensitivity of

the FnBP-Fn interaction remains unaltered even in the presence of soluble Fn and heparin

at physiological concentrations.

Notably, the force regulated mechanism discovered here is distinctly different from the

catch-bond mechanism that some bacteria have evolved to adhere to surfaces under fluid

flow (Thomas et al. 2002). In case of E. coli adhesion (type 1 fimbriae adhere to mannose),

force regulation is achieved by fluid shear stress pulling on a ligand that sits in a binding

pocket thereby activating the long-lived catch-bond state. In contrast, the binding of

bacterial FnBR is weakened by stretching Fn, for example by cell generated forces. In this

case, the force acts along the Fn fiber axis and destroys the structural match between the

receptor and ligand, thereby inhibiting binding even in situations where no force directly

pulls on the bacterial adhesin.

Can cells sufficiently stretch ECM fibers to activate the FnI mechanical adhesion switch

and thus downregulate the binding of bacterial adhesins? Quantifying this in cell culture

is difficult due to the high density of spatially co-localized conformations of differently

stretched Fn, as well as the temporal variations in fiber tension (Little et al. 2008, Smith

et al. 2007). It is important to recognize that the Fn strains in our binding assays are

within the regime of strains displayed by Fn matrix in cell culture, as shown by FRET

measurements: A considerable fraction of Fn fibers are known to be stretched more than

3-fold by cells in 2D and 3D cell cultures (Little et al. 2008, Kubow et al. 2009) depending

on the contractility of the cells and the physiological state of ECM. The observed decrease

in binding occurs at Fn fibril strains of 300% or more, whereas in SMD simulations, the
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unbinding of B3T occurs at FnI1-2 strains of about 50%. This is due to the different me-

chanical stabilities of the more than 54 different modules per dimeric fibronectin (Fn types

I, II and III). Besides increasing the intermodular distances of the FnI modules, mechanical

force acting on a Fn fiber also stretches out the other modules and triggers the unfolding

of FnIII modules (Smith et al. 2007). Since the force needed to activate the increase of

the intermodular distance between FnI modules is comparable to that of unfolding FnIII

modules (Craig et al. 2004, Gee et al. 2008), the increase of the intermodular distances

between FnI modules only partially contributes to the total strain of a Fn fiber.

Due to the intrinsic limits for how long all-atom simulations can be run, forces used in

SMD simulations are typically higher than those physiologically observed (Sotomayor &

Schulten 2007). It is important to note though that it is not the direct correlation with

force, but the force-induced mechanical strain that defines the switch in the structure-

function relationship of stretched proteins. The key motivation for conducting SMD simu-

lations is to identify the force-stabilized structural intermediate states. Several structural

mechanisms initially deduced from SMD for other protein systems have been experimen-

tally validated. This includes studies showing the derivation of a first structural model how

catch-bond forming bacterial adhesins work (Le Trong et al. 2010, Thomas et al. 2002),

structural predictions proposing a mechanism that elucidates how stretching talin causes

the exposure of vinculin binding sites (del Rio et al. 2009, Hytönen & Vogel 2008), elu-

cidating the structural mechanism how titin kinase is force activated (Puchner & Gaub

2010) and recent efforts to engineer proteins with enhanced mechanical properties (Lv et al.

2010).

Taken together, all these observations indicate that our assay using manually deposited

Fn fibers provides physiologically relevant insights, and that cell generated forces are suffi-

ciently high to deactivate the specific binding of the bacterial adhesins. However, it should

be noted that mechano-regulation of the specific interactions between the bacterial FnBP

and Fn fibers might be masked when the long protrusions that define bacterial adhesins

comprise many specific and non-specific binding sites. Each of these epitopes could have

a different or nonexistent mechanosensitivity. Furthermore, the stretching of Fn fibers
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gradually exposes hydrophobic amino acids due to the loss of secondary structure, thus

additionally promoting non-specific adhesion (Little et al. 2009).

Many prokaryotic and eukaryotic cell adhesins have evolved polyvalent structural motifs

in order to interact with their target host proteins (Figure 4.1A). For instance, integrins

α5β1 and αIIaβ3 both recognize not just the RGD-loop on FnIII10 but also the adjacent

synergy site on FnIII9 (Grant et al. 1997), thus exploiting a bivalent binding strategy to

Fn tandem modules to enhance the interaction. Interestingly, phylogenetically distinct

bacteria use similar motifs to bind to Fn but differ in the number of binding repeats.

Multivalent interactions in general extend the lifetime of molecular interactions (Mammen

et al. 1998). How pathogens exploit multivalent principles in order to colonize highly

specialized niches by optimizing their adhesins is poorly understood. Our data give first

hints that this divergence might equip bacteria with a sensory tool to differential probe

ECM tension.

It is of paramount importance to understand how bacteria evolved their adhesins to

optimize their strategies of host invasion and infection. This first demonstration of a

mechano-regulated binding site raises intriguing questions whether bacteria can distinguish

healthy tissue from wound sites by sensing matrix tension acting on Fn fibers. At wound

sites and areas of inflammation, the ECM fibers are physically or proteolytically cleaved,

which should lead to their relaxation. Injured or diseased tissues might thus present Fn in

different physical states, and we speculate that this could regulate early adhesion events.

The finding that the specific binding of adhesins might be regulated by the tension of ECM

fibers provides a unique and never considered perspective of how the mechanobiology of

ECM might regulate early bacterial adhesion and the subsequent course of infection.

4.5 Methods

Isolation of Fn and Protein Labelling. Fn was isolated from human plasma (Zrcher Blut-

spendedienst SRK, Switzerland) using gelatin-sepharose chromatography based on estab-

lished methods (Engvall & Ruoslahti 1977). Briefly, 2 mM phenylmethylsulphonyl fluoride
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(PMSF) and 10 mM ethylenediaminetetraacetic acid (EDTA) were added to human plasma

and spun at 15,000 g for 40 min. Plasma was first passed over the gelatin Sepharose 4B col-

umn (Pharmacia) and subsequently the flow-through passed over the Sepharose 4B column

(Sigma-Aldrich). The gelatin column was washed with 2 mM PMSF and 10 mM EDTA

in PBS. Wash completion was verified when the 280 nm absorbance of the flow-through

was < 0.05. The gelatin column was washed with 1 M NaCl, 1 M urea, and finally Fn

was eluted from the column with 6 M urea. Purity was approximated by silver stain and

western blot. Isolated Fn was stored at −80 ◦C in 6 M urea until usage.

The buried cysteines within modules FnIII7 and FnIII15 of each Fn dimer were site-

specifically labelled with Cy5-maleamide (647 nm) (Molecular Probes, Invitrogen) following

established protocols (Smith et al. 2007, Little et al. 2008). Briefly, isolated plasma Fn at

about 5 g/l in PBS was denatured in an equal volume of 8M GdnHCl and incubated for 1h

with a 20-fold molar excess of Cy5-maleimide at RT. The labelled Fn was then separated

from the free dye by size exclusion chromatography (PD-10 Sephadex Amersham) into PBS.

The labelling ratio of Cy5 per Fn dimer was determined by measuring the absorbance of

Fn-Cy5 at 280 and 647 nm and using published extinction coefficients for the fluorophore

and Fn. The labelled Fn was stored at −20 ◦C until needed and used within 2 days of

thawing. Before use, labelled and unlabeled Fn aliquots were centrifuged at 10,000 g for

10 min to remove aggregates.

Bacterial B3C moiety from S. dysgalactiae (sequence: see Figure 4.1C) and STAFF5C

from S. aureus were synthesized (Genscript Corporation, NJ, USA) with a terminal cys-

teine to be used for photolabeling (peptide sequences are given in Figure 4.1C). A 200

µg/ml solution of each peptide was labeled with Alexa Fluor 488 (Molecular Probes, In-

vitrogen) as described above and stored at −20 ◦C until needed.

Fn fiber assembly and deposition on stretchable silicone sheets. Fn fibers were pulled

from a concentrated droplet of Fn solution and deposited on silicone sheets (Speciality

Manufacturing, Saginaw, MI). The silicone sheets were mounted and strained in a one di-

mensional strain device as previously described (Figure 4.2B) (Little et al. 2008). Briefly,

0.25 mm thick silicone sheets were cut into 5 x 1.7 cm rectangles and a 300 µg/ml Fn solu-
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tion (5% Fn-Cy5, 95% unlabeled) was deposited as a small drop on the sheet. Fibers were

drawn by hand out of the droplet and deposited with the aid of a pipette tip (Figure 4.2A).

The samples were rinsed and kept hydrated with PBS. The fibers were either deposited

in parallel or perpendicular to the direction of the strain axis. The fibers are deposited

on a pre-strained sheet (150% strain), which is relaxed in x-axis and results in stretching

of the sheet in transverse direction when using a one-dimensional straining device. Fiber

strain was calculated from the externally adjusted strain of the silicone sheet as previously

described (Smith et al. 2007). The intensity ratios of the samples were measured with

confocal microscopy as described below.

Assay to Probe the Binding of Bacterial Adhesins to Fibrillar Fn. To quantify bacterial

peptide binding to fibrillar Fn, samples of manually deposited fibers were prepared and

incubated with 0.1 M iodoacetamide to alkylate any free cysteine that might get exposed

by fiber stretching (Klotzsch et al. 2009, Little et al. 2009, 2008) and could potentially

react with free Alexa-488 maleimide dye. This was followed by incubation with 4% bovine

serum albumin for 30 min to block nonspecific binding. Finally, after rinsing with PBS, the

samples were incubated with B3C-Alexa488 or STAFF5C-Alexa488 for 30 min. The sample

was finally rinsed with PBS (3X) and imaged under hydrated conditions (ie. immersed in

PBS ) at room temperature.

Confocal Microscopy. All confocal images were acquired with an Olympus FV1000

confocal microscope with a water immersion 0.9 NA 40X objective. Emitted light from the

sample as well as DIC images were detected with two photomultiplier tubes (PMT). Images

were acquired at 512 X 512 pixel resolution for a 318 by 318 µm field of view. Acquisition

parameters including laser transmissivity, pixel dwell time and pinhole size were adjusted

to prevent photobleaching while maximizing detection sensitivity. PMT gains were kept

constant during measurements within an experiment.

Image Analysis. Confocal images were analyzed using MatLab (MathWorks) and Im-

ageJ. The dark current values were subtracted and the images were scanned and all pixels

above a certain threshold were considered as being part of the fiber (to avoid inclusion of in-

tensity peaks of the background). The ratios presented in Figure 4.3 were taken by dividing
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the mean of the intensity at 488 nm (i.e. the intensity stemming from the Alexa488-labeled

bacterial peptide) by the mean of the intensity at 633 nm (i.e. the intensity stemming from

the Cy5-labeled Fn fiber). All analyzed images have a resolution of 512 by 512 pixels.

Computer Simulations. Simulations were performed using the open source molecular

dynamics software NAMD and the CHARMM27 force field (Feller & MacKerell 2000).

The program VMD was employed as a visualization tool (Humphrey et al. 1996). Long-

range electrostatic forces were calculated with the particle mesh Ewald summation with a

grid size of < 1 Å. Van der Waals interactions were simulated using a switching function

starting at 10 Å and a cut-off of 12 Å. We used three NMR structures of FnI1-2 - B3

complex from S. dysgalactiae, which were obtained from the PDB (Schwarz-Linek et al.

2003). For every simulation, the structure was placed in an explicit TIP3P-water box

(Jorgensen et al. 1983) and ions were added to obtain an electrically neutral system with

a physiological salt concentration of 0.15 M. The water box was designed to have 15 Å

padding along two axes and 40 Å along the third direction, such as to give the molecule

enough space while elongating. The system was then minimized for 2,000 steps while

keeping all atoms of the protein fixed. Another 2,000 steps were performed keeping only

the backbone atoms of the protein fixed. The next 2,000 steps were done without fixation

of any atoms. This was followed by thermalizing the system where the temperature was

raised by 1 K every 100 steps up to 310 K. Afterwards, the system was equilibrated for 2

ns (with an integration time step of 1 fs), using the Berendsen method for keeping both

temperature and pressure (P = 1atm) constant (Berendsen et al. 1984). Constant force

of 400 pN was then applied to the two terminal Cα-atoms of the protein backbone. The

force vectors were pointing in opposite direction along the elongation of the water box.

During the first ∼100 ps of pulling, the protein aligned to the force direction. Analysis of

hydrogen bonds was done using a distance cut-off of 3.51 Å and an angle cut-off of 30.1◦.

All simulations were performed on 128 nodes of a Cray XT-3 cluster located at the Swiss

National Supercomputing Centre (CSCS).
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5.1 Abstract

Inspired by bacterial adhesins, we present a promising strategy of how to engineer peptides

to probe various mechanical strains of extracellular matrix fibers. Functional sequence

alignment of bacterial adhesins reveals that the bacterial linkers connecting the multivalent

binding motifs recognizing fibronectin show considerable heterogeneity in length. Their

length regulates the tunable affinities for fibronectin fibrils when stretched into different
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mechanical strain states. This platform has potential applications in probing extracellular

matrix fiber strains in tissues.

5.2 Introduction

Cellular microenvironments provide for both chemical and physical cues, and major focus

has been on deciphering how cells sense and respond to the different mechanical charac-

teristics of their niche. Studies manipulating the physical properties of the substrate by

varying either elasticity (Engler et al. 2006) or topography (Chen et al. 1997) are known

to influence various cellular processes including stem cell differentiation and cell viability.

A more physiological implication of increased stromal tissue stiffness is known to promote

tumor growth (Samuel et al. 2011). Recent work also indicates that differential tethering

of the ECM to the substrate rather than stiffness itself directs stem cell fate (Trappmann

et al. 2012). In their native environment, cells encounter fibrillar networks of ECM proteins

combined with a complex spatial display of multiple binding sites, including for integrins,

growth factors, enzymes, and other ECM proteins (Hynes 2009, Vogel & Sheetz 2006). Cell-

derived mechanical forces can alter this spatial juxtaposition, which could also regulate cell

function (Vogel 2006). To allow for a better understanding of cell-ECM interactions in con-

text of mechanical strain acting in the system, we explored whether the bacterial adhesins

that specifically recognize the N-terminal tandem domains of the ECM protein fibronectin

(Fn) (Henderson et al. 2010) can be used as nanoscale mechanical strain probes.

Fn is a major component of the ECM and a preferred bacterial adhesion target due to

its high abundance in wound sites. The multimodular structure of Fn is composed of three

types of modules (FnI, FnII, and FnIII, Figure 5.1A), where the bacterial adhesins target

the first five N-terminal FnI modules (FnI1-5) (Henderson et al. 2010). These Fn-binding

proteins (FnBPs) are covalently linked to the bacterial cell membrane and can contain

several intrinsically disordered Fn-binding repeats (FnBRs). Each FnBR binds to four

or five FnI tandem modules under equilibrium, where it engages the respective E-strands

(the C-terminal β-strands) of the FnI modules through formation of clusters of backbone
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hydrogen bonds. By extending the already existing antiparallel β-sheets of FnI modules

by an additional strand (Figure 5.1A) (Schwarz-Linek et al. 2003), this tandem β-zipper

design allows for multivalent binding to several sequential FnI modules. This results in

high affinities comparable to typical antibody-antigen interactions (Schwarz-Linek, Pilka,

Pickford, Kim, Höök, Campbell & Potts 2004).

Since the various Fn modules differ in their mechanical stability, they show a variable

force response when cell-derived mechanical forces act on Fn: while FnIII modules can

be mechanically unfolded (Smith et al. 2007, Lemmon et al. 2011), FnI modules retain

most of their secondary structure as they are stabilized by intramodular disulfide bonds

which clamp together their inner cores (Wiita et al. 2007). Steered molecular dynamics

(SMD) studies showed that mechanical force applied to the terminal ends of FnI modules

can lead to an increase in the intermodular FnI-FnI distances (Diao et al. 2010, Chabria

et al. 2010). This results in partial destruction of the multidomain tandem template

required for high-affinity binding of the FnBR to Fn. In the case of the previously tested

FnBR peptides, the β-zipper interaction is reduced to a single FnI module, resulting in

a significantly lower affinity to mechanically stretched Fn (Chabria et al. 2010). This

differential binding response of the FnBRs to Fn is thus sensitive to the mechanical strain

of the Fn fibers. Considering that FnBRs are expressed by several gram-positive bacteria

and a spirochete, it is intriguing that only little sequence homology exists between them,

though they all recognize and bind the same domains of Fn (Schwarz-Linek et al. 2006).

In order to develop bacterial FnBRs successfully into a set of mechanosensitive probes,

we need a better understanding of how these variations in sequence of the FnBRs can

influence the mechanosensitive binding to tandem modules of FnI. In the present study,

we investigate the FnBR sequence, structure, and binding response in order to elucidate

common principles for designing tunable peptide-based mechanosensors. While recently

Cao et al. reported the use of phage-displayed short peptides to probe the mechanical

strain of Fn (Cao et al. 2012), we focus here on understanding the molecular mechanism

of the mechanosensitive interaction between the native bacterial FnBRs and Fn. The goal
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was to learn how mechanosensitive interactions to multivalent motifs could be rationally

designed.

First, a functional sequence alignment is presented where structural data obtained from

all resolved FnI-FnBR complexes are combined with their primary sequences. Despite their

low sequence homology, availability of structural information allows us to categorize the

sequences of bacterial FnBRs in either motifs that bind to the FnI modules, or nanolinkers

that solely connect these motifs. In a second step, we explore the mechanosensitive behavior

of two full-length FnBRs from S. aureus in complex with FnI2-5 using SMD simulations.

Comparing these simulations with a simulation of the N-terminal Fn fragment without

FnBR indicated that the linkers connecting the Fn-binding motifs play an important role in

determining the degree of its mechanosensitivity. The above hypothesis was experimentally

verified using natural FnBR peptides with variable linker lengths. Our results show a good

correlation with the SMD data, indicating that an FnBR peptide with a sufficiently long

linker region binds equally strong to relaxed and stretched Fn fibers. Furthermore, we

engineered an FnBR peptide, where insertion of additional amino acids extended the linker

region. This rendered the previously mechanoresponsive peptide nonresponsive to Fn fiber

strain. Taken together, these findings lay the foundation for utilizing tunable bacterial

FnBRs as potential strain sensors.
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5.3 Results

5.3.1 Sequence alignment of bacterial FnBRs identifies Fn-binding

motifs separated by nanolinkers with variable length.

Figure 5.1: (Caption next page.)
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Figure 5.1: (Previous page.) Interaction of bacterial Fn-binding proteins (FnBP) and fi-
bronectin (Fn) together with a sequence alignment of various Fn-binding repeats (FnBRs). (A)
Interaction of FnBP with Fn. A single FnBR (purple, the FnBPA5 from S. aureus is shown here)
recognizes the four N-terminal FnI modules FnI2-5 (gray). Integrins bind to Fn via the RGD-
loop located in FnIII10. The G-R-I motifs on FnI2 and FnI4 are targeted by highly conserved
FnBR sequences (see B). The four FnI-binding motifs on the FnBRs are connected by nanolinker
regions. Cysteine residues forming intramolecular disulfide bonds within FnI modules are shown
in yellow. (B) Sequence alignment of bacterial FnBR from various bacterial strains. Structural
information is available for SfbI-5 (S. pyogenes), FnBB-4 (S. dysgalactiae), FnBPA1 (S. aureus),
and FnBPA5 (S. aureus), and the latter two FnBRs were part of SMD simulations carried out
in this study. The K/E-D/E-T/S motif targeting FnI4 and the E-D-T/S/motif targeting FnI2
are highly conserved. Each sequence is divided into motifs containing seven amino acids that
bind to the E-strands of the respective FnI modules and nanolinker regions that connect these
binding motifs. Residues that can form backbone hydrogen bonds with FnI modules are given
in bold text, and residues that are part of the peptide sequences used for experiments are shown
in white text on darker background (the complete peptide sequences are given in the Supporting
Information).

While the sequences of bacterial FnBRs have been aligned previously, these alignments

did not provide insights into which residues might potentially bind to FnI modules. To

evaluate the functional significance of sequence variations, we combined structural data

obtained from all the resolved FnI-FnBR complexes (Schwarz-Linek et al. 2003, Bingham

et al. 2008, Norris et al. 2011) with sequence homology to group the sequences of FnBRs

into motifs that either bind to the FnI modules, or define linker regions that solely connect

these structural motifs (Figure 5.1B).

Conserved residues are mostly found in the FnI-binding motifs. The E-D/E-T/S motif

is highly conserved and found in almost every FnBR (Figure 5.1B). In all known structures

of FnI-FnBR complexes, this three-residue motif forms part of the intermolecular β-sheet

with FnI2 and FnI4, where it targets the G-R-I motif on the E-strands of both FnI modules

(Figure 5.1A). In addition to forming intermolecular backbone hydrogen bonds, the acidic

residues in the bacterial motifs E-D/E-T/S engage in salt bridges with the basic arginine

in the G-R-I motifs on FnI2 and FnI4. Studies using an FnBR from S. pyogenes show that

mutations of these highly conserved acidic residues to alanine reduced the affinity of the

FnBR to FnI1-5 (Norris et al. 2011). Even though the mutational effects are small, the



5.3. Results 57

E-D/E-T/S motif could initiate the formation of the β-zipper by providing electrostatic

attraction, thus accelerating intermolecular attachment (Kumar & Nussinov 2002). While

present in FnI2 and FnI4, the G-R-I motif is absent in FnI1, FnI3, or FnI5, which could

also facilitate correct spatiotemporal arrangement of FnBPs. Furthermore, the E-D/ E-

T/S motifs could compete for intramolecular interactions of FnI1-5 with FnIII modules,

which is necessary to expose the N-terminus such that the FnBRs can bind (Vakonakis

et al. 2009, Marjenberg et al. 2010). Additionally, the repulsion between these negatively

charged residues might help the FnBRs to avoid formation of unwanted intramolecular

secondary structure that would bury them in autoinhibited conformations.

This potentially also explains the presence of proline residues in the sequences of many

FnBRs, which are known to disrupt β-sheet formation (Li et al. 1996). However, most

proline residues found in the sequences of FnBRs are in the linkers or at the termini of the

binding motifs, therefore still allowing for the binding of the intermolecular β-strands that

are up to seven residues long, which has been reported to be energetically one of the most

favorable length for β-sheets (Stanger et al. 2001). Hence, our sequence alignments also

support the findings of a study reporting that proline is often found flanking protein-protein

interaction sites (Kini & Evans 1995). Although not all seven residues in the FnI-binding

motifs necessarily bind to FnI modules, NMR- and crystal structures of the FnI-FnBR

complexes show that seven residues are needed to span the length of the E-strands of

the FnI modules (Figure 5.1B) (Schwarz-Linek et al. 2003, Bingham et al. 2008, Norris

et al. 2011). While there is evidently conserved homology in the FnI-binding motifs, there

is a far bigger variation in composition and length of the linkers regions. Most FnI2-3-

binding motifs are separated by only a single amino acid, other linker regions consist of

five (FnBA-1, FnBA-3, and FnBPA1) or even more residues (BBK32).
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5.3.2 SMD simulations illustrate how the length of nanolinkers

regulates binding to mechanically strained Fn fibers.

Since no experimental technique is available to derive high-resolution structures of stretched

proteins and their complexes, we used SMD to gain insights into the mechanosensitive

binding behavior of two FnBRs from S. aureus : FnBPA1 and FnBPA5 that span the

four Fn tandem modules FnI2-5 (Figure 5.2A,B). The starting structures of the two full-

length FnI2-5-FnBR complexes studied here were derived by combining the crystallized

two-domain structures (Bingham et al. 2008) (see Materials and Methods in Supporting

Information). FnBPA1 from S. aureus features an exceptionally long five-residue linker

between its FnI2- and the FnI3-binding motifs (Figure 5.1B). In contrast, the much shorter

linker of FnBPA5 connecting the FnI2- and the FnI3-binding motifs contains only two

residues (Figure 5.1B), which allows us to compare different linker lengths bridging the

same intermodular FnIi- FnIj interface.

After equilibrating the structures (Figure 5.2A,C and Supporting Information Figure

5.6), a constant external force of 400 pN was applied to the terminal ends of FnI2-5. The

limited availability of computational time requires the use of higher forces than observed in

vivo (Sotomayor & Schulten 2007). However, previous studies have shown that SMD sim-

ulations successfully predicted the existence of structural intermediates that had distinct

function from the equilibrium structures and are thus physiologically significant (Hytönen

& Vogel 2008, del Rio et al. 2009, Thomas et al. 2002). The force-induced extension of

FnI2-5 was accompanied by localized detachments of the bacterial FnBR from some FnI

modules (Figure 5.2B,D-F and Supporting Information Figures 5.7-5.11, Movie S1). The

five tested linker regions in the FnI-FnBPA complexes with a length of one or two amino

acids (Figure 5.1B) tightly connect the respective neighboring FnI-binding motifs on the

FnBRs. By acting as transient force clamps, these short linkers limit the extensions of the

intermodular FnIi- FnIj distances dij between the two cysteine residues on the E-strands of

FnIi and FnIj (Figure 5.2E,F and Supporting Information Figure 5.11E,F). The extension

of dij is only possible once the FnBR has detached from one of the neighboring FnI mod-

http://pubs.acs.org/doi/suppl/10.1021/nl302153h/suppl_file/nl302153h_si_003.qt
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Figure 5.2: SMD simulations of two FnI2-5-FnBPA complexes. Fn is shown in gray, FnBPA1
is shown in blue, FnBPA5 is shown in purple, and cysteine residues forming disulfide bonds are
shown in yellow. Water molecules and ions were included in the simulations but not shown to
enhance clarity. (A,C) Structure of FnI2-5-FnBPA1 and FnI2-5-FnBPA5, respectively, after 2 ns
of equilibration. Note the long linker region (*) forming a loop on FnBPA1 between the FnI2-
and FnI3-binding motifs. We define dij as the distance between the two cysteine residues on
the E-strands of FnIi and FnIj. (B) Application of a constant force of 400 pN to the termini of
Fn over a duration of 40 ns leads to elongation and partial dissociation of the FnI2-5-FnBPA1
complex; the intermolecular interaction is lost at FnI5. (D) In the time frame of the SMD
simulation of the FnI2-5-FnBPA5 complex, the bacterial FnBR detaches from FnI2. (E) Plot of
the three intermodular distances dij measured in FnI2-5-FnBPA1. The intermodular distance d23
extends significantly without the FnBR detaching from FnI2-3. The interfaces FnI3-4 and FnI4-5
are temporarily clamped together by the bound FnBR; while d34 extends a little, d45 increases
significantly only after FnBPA1 has detached from FnI5 at 37 ns. (F) Plot of dij measured in
FnI2-5-FnBPA5. The big extension of d23 coincides with the detachment of FnBPA5 from FnI2 at
8 ns. The distances d34 and d45 cannot extend as much because FnBPA5 stays bound to FnI3-5
within the time window of the simulations.
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ules. In contrast, the five-residue linker region on FnBPA1 connecting the motifs binding

to FnI2 and FnI3 is long enough to enable significant extension of the intermodular distance

d23, while staying bound to Fn (Figure 5.2E and Supporting Information Figure 5.11E).
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Figure 5.3: SMD simulations of the FnI1-5 fragment. Fn is shown in gray and cysteine residues
forming disulfide bonds in yellow. Water molecules and ions were included in the simulation but
not shown to enhance clarity. (A) Structure of the FnI1-5 fragment after 2 ns of MD simulation.
(B) Applying a constant force of 400 pN for 15 ns leads to an elongation of the FnI1-5 fragment.
(C) Plot of dij measured in FnI1-5. The distances dij are defined as the intermodular distances
between the cysteine residues in the E-strands of FnIi and FnIj (see Supporting Information
Figure 5.6 for detailed positions of residues).

To quantify conditions under which the stretching of Fn causes a structural mismatch

between Fn tandem repeats and the bacterial FnBRs, dmaxij , the maximum values of dij

were determined from SMD simulations of the fragment FnI1-5 without the presence of

any bacterial FnBR (Figure 5.3A-C and Supporting Information Figure 5.12, Movie S2).

In the presence of an FnBR, the dij can reach their maximum values only if the FnBR

detaches (d45 in Figure 5.2E, d23 in Figure 5.2F, and d34 in Supporting Information Figure

5.11E) or if the corresponding nanolinker is long enough to permit full extension, which was

observed within the limited timeframe of 40 ns for the long linker of FnBPA1 that spans the

interface of FnI2-3 (d23 in Figure 5.2E and d23 in Supporting Information Figure 5.11E). To

develop criteria that allow to identify which of the many bacterial FnBRs (Figure 5.1) are

mechanosensitive, we also analyzed the length of the nanolinker, pij, defined as the distance

between the two residues on the FnBR that bind to the cysteines on the E-strands of FnIi-

FnIj. The maximum value of pij is given by pmaxij = (7aa + L) × 0.36nm/aa, where L is

the number of linker residues connecting the bacterial FnIi- and FnIj-binding motifs, and

http://pubs.acs.org/doi/suppl/10.1021/nl302153h/suppl_file/nl302153h_si_004.qt
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0.36 nm is the length of a single amino acid in a stretched polypeptide chain (see Materials

and Methods in Supporting Information). Our structural analysis thus predicts that the

interaction is mechanosensitive if dmaxij > pmaxij .

5.3.3 Tuning the mechanosensitive binding of natural and engi-

neered bacterial peptides to Fn fibers.
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Figure 5.4: Fn fiber stretch assay to study the mechanosensitivity of binding of bacterial
peptides to Fn fibers in different mechanical states. (A,B) Fn fibers are pulled out of a Fn
droplet and deposited on a stretchable silicone sheet. Relaxing or stretching the sheet stabilizes
Fn fibers in different mechanical strains. (C) Confocal images of relaxed Cy5-labeled Fn fibers.
(D) Confocal images of stretched Cy5-labeled Fn fibers. (E,F) False color image of the same fibers
as in (C) and (D), now showing the ratio of intensity of the bound peptide STATT1C-488 (derived
from FnBPA1 from S. aureus) to the intensity of the Cy5-labeled Fn fibers. The normalized
binding is roughly the same for relaxed (E) and stretched (F) Fn fibers. (G) In contrast, the
previously published data on the peptide STAFF5C (derived from FnBPA5 from S. aureus15,18)
shows a strong decrease in binding when the fibers are stretched (H). All corresponding intensity
ratios are plotted in Figure 5.5B-D.

To experimentally validate this computationally derived hypothesis that the length of

the nanolinker regulates the mechanosensitivity of binding to Fn, a Fn-fiber stretch as-

say was used as described previously (Figure 5.4A,B) (Little et al. 2008). The peptide

STATT1C is part of FnBPA1 from S. aureus that targets FnI2-3 (Bingham et al. 2008)
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(Figure 5.5A) and contains the long linker highlighted in Figure 5.2A. The commercially

synthesized peptide was fluorescently labeled on the N-terminal cysteine using Alexa-488

maleimide. Cy5-labeled Fn fibers were manually deposited on stretchable silicone sheets

such that they can be stretched through the entire range of physiologically relevant confor-

mations (Figure 5.4C,D). After incubation of STATT1C-488 with the Fn fibers, ratiometric

measurements were performed to detect the amount of Fn-bound peptide. The intensity

ratio of the labeled peptides per labeled Fn was independent of the mechanical strain ap-

plied to the Fn fibers (Figures 5.4E,F and 5.5B). In agreement with our SMD simulations,

the peptide binds equally well to relaxed and stretched Fn fibers. The previously published

binding data for the peptides B3C and STATT5 (Chabria et al. 2010) are shown for com-

parison (Figures 5.4G,H and 5.5B). This simple condition, dmaxij > pmaxij , thus accurately

explains the binding properties of the bacterial peptides STATT1C, STAFF5C, and B3C.

The FnBR from B. burgdorferi, BBK32, shows the longest nanolinker from all bacterial

FnBRs (Figure 5.1B). The sequence alignment predicts that the linker region connecting

the FnI2-3- binding motifs of BBK32 contains six residues and thus is also long enough

to span the stretched intermodular distance. Although no structural data are available,

BBK32 was shown to bind to Fn via the common β-zipper mechanism (Raibaud et al.

2005). To test the mechanosensitive Fn-binding properties of BBK32, we incubated Fn

fibers with the peptide BBKTTbC, which contains the FnI2-3-binding motifs connected by

the six-residue nanolinker of BBK32. Figure 5.5C shows that the average intensity ratio of

BBKTTbC is higher for stretched Fn fibers but the difference is not statistically significant.

For this experiment, the fibers had to be incubated with a much higher concentration of

peptide than used for the previous experiments to get a strong enough optical signal.

Indeed, experiments using soluble FnI fragments showed that the affinity of BBKTTbC

(Raibaud et al. 2005) to FnI2-3 is 30 times lower than the affinity of B3C to FnI1-2 (Schwarz-

Linek et al. 2003). Thus it is possible that a significant part of the intensity stems from

unspecific binding of the peptide to Fn, which would explain the upregulated binding upon

stretching due to increased exposure of hydrophobic residues (Little et al. 2009).
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To assess the general impact of the nanolinker length on mechanosensitivity, we inserted

a glycine sequence (GGGG) into the middle of the linker region of the peptide B3C,

which is a part of FnBB-4 of S. dysgalactiae (Schwarz-Linek et al. 2003, Chabria et al.

2010) and repeated the binding assay with this engineered peptide B3C-GGGG. We chose

to insert glycine to demonstrate that solely the length of the linker regions governs the

mechanosensitivity of FnBRs to Fn fibers and not its chemical composition. The small

and neutral side chains of glycines allow for high flexibility of the nanolinker and leave the

net charge of the original peptide unaltered. Because of this modification, the opposite

condition pmaxij > dmaxij is satisfied (Figure 5.5A) and B3C-GGGG is not expected to display

mechanosensitive Fn-binding. Repeating the Fn stretch assay with the fluorescently labeled

B3C-GGGG shows that it binds to stretched and relaxed Fn fibers with nearly equal

affinity (Figure 5.5D). Hence, the mechanosensitive binding of this bacterial FnBR peptide

can indeed be tuned by modifying the length of the linker region.
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Figure 5.5: Binding studies of bacterial peptides to Fn fibers at different mechanical strains.
(A) Overview of experimentally tested peptides. The schematic drawing shows the peptide se-
quences and the tandem FnI modules they target. Residues that bind to the E-strands of the
FnI modules are given in bold text. The values pmaxij listed in the table are defined as the FnIi-
FnIj intermodular distance dij the peptide can span while staying bound to both neighboring FnI
modules. The maximum value of the FnIi- FnIj intermodular distance dijmax is obtained from
the peptide-free simulation (Figure 5.3C). If dmaxij > pmaxij , the interaction is mechanosensitive.
(B) The Fn fiber binding assay reveals that the peptide STATT1C with a long linker region binds
equally well to relaxed (7% strain) and stretched (380% strain) Fn fibers. For comparison, the
data of previously tested short-linker peptides (†) are also displayed: B3C and STAFF5C have
been shown to exhibit strong mechanosensitive binding to Fn fibers (Chabria et al. 2010). (C)
The peptide BBKTTb from the FnBP of B. burgdorferi displays increased binding to stretched
Fn fibers, but the difference is not statistically significant. The affinity of this peptide to Fn
fibers was much lower than that of the other peptides (see text). (D) The engineered peptide
B3C-GGGG has the same sequence as B3C but features four additional glycine residues in the
linker region. Like STATT1C, this peptide has a seven-residue linker long enough to span the
extended distance of the two target FnI modules. This results in similar affinities for stretched
and relaxed Fn fibers. Each bar represents the average intensity ratio of 30 fibers, and error
bars are standard deviations. All listed p-values are obtained from unpaired two-tailed students
t-tests.
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5.4 Discussion

In the present study, sequence alignment of bacterial FnBRs (Figure 5.1B) together with

SMD simulations (Figures 5.2 and 5.3) and stretch assays (Figures 5.4 and 5.5) allowed

us to derive a set of basic rules how to rationally design mechanosensitive probes to the

multivalent binding sites on Fn. Unless the bacterial nanolinkers spanning adjacent FnI

modules are sufficiently long, mechanical force acting on the N-terminal FnI domains de-

stroys this binding template. The bacterial linkers bridging the interface FnI1-2 need at

least six or seven residues to preserve the structural match to stretched Fn fibers. In con-

trast to the FnI1-2 interface, the lowest numbers of linker residues necessary to bridge the

stretched interfaces of FnI2-3, FnI3-4, and FnI4-5 are three to four amino acids each. Note

that all linkers spanning FnI3-4 contain only one or two residues with the sole exception of

B. burgdorferis adhesin BBK032 (Figure 5.1B). These data suggest that binding of bac-

terial FnBRs to FnI modules would be reduced from tetravalent to bivalent (or even less)

when Fn fibers are stretched.

ECM fibers are exposed to cell-generated mechanical forces (Vogel 2006), which would

result in bacteria encountering Fn molecules not only in equilibrium states, but also in

various mechanically stretched conformations. On the basis of our findings, we predict

that the FnBRs of S. aureus, S. pyogenes, S. equisimilis, and S. dysgalactiae are sensitive

to the mechanical strain of Fn. In contrast, BBK032 from B. burgdorferi should be able

to maintain binding to stretched Fn, as it contains two very long linkers connecting the

motifs binding to FnI2-4 (Figure 5.1B). While major efforts in the past focused on charac-

terizing the static interaction of bacterial FnBRs with their receptors under equilibrium,

we show that the sequence of the FnBR determines whether its binding strength to ECM

fibers can be altered by ECM fiber tension (Figure 5.5). Insights into the mechanical

aspects of receptor-ligand interactions are also crucial for understanding and interfering

pharmacologically with the cycle of bacterial adhesion and infections.

The ECM is much more than a simple fibrillar scaffold to anchor cells, as it acts as a

cache for growth factors and many ECM proteins that play important roles in cell signaling
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(Hynes 2009). Besides being targeted by bacterial FnBRs, the N-terminal 29kD FnI1-5

fragment functions as a receptor for several other ligands, including FnIII modules, heparin,

fibrin, IgG, TNF-alpha, and tenascin (Henderson et al. 2010). Fn is known to adopt many

physically stretched conformations in cell culture due to cell generated mechanical forces,

which leads to alterations in its conformation (Smith et al. 2007). Thus, cells would

encounter strain-induced local differences of spatially separated cell-binding sites and/or

Fn-bound ligands down to nanometer scales. Moreover, mechanical force acting on Fn

can alter the affinity of its binding motifs, for example by exposure of cryptic binding

sites (e.g., unfolding of FnIII domains) (Klotzsch et al. 2009), upregulation of unspecific

interactions via exposure of hydrophobic residues (Little et al. 2009), or, as shown in the

present study, by the increase of intermodular distances of FnI domains. However, it is

not known how mechanical properties and local physical states of ECM proteins can direct

cellular function and disease progression. It is much easier to measure and control substrate

stiffness or micro-patterned ligand density than to probe cell-induced mechanical strain of

ECM proteins in a complex three-dimensional tissue environment.

The interest in sensing ECM strain has been highlighted by the recent development of

phage-displayed probes (Cao et al. 2012). However, the underlying mechanism of strain

sensing for these probes is unknown. Here, we show that the mechanosensitivity of probes

derived from bacterial FnBRs can be predicted and tuned by design. The current work

allows for a detailed understanding of the molecular mechanism that renders the interaction

mechanosensitive while focusing on the interplay between the template and adhesin. Using

the naturally evolved ensemble of bacterial FnBRs combined with synthetic FnBR peptides

could provide for a novel toolkit of strain-sensing probes for measuring three-dimensional

cell culture and tissue strains.
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5.5 Supporting Information

5.5.1 Materials and Methods

Construction of full-length Fn-FnBR complexes in silico. The structure of FnI2-5 in com-

plex with FnBPA1 was obtained by combining the crystal structures 2RKY and 2RKZ

(Bingham et al. 2008). The relative orientation of the FnI module pair FnI2-3 with respect

to FnI4-5 was determined by using the bacterial peptide as a template: Since the linker

chain between the bacterial FnI3 and FnI4 -binding motifs contains only two residues (Fig.

1B), the rotational degree of freedom along the modular axis when connecting FnI3 to FnI4

is heavily restricted, and therefore the relative position of the two modules is well defined.

Similarly, 3CAL, and 2RLO 1 were combined to obtain the FnI2-5-FnBPA5 complex. The

fragment FnI1-5 was obtained by deleting the bacterial peptide in the FnI2-5-FnBPA1 com-

plex and adding module FnI1, using the NMR structure of FnI1-2 1QGB (Potts et al. 1999)

as a template to ensure proper positioning of FnI1 with respect to FnI2. During a separate

10 ns equilibration of the FnI1-5 fragment, no intermodular hydrogen bonds or salt bridges

between FnI3 and FnI4 were formed (data not shown).

Computer Simulations. Simulations were performed using the open source molecular

dynamics software NAMD and the CHARMM27 force field (Feller & MacKerell 2000).

The program VMD was employed as a visualization tool (Humphrey et al. 1996). Long-

range electrostatic forces were calculated with the particle mesh Ewald summation with a

grid size of < 1 Å. Van der Waals interactions were simulated using a switching function

starting at 10 Åand a cut-off of 12 Å. For every simulation, the structure was placed

in an explicit TIP3P-water box (Jorgensen et al. 1983) and ions were added to obtain an

electrically neutral system with a physiological salt concentration of 0.15 M. The water box

was designed to have 15 Åpadding along two axes and 40 Åalong the third direction, such

as to give the molecule enough space while elongating. The system was then minimized

for 2,000 steps while keeping all atoms of the protein fixed. Another 2,000 steps were

performed keeping only the backbone atoms of the protein fixed. The next 2,000 steps were
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done without fixation of any atoms. This was followed by thermalizing the system where

the temperature was raised by 1 K every 100 steps up to 310 K. Afterwards, the system

was equilibrated for 2 ns (Simulations shown in Figures 5.2 and Supporting Information

Figures 5.6-5.10 and Movie S1), 4 ns (Figures 5.3 and Supporting Information Figure 5.12

and Movie S2) or 10 ns (Supporting Information Figure 5.11). An integration time step of

1 fs was used. To keep both temperature and pressure (P = 1atm) constant, the Berendsen

method was used (Berendsen et al. 1984). Constant force of 400 pN was then applied to

the two terminal C-alpha-atoms of the protein backbone. The force vectors were pointing

in opposite direction along the elongation of the water box. During the first ∼100 ps of

pulling, the protein aligned to the force direction. Analysis of hydrogen bonds was done

using a distance cut-off of 3.51 Åand an angle cut-off of 30.1◦. Analysis of salt bridges

was done using a distance cut-off of 4 Å. All simulations were performed on 512 nodes of

a Cray XT-5 cluster located at the Swiss National Supercomputing Centre (CSCS).

Purification of Fn and Protein Labelling. Fn was isolated from human plasma (Zrcher

Blutspendedienst SRK, Switzerland) using gelatin-sepharose chromatography based on es-

tablished methods (Engvall & Ruoslahti 1977). Briefly, 2 mM phenylmethylsulphonyl flu-

oride (PMSF) and 10 mM ethylenediaminetetraacetic acid (EDTA) were added to human

plasma and spun at 15,000 g for 40 min. Plasma was first passed over the gelatin Sepharose

4B column (Pharmacia) and subsequently the flow-through passed over the Sepharose 4B

column (Sigma-Aldrich). The gelatin column was washed with 2 mM PMSF and 10 mM

EDTA in PBS. Wash completion was verified when the 280 nm absorbance of the flow-

through was < 0.05. The gelatin column was washed with 1 M NaCl, 1 M urea, and finally

Fn was eluted from the column with 6 M urea. Purity was approximated by silver stain

and western blot. Isolated Fn was stored at -80C in 6 M urea until usage.

The buried cysteines within modules FnIII7 and FnIII15 of each Fn dimer were site-

specifically labelled with Cy5-maleamide (647 nm) (Molecular Probes, Invitrogen) following

established protocols (Little et al. 2008, Smith et al. 2007). Briefly, isolated plasma Fn at

about 5 g/l in PBS was denatured in an equal volume of 8M GdnHCl and incubated for 1h

with a 20-fold molar excess of Cy5-maleimide at RT. The labelled Fn was then separated
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from the free dye by size exclusion chromatography (PD-10 Sephadex Amersham) into PBS.

The labelling ratio of Cy5 per Fn dimer was determined by measuring the absorbance of

Fn-Cy5 at 280 and 647 nm and using published extinction coefficients for the fluorophore

and Fn. The labelled Fn was stored at -20C until needed and used within 2 days of thawing.

Before use, labelled and unlabeled Fn aliquots were centrifuged at 10,000 g for 10 min to

remove aggregates.

Bacterial peptides STATT1C, BBKTTb and B3C-GGGG and were synthesized (Gen-

script Corporation, NJ, USA) with a terminal cysteine to be used for photolabeling. A

200 ?g/ml solution of each peptide was labeled with Alexa Fluor 488 (Molecular Probes,

Invitrogen) as described above and stored at -20C until needed. The sequences of the

peptides are as follows: STATT1C: CTIKETLTGQYDKNLVTTVEEEYDSS1, BBKTTb:

CPKLQGIAGSNSISYTDEIEEEDYDQ (Raibaud et al. 2005) and B3C-GGGG: CQGQS-

GSTTEVEDSKPGGGGKLSIHFDNEWPKED (modified from B3 (Schwarz-Linek et al.

2003, Chabria et al. 2010)).

Fn fiber assembly and deposition on stretchable silicone sheets. Fn fibers were pulled

from a concentrated droplet of Fn solution and deposited on silicone sheets (Speciality

Manufacturing, Saginaw, MI). The silicone sheets were mounted and strained in a one

dimensional strain device as previously described (Little et al. 2008). Briefly, 0.25 mm

thick silicone sheets were cut into 5 x 1.7 cm rectangles and a 300 ?g/ml Fn solution (5%

Fn-Cy5, 95% unlabeled) was deposited as a small drop on the sheet. Fibers were drawn

by hand out of the droplet and deposited with the aid of a pipette tip. The samples

were rinsed and kept hydrated with PBS. The fibers were either deposited in parallel or

perpendicular to the direction of the strain axis. The fibers are deposited on a pre-strained

sheet (150% strain), which is relaxed in x-axis and results in stretching of the sheet in

transverse direction when using a one- dimensional straining device. Fiber strain was

calculated from the externally adjusted strain of the silicone sheet as previously described

(Klotzsch et al. 2009). The intensity ratios of the samples were measured with confocal

microscopy as described below.
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Assay to Probe the Binding of Bacterial Adhesins to Fibrillar Fn. To quantify bacterial

peptide binding to fibrillar Fn, samples of manually deposited fibers were prepared and

incubated with 0.1 M iodoacetamide to alkylate any free cysteine that might get exposed

by fiber stretching (Little et al. 2009) and could potentially react with free Alexa-488

maleimide dye. This was followed by incubation with 4% bovine serum albumin for 30

min to block nonspecific binding. Finally, after rinsing with PBS, the samples were incu-

bated with Alexa488-labelled bacterial peptide for 30 min. The sample was finally rinsed

with PBS (3X) and imaged under hydrated conditions (ie. immersed in PBS) at room

temperature.

Confocal Microscopy. All confocal images were acquired with an Olympus FV1000

confocal microscope with a water immersion 0.9 NA 40X water immersion objective. To

excite the sample, an Argon laser emitting at 488 nm (Showa Optronics Co., Ltd., model

GLS3135) and a Helium-Neon- laser emitting at 633 nm (Melles Griot, model O5-LGB-193)

were used. Emitted light from the sample were detected with two photomultiplier tubes

(PMT). Images were acquired at 512 X 512 pixel resolution for a 318 by 318 µm field of

view. Acquisition parameters including laser transmissivity, pixel dwell time and pinhole

size were adjusted to prevent photo bleaching while maximizing detection sensitivity. PMT

gains were kept constant during measurements within an experiment.

Image Analysis. Confocal images were analysed using MatLab (MathWorks) and Im-

ageJ. The dark current values were subtracted and the images were scanned and all pixels

above a certain threshold were considered as being part of the fiber (to avoid inclusion of

intensity peaks of the background). The ratios presented in Fig. 4 were taken by dividing

the mean of the intensity at 488 nm (i.e. the intensity stemming from the Alexa488-labeled

bacterial peptide) by the mean of the intensity at 633 nm (i.e. the intensity stemming from

the Cy5-labeled Fn fiber). All analyzed images have a resolution of 512 by 512 pixels.

Calculation of the length of a single amino acid in a stretched polypeptide chain. The

literature values of the length of a single amino acid in a stretched polypeptide chain

varies from 0.34 nm to 0.40 nm (Ainavarapu et al. 2007). Here, we calculate this value by

examining a polypeptide chain that is subject to 400 pN of force, in order to be consistent
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with our measurements of the maximum extensions of dijmax that were observed at 400 pN

as well (Fig. 2I). SMD Simulation of the FnI2-5-FnBPA5 complex show that d34 is limited

to 3.2 nm (Fig. 2F). Since no intermodular interactions are formed between FnI3 and FnI4,

the extension of d34 is limited solely by the bound FnBPA5. The part of FnBPA5 that

spans the distance d34 has a total of nine residues (seven residues in the binding motif plus

two linker residues, SI Fig. 1B), and therefore the length of a single residue is 3.2 nm / 9

= 0.36 nm.
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5.5.2 Supporting Information Figures

Figure 5.6: Intermolecular interactions and definition of intermodular distances dij in MD and
SMD simulations of the two Fn-bacterial adhesin complexes. Black lines represent backbone hy-
drogen bonds, dotted lines indicate that the bond fluctuates (see Supporting Information Figures
5.7-5.8), and black lines connecting charged residues depict salt bridges (see Supporting Infor-
mation Figures 5.9-5.10). In both simulated systems, the four intermolecular contacts show the
characteristics of an antiparallel β-sheet with a maximum length of seven residues, and interac-
tions formed by amino acids outside the Fn-binding motifs occur rarely. As expected, the proline
residues present in the FnI-binding motifs disrupt the β-sheet between FnBR and FnI confine it
to the remaining amino acids (see also Supporting Information Figure 5.7-5.8; residues PRO150
on FnI3 and PRO513 on FnBPA1), which agrees with previous MD studies of β-sheets (Shamsir
& Dalby 2007). A) Intermolecular interactions observed in the FnI2-5-FnBPA1 complex. The
asterisk (∗) shows the position of the long linker region. B) Intermolecular interactions observed
in the FnI2-5-FnBPA5 complex.
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Figure 5.7: Intermolecular hydrogen bonds in the FnI2-5-FnBPA1 complex plotted over simu-
lation time. Residues on Fn are given in black text, and residues on FnBPA1 in blue. Backbone
hydrogen bonds are shown in green, and side chain hydrogen bonds in orange. The interaction
between FnBPA1 and FnI5 is lost around 37 ns.

Figure 5.8: Intermolecular hydrogen bonds in the FnI2-5-FnBPA5 complex plotted over simula-
tion time. Residues on Fn are given in black text, and residues on FnBPA5 in purple. Backbone
hydrogen bonds are shown in green, and side chain hydrogen bonds in orange. The interaction
between FnBPA5 and FnI2 is lost around 8 ns.
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Figure 5.9: Intermolecular salt bridges observed in the FnI2-5-FnBPA1 complex. Residues on
Fn are given in black text, and residues on FnBPA1 in blue. Salt bridges are shown in red. Only
salt bridges that are present in more than 10% of equilibration timeframes are listed. A) The
three glutamic acid residues on FnBPA1 form salt bridges with two arginine residues on FnI2.
B) An aspartic acid on FnBPA1 forms a salt bridge with an arginine residue on FnI4. C) Plot of
the intermolecular salt bridges in the FnI2-5-FnBPA1 complex over simulation time.

Figure 5.10: Intermolecular salt bridges observed in the FnI2-5-FnBPA5 complex. Residues
on Fn are given in black text, and residues on FnBPA5 in purple. Salt bridges are shown in
red. Only salt bridges that are present in more than 10% of equilibration timeframes are listed.
A) Two acidic residues on FnBPA5 form salt bridges with two arginine residues on FnI2. B)
Two acidic residues on FnBPA5 form salt bridges with two basic residues on FnI4. C) Plot of
the intermolecular salt bridges in the FnI2-5-FnBPA5 complex over simulation time. Since the
β-interaction between FnBPA5 and FnI2 is destroyed around 8 ns (see Supporting Information
Figure 5.8), the salt bridges between FnBPA5 and FnI2 break as well.
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Figure 5.11: Additional SMD simulations of the FnI2-5-FnBPA1/5 complex. The simulations
shown in Figure 5.2 were repeated once each, this time with a 10 ns equilibration (only the last 2
ns of the equilibrations are shown in E and F). External mechanical force of 400 pN was applied
from 0 ns to 40 ns. A) Equilibrated structure of the FnI2-5-FnBPA1 complex. Fn is shown in
dark grey, cysteine residues forming disulfide bonds in yellow and the bacterial FnBPA1 in blue.
Water molecules are not shown to enhance clarity. B) Application of a constant force of 400 pN
during a timeframe of 40 ns leads to an elongation and partial dissociation of the FnI2-5-FnBPA1
complex: the intermolecular interaction is lost near FnI3. C) Equilibrated structure of the FnI2-5-
FnBPA5 complex (FnBPA5 is shown in purple). D) Application of a constant force of 400 pN over
a duration of 40 ns leads to slight elongation of the FnI2-5-FnBPA5 complex, but the FnBPA5
remains fully bound to its Fn template. E) Plot of the distances dij of the three intermodular FnI
interfaces present in FnI2-5-FnBPA1. FnBPA1 detaches from FnI3 accompanied by a simultaneous
increase of d34. However, the intermodular distance d23 extends significantly before the peptide
detaches from FnI3, which is possible because of the long linker region on FnBPA1 that connects
the FnI2- and FnI3-binding motifs. The distance d45 stays constant during 40 ns. F) Plot of
the distances dij of the three intermodular FnIi- FnIj interfaces present in FnI2-5-FnBPA5. Since
FnBPA5 stays fully attached to FnI2-5 during the entire simulation and all of its linker regions
are short, the bacterial adhesins prevents the extension of all three intermodular distances. At
the very end of the simulation, d23 starts to extend, and it is likely that the peptide would detach
soon from either FnI2 or FnI3.
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Figure 5.12: Force-bearing intermodular interactions observed in the SMD simulations of the
FnI1-5 fragment. While d12 and d34 extend immediately after the application of force, the increase
of d23 and d45 occurs with slight delay (Figure 5.3C) due to the presence of intermodular hydrogen
bonds and salt bridges between FnI2 and FnI3 and between FnI4 and FnI5. These interactions
transiently stabilize the intermodular interfaces against extension and first need to be disrupted.
Salt bridges are shown in red, side chain hydrogen bonds in orange and backbone hydrogen bonds
in green. A) Force-bearing intermodular interactions present in the interface of FnI2-3 and B)
FnI4-5 before application of force. FnI2 and FnI4 are shown in light grey, FnI3 and FnI5 in dark
grey and cysteine residues in yellow. C) Application of 400 pN rapidly destroys all force-bearing
intermodular interactions. No intermodular interactions were observed between FnI3 and FnI4
or between FnI1 and FnI2, which is in agreement with previous experimental studies that report
significant intermodular interactions between FnI2 and FnI3 (Rudiño-Piñera et al. 2007) and
between FnI4 and FnI5 (Matsuka et al. 1994), but not between FnI1 and FnI2 (Potts et al. 1999).
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5.5.3 Supporting Information Movies

Supporting Information Movie 1. Movie showing the SMD simulation of the FnI2-5-

FnBPA1 complex (see Figure 5.2A-B,E). The movie starts by showing the structure after

2 ns of equilibration. Hydrogen bonds are given as red springs and cysteine residues are

shown in yellow. Application of an external force of 400 pN leads to elongation of the

complex and detachment of FnBPA1 (blue) from FnI5 (white) at 37 ns. The intermodular

distance d23 (shown as a red bar) extends significantly since the corresponding linker on

FnBPA1 is too long to clamp the modules FnI2 and FnI3 together. In contrast, as long as

the peptide remains bound, d34 (shown as an orange bar) and d45 (shown as a green bar)

increase only slightly. 1 ns simulation time corresponds to 0.5 s playback time.

Supporting Information Movie 2. Movie showing the SMD simulation of the FnI1-5

fragment (see Figure 5.3 and Supporting Information Figure 5.12). The movie starts by

showing the structure after 4 ns of equilibration. Application of an external force of 400 pN

leads to elongation of the molecule. The disulfide bonds formed by the cysteine residues

(yellow) prevent the FnI modules from unfolding. All intermodular distances dij (shown

as colored bars) reach their maximum values. 1 ns simulation time corresponds to 1 s

playback time.
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Chapter 6

Implications and Outlook

6.1 Mechanical hierarchy of FnI-FnI extensions

Although X-ray or NMR-derived images of proteins give fascinating insights into their

structure, no information is provided on the dynamics and putative non-equilibrium states

of proteins. In this thesis, SMD simulations were used to generate atomic-resolution struc-

tures of stretched FnI modules. In chapters 3 and 5, we have explored the force response of

FnI modules in absence of bacterial adhesins. SMD simulations show that the intramodu-

lar disulfide bonds prevent a significant loss of tertiary or secondary structures of the FnI

modules. However, external mechanical force can increase the intermodular distances.

The module pairs FnI2-3 and FnI4-5 are stabilized by force-bearing hydrogen bonds

between the single modules and thus they require more force or longer time to be separated

than FnI1-2 and FnI3-4 (chapter 5). This is in agreement with previous experimental studies

that report significant intermodular interactions between FnI2 and FnI3 (Rudiño-Piñera

et al. 2007) and between FnI4 and FnI5 (Matsuka et al. 1994), but not between FnI1

and FnI2 (Potts et al. 1999). Therefore, evidence is emerging that different FnI module

pairs possess different mechanical stabilities. In fragments containing FnI modules, the

energy barriers that need to be overcome are due to intermodular interactions (disruption

of tertiary structure). In contrast, the mechanical hierarchy of FnIII modules emerges from

79
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the different stabilities of intramodular interactions (disruption of secondary structure, see

appendix A) (Craig et al. 2004). Future SMD studies on additional FnI module pairs

and bigger Fn fragments will help to obtain a more complete picture of the mechanical

hierarchy of all domains present in Fn.

6.2 Extension of FnI is significant

A comparison of the relative stabilities of FnI and FnIII modules (see appendix A) suggests

that the extension of FnI modules will occur at equal or even slightly lower strains than

the unfolding of FnIII modules. In case where the force is high enough to break all force-

bearing hydrogen bonds between the FnI modules, the fragment FnI1-5 containing five FnI

modules extends by 8.3 nm. Since an Fn dimer contains 24 FnI modules, we estimate its

maximal force-induced extension due to FnI modules to be approximately 40 nm. This is

significant since it corresponds to at least 25% of the total length of a Fn dimer, which

was measured to lie between 120-160 nm (Engel et al. 1981). Moreover, this might still

be an underestimation since there are several long linker regions between neighboring FnI

modules, e.g. between FnI5-6 and FnI11-12. Hence, we suggest that part of the remarkable

elasticity of Fn fibers (Klotzsch et al. 2009) originates not only from the unfolding of FnIII

modules, but also from intermodular extensions between FnI modules and straightening of

intermodular linker regions.

6.3 Further possible experiments

The experiments presented in chapters 4 and 5 could be complemented with additional

bacterial FnBR-derived peptides. For example, modifying a natural peptide with a long

linker region like STATT1C by deleting linker residues should result in a strain-sensitive

version of the STATT1C peptide. Further, longer peptides resembling full-length FnBRs

could be synthesized that bind to four sequential FnI modules.
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Some FnBPs also feature domains that bind to the gelatin-binding fragment of Fn

(GBF, contains FnI6-FnII1-2-FnI7-9) (Schwarz-Linek et al. 2006). A recent study suggest

that the β-zipper includes FnI8, with the respective FnBRs possessing only a very short

linker between the FnI5 and the FnI8-binding motif (Atkin et al. 2010). This implies that

modules FnI6-FnII1-2-FnI7 would somehow introduce a kink in the linear arrangement of

modules in the Fn monomer, which is consistent with the published structure of FnI6-

FnII1-2 (Pickford et al. 2001) and electron micrographs (Engel et al. 1981). To explore

in-detail the quaternary structure of the GBF and its force-response, peptides targeting

FnI5-FnI8 could be synthesized and examined using the fiber binding assay.

Additionally, AFM pulling experiments (Oberhauser 2002, Rounsevell et al. 2004, Li

et al. 2005) of FnI fragments could provide a useful tool for verifying our in silico mea-

surements of the extensions of the intermodular FnI-FnI distances. Important for the

physiological relevance of these experiments is an oxidizing environment which enables

correct formation of the disulfide bonds of the FnI. AFM pulling experiments of FnI mod-

ules could also be conducted in presence of bacterial FnBRs. Testing FnBRs with different

linker lengths would allow for a direct measurement of the degree of FnBR-induced stabi-

lization of the FnI modules.

6.4 The antiparallel β-zipper in Fn-Fn self-association

Neither experimental nor computational evidence currently suggests that the antiparallel

β-zipper mode of binding plays a role in Fn-Fn self-association. Still, it is possible that

FnIII modules interact with the N-terminal FnI modules by such a β-strand exchange,

since several studies support this hypothesis:

1. The N-terminal region is a key player in both bacterial adhesion and fibrillogenesis.

Soluble Fn devoid of the N-terminal region cannot be incorporated into Fn fibers

(Schwarzbauer 1991).
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2. The linker chain between FnIII1 and FnIII2 is important for binding of FnIII1,2 to

FnI1-5: Mutations and/or removal of residues in the linker region lead to a decrease

in binding affinity between the two Fn regions (Vakonakis et al. 2007). The linker

region has no secondary structure, similar to bacterial FnBRs, and might be exposed

by mechanical tension acting on Fn (Karuri et al. 2009). Similarly, using SMD, Gao

and coworkers observed an intermediate state of FnIII1 where β-strands A and B have

detached from the module (Gao et al. 2003). Moreover, the structure of Anastellin

(Briknarová et al. 2003) resembles the intermediate state of the partially unfolded

FnIII1 observed by Gao et al., and incubation of soluble Fn with Anastellin results

in Fn aggregation into fibrillar structures (Morla et al. 1994).

3. FnIII3 also interacts with the N-terminal region (Vakonakis et al. 2009). The same

electrostatic interactions observed in chapter 5 between Fn and FnBRs are important

for FnIII3 binding to FnI4-5. Bacterial FnBRs have been shown to compete for these

interactions (Marjenberg et al. 2010).

4. Partial unfolding of the β-sheet structure of FnIII9 was found to promote self-

polymerization through β-strand exchange (Litvinovich et al. 1998). This suggests

that domain swapping and the formation of intermolecular β-sheets might be an

important mechanism for Fn matrix assembly.

5. Another putative cryptic FnI binding site that gets exposed by mechanical force is

located on FnIII10 (Gee et al. 2008).

To explore whether FnIII modules contain cryptic binding sites for the N-terminal

region, we searched for sequence similarities between bacterial FnBRs and FnIII modules.

In chapter 5, we presented a sequence alignment of FnBRs targeting FnI2-5 or FnI1-5 and

illustrated the role of conserved residues for the formation of the β-zipper. Figure 6.1 shows

the same sequence alignment of FnBRs, but now with five additional sequences found in

FnIII modules. Sequence homology is rather low and no putative motifs targeting FnI1,

FnI3 or FnI5 were found.
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Figure 6.1: Sequence alignment of bacterial FnBR (based on (Schwarz-Linek, Höök & Potts
2004, Meenan et al. 2007)) and sequences found in FnIII modules. The K/E-D/E-T/S motif
targeting FnI4 and the E-D-T/S/ motif targeting FnI2 are highly conserved. The last five lines
show the putative FnI2- or FnI4-binding motifs found in FnIII modules. For more details on the
alignment see Figure 5.1B.

Two 7-residue sequences found in FnIII3 are putative FnI2- or FnI4-binding motifs

(Figure 6.1). However, they do not include the acidic residues involved in binding FnI4-5

(Vakonakis et al. 2009). Three more putative FnI2- or FnI4-binding motifs were found

in FnEDA and FnEDB. It is not known whether these two extra domains are involved
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in Fn-Fn self-association or Fn fibrillogenesis. Therefore, the level of significance of this

finding is not clear at the moment. Future computational exploration of this hypothesis

would require docking studies of these putative FnIII-FnI β-zipper interactions.

Importantly, the fact that no other putative FnI-binding motifs were found here does

not imply that no other FnIII-FnI β-zippers exist. It is very likely that FnIII do bind to

FnI via β-strand exchange, but not with motifs that are homologous to bacterial FnBRs.

Further experimental efforts are needed to shed light on the mechanism of Fn-Fn self-

association and Fn fibrillogenesis.

6.5 Structural requirements for mechanosensitive bind-

ing and outlook

In chapter 1, the importance of dynamics of protein conformation (Figure 1.1) was intro-

duced. The results presented in chapters 4 and 5 serve as a paradigm example of how an

external stimulus not only affects protein structure, but also protein function. Although

we have characterized this strain-sensitive binding mechanism in the context of FnBR-Fn

binding, it is possible that other receptor-ligand interactions are mechanosensitive in a

similar way where mechanical force acting on the receptor alone can abrogate its binding

affinities. The three basic structural requirements for such a mechanosensor are as follows:

1. The ligand-receptor interaction has to be multivalent.

2. The receptor has to undergo structural changes upon application of external mechan-

ical force.

3. The ligand is not flexible enough to accommodate for the structural change of its

binding template, such that multivalent binding cannot be retained when the receptor

is physically stretched.

In the case of bacterial FnBR binding to Fn, requirements 1 and 2 are given, and we have

shown that condition 3 depends on the relative lengths of the linkers of the corresponding
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FnBR and Fn regions. Still, requirement 3 could also be met by other ligands binding

to two or more FnI modules. Besides Fn-Fn self-interaction, the binding sites for Fibrin,

Heparin and many other ligands have been mapped to FnI1-5 (see chapter 2 or the review

(Pankov 2002)). However, none of these ligand-Fn structures have been resolved, and thus

we cannot predict whether requirements 1 and 3 are met in these interactions. However, for

future work on FnI-ligand interactions, it is important to keep in mind that the N-terminal

region can change significantly upon application of force, which could strongly affect the

interaction between ligands and FnI1-5.

Other multidomain proteins that are subject to mechanical force could in principle

satisfy condition 2 as well and display mechanosensitive binding templates to their ligands:

two prominent examples are the muscle protein Titin (Gautel 2011) and the family of

actin-associated proteins containing LIM-domains like Paxillin (Deakin & Turner 2008).

Notably, the only other known example of the tandem β-zipper binding mechanism besides

Fn-FnBR interactions is the resolved structure of a LIM-binding protein in complex with

two LIM-domains (Deane et al. 2004). Therefore, it is possible that the mechanism of

mechanosensitive binding discussed here could play an important role not only in host-

pathogen interactions but also in many other mechanosensing pathways. It is not known

how many mechanosensitive protein-protein interactions exist in the entire interactome,

but the search has only just begun.





Appendix A

SMD simulation of FnIII7-10

Fragment

Although numerous SMD simulations on FnIII modules have been performed previously

(see chapter 3, reviewed in (Vogel 2006)), the simulation of an Fn fragment containing FnIII

modules was repeated with the exact same parameters as in the simulations of the FnI1-5

fragment (see Materials and Methods in chapter 5). This allows us to directly compare

the effect of mechanical force on the two different module types. The fragment FnIII7-10

crystallized by (Leahy et al. 1996) was used as a starting structure, since it is comparable

in size to FnI1-5. After equilibrating for 4 ns (data not shown), two SMD simulations using

an external force magnitude of 200 pN and 400 pN were performed.

In contrast to the FnI1-5 fragment, where the biggest part of the extension stems from

so-called tertiary structure elasticity and almost no breakdown of secondary structure is

observed, the extension in length of the FnIII7-10 fragment when exposed to external me-

chanical force is due to secondary structure elasticity (Figure A.1). Here, the relative

orientations of the single FnIII modules appear to be very stiff, and secondary struc-

ture unfolding contributes almost exclusively to the extension of the N-C-distance of the

molecule (Figure A.2).
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Figure A.1: SMD simulations of the FnIII7-10 fragment. A) shows the equilibrated structure
of the structure, before application of external mechanical force. B) shows the structure after
5 ns of application of 200 pN. The intermodular distance between FnIII9 and FnIII10 increased
due to partial unraveling of the A- and B-strands of FnIII10. FnIII10 is in an intermediate state,
where the two β-sheets are aligned. C) At 11 ns, further unraveling of FnIII10 has taken place.
D) When applying 400 pN to the termini of the FnII fragment, we observe a similar but more
accelerated sequence of events as for 200 pN. The simulation had to be stopped at 5 ns since the
elongated termini of the molecule had reached the boundary of the water box. FnIII10 is almost
completely unfolded, and we start seeing unfolding of other modules as well.

Comparing the extension-vs.-time plots of the two fragments for both 200 pN and 400

pN forces shows that the FnI1-5 fragment extends rapidly (see chapter 5), whereas the

FnIII7-10 fragment is more stable (Figure A.2). Once unfolding of secondary structure of

the FnIII modules has started, the extension of the FnIII7-10 fragment surpasses by far the

maximal extension of the FnI1-5 fragment. The sequence of the molecular details of the
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Figure A.2: Comparison of the N-C distance of the FnI1-5 and FnIII7-10 fragments at two
different forces. Whereas the FnI1-5 fragment extends rapidly, the extension of the FnIII7-10
fragment occurs later but eventually exceeds the maximal extension of the FnI1-5 fragment, since
FnIII modules start to loose their secondary structure and unravel completely.

unfolding events is not discussed here, but agrees with the results observed in (Krammer

et al. 2002).

As shown in simulations of Titin fragments (Lee et al. 2010), tertiary structure elas-

ticity is much softer than secondary structure elasticity and thus less force is required to

obtain similar strains. In case where the force is constant, we observe extension due to ter-

tiary structure elasticity (FnI1-5 fragment) to occur before unfolding of secondary structure

(FnIII7-10 fragment). This suggests that the overall mechanical stability of FnIII modules

is stronger than that of FnI modules. Hence, since unfolding of FnIII modules has been

observed in vivo (Lemmon et al. 2011, Smith et al. 2007), we can assume that the FnI

modules extend as well.





Appendix B

FORTRAN script for hydrogen bond

analysis

To analyze the occurrence of hydrogen bonds of the molecular dynamics simulations pre-

sented in chapters 3, 4 and 5, a FORTRAN program was developed (Figure B.1). The

input for the program is a set of text files generated by the script ”hbonds.tcl” written

by A. Anishkin. A single file lists all the bonds present in a single timeframe of the

simulation. The FORTRAN program reads this set of files and outputs three matrices

W,A,B. The matrix W gives information about the water accessibility of residue i. If

W (i, t) = 1, the backbone of residue i forms a hydrogen bond with a water molecule at

the time point t. If W (i, t) = 2, the side chain of residue i forms a hydrogen bond with

a water molecule at the time point t. The matrix A is used to plot the hydrogen bonds

present between two different molecules. If A(k, t) = 1, the intermolecular pair of residues

k form a backbone-backbone hydrogen bond at time point t. If A(k, t) = 2, they form ei-

ther a backbone-side chain or side chain-side chain hydrogen bond. Matrix B provides the

same information about intramolecular hydrogen bonds. If no hydrogen bond is present,

W (i, t) = A(j, t) = B(k, t) = 0. These three matrices can be plotted easily using MATLAB

to gain insights into the temporal variation of the hydrogen bond network of a simulated

system.
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start

N

N

Y

N Y

Y

N

Y

N

Y

N

Y

Y

Y

N Y

N

N

N

Y

set W(i,t)=0
set A(j,t)=0
set B(k,t)=0

set timestep t=0

set timestep t = t + 1

go to next line end of file reached?

end of trajecotry
reached?

read file with all
hydrogen bonds

present at timestep t

is the H-bond between
a water atom and 
a protein atom?

is it an intermolecular
protein-protein H-bond? 

did the same two residues
form an H-bond previously?

is it a backbone-
backbone H-bond?

make a new column i
in matrix W(i,t)

find correct column i
in matrix W(i,t)

make a new column j
in matrix A(j,t)

find correct column j
in matrix A(j,t)

A(j,t)=2

A(j,t)=1

N

Y

is it the backbone of
the protein involved?

W(i,t)=2

W(i,t)=1

is it an intramolecular
protein-protein H-bond? 

did the same two residues
form an H-bond previously?

is it a backbone-
backbone H-bond?

make a new column k
in matrix B(k,t)

find correct column k
in matrix B(k,t)

ignore, because it
must be intra-acquous

B(k,t)=2

B(k,t)=1

did the same residue
form an H-bond with

water previously?

write W
write A
write B

end

Figure B.1: Flowchart of the FORTRAN program used for hydrogen bond network analysis.
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changes in the fibronectin binding mscramms are induced by ligand binding’, J Biol

Chem 271(3), 1379–84.

Humphrey, W., Dalke, a. & Schulten, K. (1996), ‘VMD: visual molecular dynamics.’, Jour-

nal of molecular graphics 14, 33–8, 27–8.

Hynes, R. O. (2009), ‘The extracellular matrix: not just pretty fibrils’, Science

326(5957), 1216–9.



BIBLIOGRAPHY 99

Hynes, R. O. & Yamada, K. M. (1982), ‘Fibronectins: multifunctional modular glycopro-

teins.’, The Journal of cell biology 95, 369–377.

Hytönen, V. P. & Vogel, V. (2008), ‘How Force Might Activate Talin ’ s Vinculin Binding

Sites : SMD Reveals a Structural Mechanism’, PLoS Computational Biology 4.

Ingham, K. C., Brew, S., Vaz, D., Sauder, D. N. & McGavin, M. J. (2004), ‘Interaction of

staphylococcus aureus fibronectin-binding protein with fibronectin: affinity, stoichiome-

try, and modular requirements’, J Biol Chem 279(41), 42945–53.

Jorgensen, W. L., Chandrasekhar, J. & Madura, J. D. (1983), ‘Comparison of simple

potential functions for simulating liquid water’, J. Chem. Phys. 79.

Karuri, N. W., Lin, Z., Rye, H. S. & Schwarzbauer, J. E. (2009), ‘Probing the conformation

of the fibronectin III1-2 domain by fluorescence resonance energy transfer.’, The Journal

of biological chemistry 284, 3445–3452.

Kini, R. M. & Evans, H. J. (1995), ‘A hypothetical structural role for proline residues in

the flanking segments of protein-protein interaction sites.’, Biochemical and biophysical

research communications 212(3), 1115–1124.

Kishore, R., Samuel, M., Khan, M. Y., Hand, J., Frenz, D. a. & Newman, S. a. (1997),

‘Interaction of the NH2-terminal domain of fibronectin with heparin. Role of the omega-

loops of the type I modules.’, The Journal of biological chemistry 272, 17078–17085.

Klotzsch, E., Smith, M. L., Kubow, K. E., Muntwyler, S., Little, W. C., Beyeler, F.,

Gourdon, D., Nelson, B. J. & Vogel, V. (2009), ‘Fibronectin forms the most extensible

biological fibers displaying switchable force-exposed cryptic binding sites.’, Proceedings

of the National Academy of Sciences of the United States of America 106, 18267–18272.

Knox, P., Crooks, S. & Rimmer, C. S. (1986), ‘Role of fibronectin in the migration of

fibroblasts into plasma clots’, J Cell Biol 102(6), 2318–23.



100 BIBLIOGRAPHY

Krammer, A., Craig, D., Thomas, W. E., Schulten, K. & Vogel, V. (2002), ‘A structural

model for force regulated integrin binding to fibronectin’s RGD-synergy site’, Matrix

Biology 21, 139–147.

Krammer, a., Lu, H., Isralewitz, B., Schulten, K. & Vogel, V. (1999), ‘Forced unfolding of

the fibronectin type III module reveals a tensile molecular recognition switch.’, Proceed-

ings of the National Academy of Sciences of the United States of America 96, 1351–1356.

Kubow, K. E., Klotzsch, E., Smith, M. L., Gourdon, D., Little, W. C. & Vogel, V. (2009),

‘Crosslinking of cell-derived 3D scaffolds up-regulates the stretching and unfolding of

new extracellular matrix assembled by reseeded cells.’, Integrative biology : quantitative

biosciences from nano to macro 1(11-12), 635–648.

Kumar, S. & Nussinov, R. (2002), ‘Close-range electrostatic interactions in proteins.’,

Chembiochem : a European journal of chemical biology 3(7), 604–617.

Kuusela, P. (1978), ‘Fibronectin binds to staphylococcus aureus’, Nature 276(5689), 718–

20.

Le Trong, I., Aprikian, P., Kidd, B. A., Forero-Shelton, M., Tchesnokova, V., Rajagopal,

P., Rodriguez, V., Interlandi, G., Klevit, R., Vogel, V., Stenkamp, R. E., Sokurenko,

E. V. & Thomas, W. E. (2010), ‘Structural basis for mechanical force regulation of the

adhesin fimh via finger trap-like beta sheet twisting’, Cell 141(4), 645–55.

Leahy, D. J., Aukhil, I. & Erickson, H. P. (1996), ‘2.0 A crystal structure of a four-domain

segment of human fibronectin encompassing the RGD loop and synergy region.’, Cell

84, 155–164.

Lee, E. H., Hsin, J., von Castelmur, E., Mayans, O. & Schulten, K. (2010), ‘Tertiary and

secondary structure elasticity of a six-Ig titin chain.’, Biophysical journal 98, 1085–1095.

Leiss, M., Beckmann, K., Girós, A., Costell, M. & Fässler, R. (2008), ‘The role of integrin
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