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Abstract

Mechanical forces play a crucial role in shaping the development of tissues and organisms.
Nature has evolved intricate ways of utilising mechanical cues in order to achieve various
objectives. In this dissertation, we examine the role played by mechanical forces in regulating
the function of biological systems at the level of many molecules. We employ computational
simulations, using minimal coarse-grained models. This allows us to capture the essential
information about the investigated systems as well as to derive general phenomenological
insights. We begin with the study of mechanosensitive protein channels, which are a class of
transmembrane proteins responsible for sensing the osmotic pressure on cells and protecting
them against lysis. Recent experiments suggest that such channels separate into liquid-
like clusters, but the functional role of this aggregation is still unknown. We examine the
collective behaviour of such proteins and we reveal that a dynamic self-assembly of channels,
driven by changes in membrane tension, can control the osmotic pressure equilibration and
the volume of the whole cell.
We then focus on the growth of membrane protrusions, or tubes, which are thin elongated
structures used by cells to sense mechanical stimuli. We investigate the influence of proteins
linking the membrane to cytoskeletal components on pulling membrane tubes. We find
that the force required to extrude a tube has an intriguing non-linear dependence on the
concentration of cortex attachments.
Subsequently, we turn our attention to the study of the mechanically-induced self-assembly
of fibronectin, a structural protein constituent of the extracellular matrix. We examine the
emergent fibrillar architectures and show how the morphologies of these networks change
depending on various mechanical parameters.
Finally, we explore how a nanoparticle adsorbed on a deformable elastic membrane senses
the substrate’s mechanical properties through gradients in the membrane’s bending rigidity.
We hope that the results presented in this dissertation will spur further discussions and
experimental studies related to the functional role played by mechanical forces in regulating
the collective macromolecular behaviour at the nanoscale.
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Impact Statement

The research presented here provides fundamental insights on the role of mechanical
forces at the nanoscale. We first investigate how membrane tension influences the self-
assembly of pressure-sensing transmembrane proteins. We reveal that small variations in
membrane tension can induce protein conformational changes that further regulate the self-
assembly process. A similar strategy could potentially be used in the development of artificial
nanomechanosensors or targeted drug-delivery systems. Being able to accurately measure
membrane tension is thus crucial for understanding and controlling phenomena at the cellular
level. The work related to the extrusion of membrane tubes can provide an insight into how
force and membrane tension recordings are affected by the presence of membrane-cortex
attachments and other membrane inclusions. This will enable a more accurate interpretation
of the experimental results from different cell types with varying levels of linking protein
expression. Understanding mechanical forces at the level of multiple molecules is crucial in
the development of novel materials, such as biomimetic materials. The force-induced self-
assembly of fibronectin fragments into a complex network offers an example of fibrillisation
under an external shear force. As such, we provide potential insights into the development of
functional polymers with similar properties. Finally, the rigidity-guided migration explored
in the last chapter provides a procedure of directing macromolecules and nanoparticles to
specific sites on the surface of cellular or artificial membranes. This procedure could also be
used to further develop efficient drug-delivery systems or other functional nanomachines.
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Chapter 1

Introduction

Biological systems are inherently out of equilibrium. In order to drive a biological system out
of equilibrium, nature has engineered several solutions to address this challenge: hydrolysis
of molecules, usage of chemical gradients, and the application of external mechanical
forces. The latter are present across all length scales, from nanoscopic forces acting on
macromolecules to break labile bonds, to forces guiding the migration of cells, to large
forces shaping the development of tissues and even entire organisms. However, the influence
of mechanical forces on the assembly of macromolecules is largely underexplored at the
moment. In this dissertation we will focus on the influence of mechanical forces at various
length scales, ranging from nanometres to microns, with a particular focus on how they direct
and control the self-organisation of proteins and nanoparticles into functional assemblies.

1.1 Mechanical forces at the single molecule level

At the molecular level, mechanical forces play a key role in orchestrating the function and
organisation of biological macromolecules: from motor proteins applying force to guide a
cargo to a specific destination inside the cell [1], to protein macroassembly complexes press-
ing on a substrate to sense its stiffness [2], to forces aiding DNA segregation and replication
[3]. Proteins can undergo conformational changes directed by an external force which can
in turn allow them to fulfil certain functional roles such as converting the mechanical cue
to an electrical or chemical signal [4, 5]. The molecular machinery of life makes intensive
use of mechanical forces with enzymes such as DNA and RNA polymerase being able to
generate forces to assist them with moving along the nucleic acids [6]. Given the importance
and prevalence of mechanically driven phenomena at this scale, it is thus imperative to be
able to accurately measure the forces involved in these processes.
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The forces at nanometre scales have been investigated experimentally through single-
molecule force spectroscopy. In these experiments, individual molecules are subjected to a
nanoscopic pulling force and the resulting force-extension behaviour is tracked. There are
three main methods of manipulating single molecules: optical tweezers, magnetic tweezers
and atomic force microscopy (AFM) [7, 8]. In optical tweezers experiments, the molecule is
tethered at one end to an underlying substrate and the other end is in contact with a silica bead
optically trapped by an intense laser beam (Fig. 1.1a). The probe experiences a harmonic
restoring force, induced by a gradient in the electric field generated by the laser beam [9].
This allows the manipulation of nanometre and micrometre-sized particles. The forces
involved in optical tweezers assays range from several ∼0.1 pN to ∼100 pN [8]. Magnetic
tweezers experiments follow a similar principle, with a magnetic bead being manipulated by
gradients in a magnetic field. The forces involved are in the range of 10−3pN to 104pN [8].
Both optical and magnetic tweezers can achieve spatial resolutions that range from ∼0.1 nm
to a couple of nanometres [8]. The high resolution makes these techniques ideal for studying
the effect of mechanical forces on biomolecules and polymers. An early classic example
in the usage of optical tweezers constitutes the study of motor proteins. With the help of
optical tweezers, it has been shown that kinesin, a motor protein responsible for mediating
intracellular transport, requires to step 8 nanometres along a microtubule to hydrolyse one
molecule of ATP [10]. In a different experimental set-up, a virus-coated particle was brought
into contact with a red blood cell, enabling the quantification of the adhesion forces involved
in the infection of cells [11]. Optical and magnetic tweezers have since been used to inves-
tigate a wide range of force-driven biomolecular processes: in measuring the stall force of
motors such as RNA polymerase [12] and cytoplasmic dynein [13], and in measuring the
mechanical properties and force-extension curves of single and double stranded DNA as well
as RNA fragments and myosin muscle proteins [14–17]. More recently, optical tweezers
have gained widespread adoption in the field of biological systems due to their ability to
manipulate single cells [18]. This enabled the measurement of cell protrusion forces, which
are crucial for driving cellular motility [19], of adhesion forces on leukocytes [20] and of the
mechanical properties of the erythrocytes [21].

Atomic force microscopy (AFM) is an equally important tool in the study of mechanical
forces at the nanometre scale, allowing surface imaging at atomic resolution and manipula-
tion of single molecules. During an imaging AFM experiment, a nanoscopic tip mounted
on the end of a cantilever is brought in physical contact with a surface. The entire surface
is then scanned, the cantilever’s deviation is measured by a laser beam, and this in turn is
used to infer the force acting on the cantilever’s tip [22]. AFM can thus be used to acquire
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Laser beam
Substrate

a)

Silica bead

Protein

Substrate

b)

Cantilever

AFM tip

Protein

Fig. 1.1 Schematic of single molecule pulling experiments. a) An optical trap pulling on
a single protein. b) An AFM tip pulling on a single protein.

topographical data on the surface under study. The forces involved are in the range of 10 pN
to 104 pN [8]. Remarkably, sub-nanometre resolution can be achieved [8, 23]. AFM is also
widely employed in single molecule experiments as illustrated in Fig. 1.1b. In this mode, the
cantilever’s tip is oscillated near its resonance frequency and the variation in the amplitude
is measured in order to calculate the tip-sample interaction [24]. This is further used to
infer structural properties of molecules and polymers or to measure inter and intra-molecular
interactions involved in biomolecular processes. A canonical example is the study of the
reversible unfolding of immunoglobulin domains in the giant muscle protein titin [25]. The
force-extension curve of this protein exhibits repeated jumps corresponding to consecutive
unfolding of beta barrel domains. More recent force spectroscopy experiments showed that
titin can act as a mechanical spring, being able to store and release mechanical energy through
these folded domains [26]. Single molecule atomic force microscopy has been widely used
since in the study of protein unfolding, providing insights on the mechanical properties and
the structural organisation of polyproteins [27]. AFM was also applied to the study of a wide
range of biomolecular processes such as the reversible melting transition of DNA [28], the
transcription of DNA [29], and to image ribosomes [30], clathrins [31], viral capsids [32]
and membrane proteins such as aquaporins [33, 34]. The high resolution of single molecule
AFM makes it suitable for measuring the energies associated with breaking single hydrogen
or covalent bonds. Recent studies have investigated the plasma glycoprotein von Willebrand
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factor, a key protein in blood coagulation. The flow of blood generates shear forces that can
alter the molecular structure of the coagulation factors. It was shown that the mechanically in-
duced breakage of a single intramolecular bond is crucial in triggering the blood clotting [35].

Recent advancements allowed for unprecedented temporal resolution, giving rise to High-
Speed AFM (HS-AFM) capable of filming 10-16 frames/second [36, 37]. This technique was
successfully used to visualise the myosin V motor proteins walking on actin filaments [38],
the photoactivation of bacteriorhodopsin [39] and the ordered/disordered phase transition
of intrinsically disordered proteins [40]. The organisation of the genetic material inside the
nucleus is crucially influenced by mechanical forces at the nanoscale, with the chromatin’s
conformation being controlled by compressive forces and strain [41]. Furthermore, HS-AFM
is a popular tool for studying the nuclear envelope and the transport processes between the
nucleus and the cytosol. It was applied for visualising the dynamics of nucleoporins, which
are proteins that act as natural filters for the diffusion through nuclear pore complexes [42].
Given that AFM is a relatively non-invasive technique and it can be carried out in aqueous
solutions, it permits capturing the dynamics of phenonema taking place on the cellular mem-
brane. As such, it was applied to image the real-time assembly of membrane pore-forming
proteins [43], indicating great prospects for the study of virus infection pathways and the
immune response. Proteins can undergo conformational changes under the application of an
external force [44] as it will be explored in greater depth in this dissertation. This process
was recently imaged with the help of HS-AFM, revealing that the transmembrane ion channel
PIEZO-1 flattens to help reduce the mechanical load on the membrane [5].

In summary, single molecule force spectroscopy experiments have shed light on the
multitude of biomolecular processes that are driven by mechanical forces, showing that
nanoforces are fundamental to creating and maintaining life itself. Forces regulate the
translation, compaction and replication of nucleic acids, alter conformational states of
proteins and polymers, trigger phase changes in physiological processes and play a key role
in controlling the immune response. Furthermore, they are essential for the interaction of
cells, tissues and organisms with the surrounding environment. We will further explore how
physical forces influence the biological phenomena at higher length scales.

1.2 Mechanical forces at the cellular scale

Mechanical forces are ubiquitous at the cellular level, playing a crucial role in cellular
division, migration, differentiation and apoptosis. In order to fulfil their functions, cells
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traction forces

directional motion

cell-cell junction

�ducial markers (beads)

a) b)

Fig. 1.2 Mechanical forces guide the motion of single and multiple cells. a) Single cells
driven by cytoskeletal-induced mechanical forces. b) Multiple cells connected by cell-cell
junctions being directed by mechanical forces. In a typical tracking force microscopy
experiment, the cells are placed on a substrate that contains beads that record the force.
Adapted with permission from [45].

must constantly sense and adapt to external mechanical stimuli. In biological systems,
cells are subjected to various forces from the surrounding medium such as shear stresses
generated by liquid flow or tensile and compressive stresses during muscle contraction.
The mechanical properties of the local environment are thus essential for regulating the
cells’ behaviour. For example, the stiffness of the surrounding extracellular matrix (ECM)
critically influences stem cell differentiation [46] and an abnormally high ECM stiffness
can lead to pathologies such as cancer and fibrosis [47]. Furthermore, the ECM stiffness
has an impact on cellular spreading and on the organisation of cytoskeleton, with cells on
stiffer substrates generally possessing a more well-organised actomyosin cortex [48]. Cells
are in permanent mechanical interaction with the neighbouring environment. Contractile
cellular forces can be transmitted from the cytoskeleton to the extracellular matrix through
the transmembrane proteins integrins [49]. These heterodimeric proteins are part of focal
adhesion complexes which are highly specialised biological macroassemblies, capable of
translating mechanical cues into biochemical signals [50]. Focal adhesions link cytoskeletal
actin bundles to the extracellular substrate, promoting cellular adhesion. They also play an
essential role in controlling the directional migration of cells (Fig. 1.2), due to their ability to
sense the substrate’s local stiffness. Cells usually move towards areas of high extracellular
stiffness through a mechanism termed durotaxis [51]. This phenomenon was first observed
in fibroblasts which have been shown to spontaneously migrate towards regions of greater
stiffness [52]. The exact mechanism is not yet fully understood, but it is thought to involve
the formation of protrusions driven by polymerisation of actin filaments, formation of focal
adhesions, subsequent contractile motion of actin fibers driven by myosin motors, and dy-
namic adherence and deadherence of the focal adhesions to direct the cellular motion [53, 54].
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It should be noted that the exact mechanism of cellular force sensing and transduction is not
yet completely understood due to the shear complexity of the mechanosensation pathways
which involve mechanosensitive ion channels, integrins, actin cytoskeleton, cross-linkers,
and other cytoskeletal protein membrane linkers as vinculin and talin [55]. In total, there are
more than 180 proteins that make up the entire cell-ECM adhesion complex [56], making it
difficult to focus on any single one individually. This dissertation will focus on two separate
aspects of the mechanosensing system, namely the dynamic activation of mechanosensitive
channels and the formation of protrusive structures.

Cells actively exert forces on their local microenvironment. The mechanisms behind
force generation can be explored with the help of various single cell manipulation techniques.
As mentioned in the previous section, optical and magnetic tweezers as well as atomic force
microscopy are effective tools for the manipulation of single cells and for probing the cellular
surface. However, these techniques do not directly measure the forces acting on the cell
itself, but rather the cell’s response to an external applied force. A popular less invasive
technique for measuring the forces involved is traction force microscopy (TFM) [57]. During
a typical TFM experiment, the cells are placed in a gel that contains fluorescent beads or
markers (Fig. 1.2). The cells can move freely and migrate, displacing the beads from their
initial position. The displacement deformation fields of these markers are tracked and used
to calculate the forces generated by cells. The technique was successfully used to measure
the forces involved in the rigidity-guided migration of fibroblasts [58], collective migration
of cells [59] and in tumour invasion [60]. Elastic Micropillar Arrays (EMA) are another
experimental method of measuring cellular forces. A matrix of PDMS micropillars is first
coated with ECM proteins such as fibronectins in order to allow cellular adhesion. Similarly
to TFM, cells are allowed to move and the forces are inferred from the displacements of the
pillars. EMA was used to measure the forces involved in would healing [61] and migration
of single and multiple cells [62].

In summary, cells are in a permanent mechanical interaction with their environment. Cells
constantly move and sense forces in the extracellular space. This is useful in many biological
processes such as adhesion, migration, wound healing, and also in the development of tissues
[63] and even entire organisms [64]. The mechanisms behind force mechanosensation and
transduction are not completely understood due to the complexity of the systems involved
and will be explored in this thesis. Additionally, we will also focus on the role played by
forces in controlling the self-organisation of biological systems.



22 Introduction

1.3 Macromolecular self-assembly driven by mechanical
forces
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Fig. 1.3 Role of mechanical forces in biological systems across length scales. Examples
of biological phenomena driven by mechanical forces across multiple length scales. The
central snapshots represent the assembly of fibronectin fragments into fibrillar networks and
a cluster of transmembrane proteins as will be shown further in the thesis. Top-right diagram
reproduced with permission from [45].

Self-assembly is a phenomenon that lies at the core of all biological systems. From lipids
organising into bilayer membranes, to proteins assembling in a precise quaternary structure,
to the compartmentalisation of various organelles and to the development of tissues and
organs at the embryonic stage, self-organisation is finely tuned by evolution to accomplish a
specific biological purpose. Self-assembly at the nano- and mesoscale is generally driven
by non-covalent interactions such as hydrogen bonds and dispersion interactions. However,
mechanical forces have also been shown to provide the driving force for self-assembly (Fig.
1.3). Although there is a vast body of work related to the influence of forces at the single
molecule and at the cellular level, less is currently known about mechanical forces at the
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level of multiple molecules. In this dissertation we will explore the often overlooked role
played by physical forces in controlling the self-organisation of biological building blocks
into complex functional assemblies.

A classic example of mechanically-driven self-organisation is the aggregation of nanopar-
ticles on soft fluctuating elastic membranes. For example, colloids have been reported to
aggregate on the surface of giant unilamellar vesicles [65]. The colloidal particles deform
the membrane, imposing a local curvature. In order to minimise the total mechanical energy
associated with the deformation, the particles will then attract each other via these curvature-
mediated interactions and organise into aggregates. Similarly, computer simulations have
shown that curvature-mediated interactions drive the clustering of inert proteins as well
as the subsequent vesiculation and budding events [66]. More recent studies revealed that
nanoparticles on membranes can organise into a rich variety of close-packed patterns [67, 68].
Mechanical forces can also drive the formation of membrane tubular structures which are
essential for intracellular transport [69]. Another notable mechanism for the self-assembly of
nanoparticles is through the usage of capillary forces. The self-assembly of nanoparticles
at a fluid interface can be driven purely by the minimisation of the interfacial energy at the
liquid-liquid interface [70]. In conclusion, membranes provide an ideal environment for the
mechanically-induced self-assembly of nanoparticles and biological macromolecules into
specific structures. Understanding how forces affect this process could yield fundamental
insights required in the development of novel bioinspired nanomaterials and targeted drug-
delivery systems.

Proteins can spontaneously organise into a wide range of structures such as filaments,
crystals, gels and amorphous aggregates [71]. The self-assembly process generally fulfils a
functional role. For example, collagen proteins organise into intricate fibrillar networks as
part of the extracellular matrix [72]. Actin proteins organise into thick filaments in order to
provide structural support to cells [73]. Conversely, the aggregation of misfolded proteins
can result in pathologies as in the case of beta amyloids which are a main contributor to neu-
rodegenerative diseases [74]. Proteins associate through covalent chemical bonds, hydrogen
bonds, dispersion, electrostatic and hydrophobic interactions but also through mechanically-
mediated interactions. In particular, some transmembrane proteins can aggregate through
mechanical interactions mediated by the local curvature they impose on the membrane [75].
Numerical studies have shown that oligomeric mechanosensitive channels could theoretically
organise into highly ordered lattices within the membrane [76]. The driving force behind
this aggregation would be the minimisation of the mechanical energy due to the overlap
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of the strain fields surrounding each protein. Through a similar mechanism, the crescent-
shaped Bin/amphiphysin/Rvs (BAR) domain proteins can impose a local curvature on the
membrane and have been show to self-organise into linear aggregates above a certain surface
concentration [77]. Furthermore, it was shown that membrane tension plays an important
role in regulating the assembly of these proteins, high tensions inhibiting their association
[78]. This aggregation process is still poorly understood due to the difficulty in measuring
experimentally the interaction forces between the proteins embedded in the membrane. An
additional challenge is separating the individual contributions to the overall interactions
from multiple effects: forces due to curvature-induced deformation, hydrophobic mismatch,
entropic contributions and direct protein-protein polar interactions. A more detailed review
of protein aggregation on membranes will be explored in Chapter 3, where we will present a
mechanically-mediated self-assembly process of mechanosensitive channels.

Physical forces can also initiate and regulate the self-organisation of biomolecules into
functional assemblies at greater length scales. For example fibronectin, a structural pro-
tein constituent of the ECM, assembles into fibrillar networks through a mechanism driven
mainly by mechanical forces [79]. The free-floating fibronectin monomers first attach to
the transmembrane receptors integrins leading to an increase in their local concentration at
certain regions on the membrane. The underlying cytoskeleton then transmits contractile
forces to the fibronectin monomers through the integrins. This nanomechanical impulse
induces a change in the protein’s conformation, exposing some cryptic hydrophobic sites.
These sites act as binding locations for incoming monomers, promoting the aggregation of
fibronectin near the surface of the cellular membrane, together with other ECM constituents
such as collagen, fibrin and proteoglycans [80]. Mechanical forces are also central to the
development of muscle fibers. Myotubes, the fundamental unit in the hierarchical assembly
of muscle fibers, experience successive tensile and compressive stresses at every step during
myofibrillogenesis [81].

Atomic force microscopy can be used to apply external mechanical forces in order to stim-
ulate self-assembly of proteins on surfaces. For example, silk-elastin-like proteins adsorbed
on a mica substrate organised into nanofibers after the surface was scanned with an AFM tip
[82]. The mechanism of assembly is similar to the one of fibronectin monomers. The external
forces activate a conformational change which promotes protein-protein interactions and
results in a directional alignment of the fibrils. In a similar set of experiments, AFM was used
to induce the polymerisation of F-actin monomers into filaments at water/solid interfaces [83].
The aggregation was possible only in a specific range of the values of the raster scanning



1.4 Structure of this dissertation 25

force. More recently, the same method was applied to induce the self-assembly of synthetic
polypeptides [84]. It is thus evident that mechanical forces can be a main driver in initiating
and directing the organisation of proteins or other biopolymers. This suggests potential
pathways for the synthesis of artificial functional nanomaterials with tunable mechanical
properties. For example, the mechanically-induced self-assembly could be used to develop
patterned surfaces, self-healing materials and other mechanically-activated nanodevices.

In summary, physical forces are key contributors to orchestrating the organisation of
biological macromolecules across multiple length scales. These self-assembly phenomena
are still relatively unexplored due to the experimental challenges they pose. Computer simu-
lations and theoretical models represent a powerful approach for investigating mechanically
self-assembled systems. Developing a better understanding will provide fundamental insights
about the underlying biological processes, and it will also open prospects for the synthesis
of novel nanomaterials and the engineering of various nanomachines. This dissertation
will focus on exploring the self-organisation of nanoparticles, macromolecules and proteins
driven by mechanical forces.

1.4 Structure of this dissertation

In this chapter we provided an overview of the mechanical forces encountered in nature at
nano- and microscales with a particular focus on how they direct self-organisation. This
dissertation will theoretically investigate the influence of mechanical forces in various bi-
ological systems through molecular simulations using minimal coarse-grained models. In
Chapter 2, we explore the background theory of coarse-grained models as well as techniques
employed in molecular simulations, namely Monte Carlo and molecular dynamics.

In Chapter 3, we present a coarse-grained model of mechanosensitive channels, which
are transmembrane proteins capable of sensing membrane tension as well as protecting cells
against lysis. Mechanosensitive channels can change their conformation under the applica-
tion of an external stress, allowing the nonselective passage of osmolytes to equilibrate the
pressure acting on the membrane. Experiments have shown that these channels self-organise
into liquid-like clusters, but the functional role of this aggregation is unclear. We demonstrate
that membrane tension partially controls the self-assembly of these proteins and we show that
their clustering represents a passsive mechanism of regulating the inflow of solutes inside the
cell in systems where the proteins are overexpressed.
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In Chapter 4 we examine the formation of membrane tubes in the presence of transmem-
brane proteins linking the membrane to the underlying cytoskeleton. Membrane protrusions
are actively used by cells as means to sense information about the surroundings such as
substrate rigidity. Membrane tubes are commonly used as a proxy for measuring membrane
tension experimentally, but it is not yet clear how the linkers influence the force measurements.
We explore how the concentration of linking proteins modulates the resulting force-extension
curves as well as the tube shape.

Chapter 5 investigates the force-induced self-assembly of fibronectin into complex fibril-
lar structures. The fibronectin fragments are modeled using a minimal coarse-grained model
that captures their dynamical switch between folded and unfolded conformations. We find
that complex network-like structures can emerge from the application of an external force to
a disordered system of fibronectin monomers. Furthermore, we find that the magnitude of
the tensile load directly controls the morphology of the observed structures.

In Chapter 6 we study how a nanoparticle diffuses on an inhomogeneous elastic mem-
brane under a rigidity gradient. We find that bending rigidity gradients are enough to provide
an intrinsic driving force for the passive transport of macromolecules or nanoparticles to
target destinations on the cellular surface. We further confirm our results with the help of a
theoretical model.

Finally, Chapter 7 presents a summary of the results and outlines future research direc-
tions.



Chapter 2

Background theory

Modelling the self-assembly processes at these scales poses a significant challenge since it
is computationally prohibitive and uninformative to track all the individual atoms involved.
This issue has been addressed so far with the help of minimal coarse-grained models in which
biomolecules are modelled as single or a collection of particles. The aim of this procedure is
to retain only key structural and functional properties of the investigated molecules whilst
ignoring the less relevant atomic details. This enables significant speed-ups in computation
and allows the exploration of a multitude of soft matter systems, bridging the molecular
and continuum scales. In this chapter, we will outline the procedures employed in the
development of coarse-grained models and highlight examples of biological systems that
gave been successfully studied through this approach. Additionally, we will also describe the
molecular simulations techniques employed throughout the thesis.

2.1 Coarse-grained models

There are two different philosophies behind the development of coarse-grained (CG) models:
bottom-up or top-down [85]. Bottom-up methods make use of existing atomic models and
molecular structures. By contrast, top-down methods aim at developing CG representations of
the respective biomolecular building blocks relying on physical intuition in order to replicate
emergent collective phenomena. Such top-down CG models have been used extensively to
simulate the self-organisation of molecular and biological systems [86]. In typical top-down
CG schemes biomolecules are modelled as single particles decorated with sticky patches or
as a collection of particles interconnected by springs [86]. Such approximations are ideal
for modelling various soft matter systems such as nanoparticles, colloids and polymers in
which atomic details do not significantly influence the physics of the phenomena under
study [87]. Fig. 2.1 illustrates the main tools used in the development of such top-down
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models. The main advantage of this methodology is the dramatic reduction in the overall
system’s complexity, atomic details being sacrificed in favour of computational speed. This
procedure allows the exploration of mesoscopic length and time scales that would otherwise
be inaccessible through conventional all-atoms simulations. Another benefit of CG models is
that they allow to easily isolate different variables and investigate their global effect on the
system by systematically varying a single parameter, while keeping the other ones fixed. This
method enables the identification of the key driving forces in the system as well as developing
an in-depth intuition about the biological phenomena of interest. However, developing a CG
model for most biomolecular systems is not always a straightforward endeavour. Choosing
the right level of resolution is paramount for capturing all the relevant underlying physics
without introducing superfluous details. Designing an appropriate coarse-grained represen-
tation of the system’s topology is a challenging undertaking. The number of CG atoms
must be significantly lower than that from the all-atoms configuration, but the key physics
must be preserved. This requires carefully placing the CG sites to mimic the original molec-
ular architecture. Another difficulty in developing physically meaningful coarse-grained
models lies in choosing accurate interactions between all the CG particles in the system.
Multiple CG schemes have been proposed to address some of these challenges. In what
follows, we further describe and contrast the two main approaches employed in the devel-
opment of CG models, giving examples of biological systems studied through each technique.

Bottom-up coarse-graining methods rely on obtaining data from the atomic and molec-
ular high resolution models and averaging it such that the coarse-grained representation
partially reproduces the original system’s statistical properties. Examples of such properties
are the mean-field interaction between groups of atoms or pairwise correlation functions
[87]. Another strategy employed in creating bottom-up CG schemes is using experimental
data to parametrise the CG model such as crystallographic data from Protein Data Bank
(PDB) structures [88]. The first biological coarse-grained model was developed by Levitt
and Warshel who simulated the folding of bovine pancreatic trypsine from an initial open-
chain conformation [89]. Within their model, the protein backbone was represented only
through the α-carbon atoms and each side chain was approximated by a single heavy atom.
Various parameters such as bond lengths, bond angles and torsional angles were used from
crystallographic data to parametrise the simulation. Energy minimisation of the unfolded
conformation showed that the protein folds correctly into its native state, opening a promising
path for the study of protein folding. Building upon their work, Levitt suggested a general ap-
proach to modelling proteins which spurred great advancements in the field of protein folding
over the following decades [90]. Numerous other bottom-up CG schemes for biomolecules
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Fig. 2.1 Illustration of the tools used in the coarse-grained simulations of biological
self-organisation. Complex biological systems can be simulated using single top-down
coarse grained models. Within this framework, the biological building blocks are represented
by beads or rods connected by harmonic springs and angular potentials (top-left panel).
The coarse-grained structures (middle panel) are then simulated through methods described
in the right panel, allowing for conformational changes and additional dynamics. These
techniques allow the simulation of virus capsid formation, amyloid fibrillogenesis, bilayers
and cytoskeleton (bottom panel). Reproduced with permission from [86].

have been proposed since. For example, Gō developed a lattice model in which the proteins
are represented by chains of one-bead per aminoacid and the interactions between beads
are biased to reproduce the folded conformation [91]. A widely popular coarse-graining
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methodology is the MARTINI model developed originally for biomolecules and initially
parametrised to reproduce the correct partitioning of chemical compounds between polar
and apolar phases [92]. Within this framework, groups of four atoms are represented by a
single bead which is classified in one of four types: polar, non-polar, apolar and charged. The
interactions between such ’superatoms’ are approximated using a truncated Lennard-Jones
12-6 potential with the charged groups interacting through an additional Coulombic term.
This coarse-graining procedure was applied to simulate a large number of biological systems
such as lipids, carbohydrates, surfactants, proteins and various other biomolecules [93]. More
recently, machine learning based techniques have been employed to develop novel potentials
for coarse-graining biomolecular systems [94].

The strength of bottom-up schemes is that they provide a general framework for trans-
forming molecules into coarse-grained representations. However, the CG representations
obtained through bottom-up schemes still contain a large number of atoms, rendering some
higher scale biological phenomena difficult to simulate. This methodology also requires a
large number of parameters as inputs such as the crystallographic structure, or experimen-
tally determined values to accurately fit the interaction potentials. Moreover, it is often the
case that the predictions do not match experimental values and transferability is relatively
limited even between the same molecules in different environments [95]. Modelling larger
scale phenomena is thus challenging using bottom-up approaches. However, some of the
limitations are overcome in top-down coarse-graining schemes.

The top-down approach relies on coarse-graining molecules with the aim of reproducing a
particular biological phenomenon, whilst still preserving the physical intuition and structural
features of the system of interest. In contrast to bottom-up techniques, no explicit detailed
atomistic model is considered and the interactions do not aim to reflect the accurate many-
body interactions between molecular fragments. However, these models generally retain
the structural features of the biomolecules studied and they are parametrised to reproduce
various experimental observables or even collective emergent phenomena. It should be noted
that such models are not uniquely defined and many different models and parameter ranges
can lead to similar results. We will further provide examples of top-down methods used in
investigating the self-organisation of biological assemblies.

Due to their versatility and relative simplicity, top-down methods have been used exten-
sively to explore biological systems at mesoscales. For example, top-down models have
been widely employed to study the aggregation and dynamics of cytoskeletal filaments. The
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organisation of the cytoskeleton is crucial for numerous cellular processes such as providing
structural integrity to the cell as well as actively participating in membrane remodelling
and cellular migration. Unsurprisingly, many top-down coarse-grained models have been
proposed to explain hierarachical organisation of cytoskeletal filaments [96–98]. Recently,
Freedman investigated the contractility of of cytoskeletal networks by using a simple coarse
grained model [99], showing how the architecture of the actin network depends on the
concentration of motor proteins. CG models have also been used to investigate patholog-
ical protein aggregation. The aggregation of misfolded proteins is responsible for many
neurodegenerative diseases such as Alzheimer’s or diabetes [74]. A recent coarse grained
model correctly reproduces the self-replication of the toxic amyloid fibrils [100]. In this
model, the amyloids are modeled as a hard spherocylinder with an attractive patch at the
end. The monomers can dynamically undergo a state change to a fibril forming protein,
modeled as a spherocylinder with an attractive side patch. This model showed that amyloid
fibrillogenesis proceeds in a two-step process through intermediate oligomers. Furthermore,
the model was extended to also reproduce the fibril self-replication [101]. Similarly, Ilie et
al. developed a model for the pathological aggregation of α-synuclein protein in which the
soluble conformation is represented as a patchy particle, while the fibril forming species
is also modelled as a patchy spherocylinder [102]. Another example of CG models is the
study of genetic material organisation. Chromatin is generally modelled as a flexible polymer
and the DNA-binding proteins are represented as patchy hard spheres. It was shown that
the interaction of such proteins with DNA are crucial for controlling chromatin compaction
as they can induce local bridging interactions [103]. Lastly, the self-assembly of protein
shells is an ideal problem for top-down CG models. For example, viral capsid formation
was widely investigated through this approach [104], as well as the assembly of bacterial
microcompartments [105] .

In summary, top-down coarse-grained models are powerful tools for simulating the
dynamics of biological systems at physiologically relevant length and time scales. They
enable the understanding of biophysical phenomena, shedding light on the mechanisms
behind the formation of complex biological assemblies. In contrast to higher resolution
modeling approaches, top-down CG models aim to retain only the key details about the
underlying molecules and to reproduce the observed physical phenomenon. Throughout
this dissertation we will make use of various top-down models to examine the influence
of mechanical forces on the self-organisation of biomolecular systems. Most importantly,
we will develop CG representations for mechanosensitive ion channels and mechanically
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self-assembled fibronectin fragments. We will further describe the molecular simulation
methods employed in this dissertation.

2.2 Molecular simulation techniques

2.2.1 Monte Carlo simulations

Monte Carlo (MC) algorithms rely on using random sampling to calculate numerical results.
In molecular simulations, Monte Carlo techniques continuously sample from a system’s
configurational space, accepting or rejecting trial moves. The algorithm works by randomly
perturbing the positions of molecules at every step. The transition probability between two
states is given by the Metropolis criterion p = min [1,exp(−∆E/kBT )], where ∆E is the
potential energy difference between the current system’s state and the trial state [106, 107].
The aim is to generate configurations according to the Boltzmann distribution, assigning
greater weights to more probable states. The moves must obey the detailed balance condition,
meaning that, at equilibrium, each transition should in principle be in equilibrium with its
reverse [108]. Different types of moves can be applied such as simple translational and
rotational moves but also more complicated cluster moves in the case of large aggregates.
MC algorithms allow an efficient exploration of the configuration space, unphysical moves
being able to overcome large activation barriers. However, MC algorithms do not necessarily
reproduce the dynamics of the system under study. Another weakness of MC approaches is
that it is challenging to infer the time scale of the phenomena under study from simulations.

2.2.2 Molecular dynamics

Molecular Dynamics (MD) techniques rely on numerically integrating Newton’s equations
of motion for all atoms in the system:

Fi(t) = miai(t) (2.1)

where Fi is the force acting on the atom i with mass mi and acceleration ai at time t. The
force is calculated from the gradient of the particle’s potential energy.

The most commonly used scheme for evolving the system’s dynamics is the Verlet
algorithm [109]:

ri(t +dt) = ri(t)+vi(t)dt +
1
2

ai(t)dt2 (2.2)
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,

vi(t +dt) = vi(t)+
1
2
[ai(t)+ai(t +dt)]dt, (2.3)

where dt is the simulation time step and ri(t) vi(t) are the atom’s coordinates and velocity
vectors respectively. The Verlet algorithm is employed due to its numerical stability and time
reversibility [108].

Simulating explicit solvent particles is computationally expensive. To address this chal-
lenge, Brownian and Langevin dynamics are commonly employed in molecular dynamics
simulations. These techniques mimic the motion of particles diffusing in a surrounding
solvent. The particles experience random collisions with the solvent molecules, giving rise
to a friction force opposing the particle’s movement.

In Langevin dynamics the equations of motion are modified as follows [108]:

miai(t) =−∇U(ri)− γvi(t)+
√

2γkBT Ri(t) (2.4)

where U is the particle’s interaction potential, γ is a friction coefficient, T is the system’s
temperature, kB is Boltzmann’s constant and R is a random force that satisfies the following
conditions:

⟨Ri(t)⟩= 0 (2.5)〈
Ri(t)Ri(t ′)

〉
= δ (t − t ′) (2.6)

In Brownian dynamics the particle’s mass is ignored, the equation of motion is reduced
to:

0 =−∇U(ri)− γvi(t)+
√

2γkBT Ri(t) (2.7)

Molecular dynamics can reproduce the correct underlying dynamics of biomolecules in
contrast to MC algorithms. This enables the study of dynamic phenomena such as protein
conformational changes which will be extensively explored throughout this thesis.



Chapter 3

Dynamic clustering regulates activity of
mechanosensitive membrane channels

Mechanosensitive protein channels regulate the flux of solutes between the cell and its
environment in response to mechanical stimuli. Their activity is central to survival and
adaptation of all organisms. Experiments have suggested that bacterial mechanosensitive
channels separate into 2D clusters, the role of which is unclear. By developing a coarse-
grained computer model we find that clustering promotes the channel closure, which is highly
dependent on the channel concentration and membrane stress. This behaviour yields a tightly
regulated gating system, whereby at high tensions channels gate individually, and at lower
tensions the channels spontaneously aggregate and inactivate. We implement this positive
feedback into the model for cell volume regulation, and find that the channel clustering
protects the cell against excessive loss of cytoplasmic content.1

3.1 Introduction

Both eukaryotic and prokaryotic cells harbour a phospholipid membrane packed with proteins,
which enables separation of cellular content from the external environment. This physical
barrier facilitates transport of signals and materials between the cell and its environment, thus
sustaining life [111]. In addition, membranes of unicellular organisms separate the cell from
the outside world, and need to be able to respond quickly and efficiently to sudden changes
in the cell’s surroundings. A common way the membranes respond to external stimuli is by
reorganising associated macromolecules [112]. A characteristic example of such a behaviour
are membrane mechanosensitive channels (MSCs), which sense mechanical cues from the

1A version of this chapter was published in Phys. Rev. Lett. 124, 048102 [110]. The theoretical model was
developed by collaborators Smitha Hegde and Teuta Pilizota.
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cell’s surrounding, and are central to senses of hearing, balance, and touch, as well as for
maintaining cell osmotic homeostasis [113–115].

Fig. 3.1 Illustration of mechanosensitive channels embedded in lipid membranes. Top
half: Mechanosensitive channels are composed of subunits of helices embedded in the lipid
bilayer. The channels act as a release valve if the pressure is high enough. Bottom half:
Multiple channels are embedded in the lipid bilayer. They expand radially and allow the
passage of solutes until pressure equilibrium is restored. The bacterial channels are found in
the inner membranes of gram-negative bacteria (bottom right). The illustration was made by
Claudia Flandoli.

The best studied MSCs are those of bacterium Escherichia coli, whose role is to protect the
cell against sudden drops in the environmental solute concentration, so called hypoosmotic
shock [116, 117]. Upon hypoosmotic shock water rushes into the cell, resulting in the
cell swelling and increased tension in the bacterial envelope, which contains protein-filled
phospholipid membranes and a stiffer material called the cell wall [116, 117]. If left
unchecked, this pressure can lead to cell death by rupturing the envelope [118, 119]. To
prevent it, a portfolio of MSC in E. coli’s inner membrane act as "pressure release valves"
that open nano-sized pores at their centres as illustrated in Figure 3.1. This enables solute
and water efflux, reestablishing desired osmotic pressure inside the cell [120–122]. The
channel opening is fast and the overall cell’s response is solely regulated by the membrane
tension and chemical potential of water and solutes [122].

Bacterial MSCs consist of closely-packed transmembrane helices connected by loops [123,
124]. Driven by membrane tension, the helices tilt with respect to one another, creating
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a space between them (up to 3 nm in diameter) for small solutes to non-selectively pass
through [125, 126]. Recent experimental studies debate the existence and the role of spon-
taneous clustering of E. coli’s MSC of large conductance (MscL) [127, 128]. Membrane
clustering appears to be a common mechanism in cellular signaling, and has been observed
for many transmembrane proteins and signaling receptors [129]. Clustering of MSC in vitro
has been shown to result in non-linear, collective, gating behavior [127], suggesting that it
could tamper with cell’s passive response to hypoosmotic shock. However, assessing the
extent of MscL clustering via imaging techniques in vivo has proven difficult due to the po-
tential artifacts of the MscL tags on the process [128], and opens a need for orthogonal ways
to investigate the clustering phenomenon. In this chapter, by developing a minimal computer
model of MSCs embedded in a membrane, we investigate the physical mechanisms behind
the MSC cluster formation and cooperative gating, and their implications on cell-volume
regulation.

Guided by the known structures of various MSCs [123, 124, 130], we designed a model
that captures only the key general features of MSCs – namely that they are built of connected
rod-shaped subunits. While bacterial MSCs possess varying number of repetitive helical
subunits [117], without loss of generality, we choose to include five subunits connected by
springs. Each rod is made of hydrophobic core and two hydrophilic head beads. The rods
are longer than the membrane thickness to reproduce a hydrophobic mismatch of ∼ 0.5nm
found in structural studies [123]. The bilayer is described by a three-beads-per-lipid model
that reproduces the correct coarse-grained mechanical and dynamical properties of biological
membranes [131]. The rod diameter is twice that of a lipid bead and the inner part of the
channel is lined with hydrophilic beads to prevent lipids from overflowing inside the channel.
Finally, to be able to include direct inter-protein attractions, an attractive patch of beads is
added on the external side of each rod. Hypoosmotic shock is generated by placing a gas of
inert volume-excluded "solute" beads on one side of the membrane. The collisions of the
solute beads with the membrane create membrane tension, linearly proportional to the solute
concentration difference across the membrane.
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3.2 Literature review

3.2.1 Protein structure and function

The structure of the MscL found in Mycobacterium tuberculosis (Tb-MscL) was first resolved
by Chang et al. through X-Ray crystallography [123]. It was revealed that the MscL is a
homopentamer composed of five identical subunits. Each unit itself is composed of two
transmembrane α-helices, one cytoplasmic α-helix and additional extracellular loops in a
random coil conformation (Figure 3.2) [132]. The protein’s total length is ∼8.5 nm, greater
than that of the lipid bilayer which is approximately 5 nm in length. The helices adopt a
slightly tilted structure at an angle of 28◦ with respect to the protein’s axis of radial symmetry.
Another important feature is the presence of a small hydrophobic pore at its narrowest point.
The pore is surrounded by hydrophobic aminoacid residues such as isoleucine and valine. It
was speculated that this pore is involved in the gating mechanism, preventing the channel
from wetting in the closed state. Furthemore, the pore is highly constricted, possessing a
diameter of only 2 Å. This led to the conclusion that the channel was initially examined in
a closed state. Several experiments have shown that by mutating residues near this pore, it
is possible to obtain gain-of-function mutants with different thresholds for gating, further
confirming the involvement of the pore in gating [133, 134].

Fig. 3.2 The structure of a mechanosensitive channel of large conductance (MscL). It
consists of five pairs of transmembrane α-helices that span the length of the bilayer and
five α-helices in the cytoplasmic region (left). The channel also possesses extracellular
random coil loops. One subunit of the MscL containing the two α-helices (TM1 and TM2),
the cytoplasmic α-helix, the periplasmic loop and the N-terminal S1 domain (centre). The
channel opens to form a conducting pore at its centre (right). Reproduced with permission
from [132].

Another canonical example of mechanosensitive channels is given by the mechanosen-
sntive channel of small conductance (MscS). The crystal structure of MscS was first resolved
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by Bass et al. by using X-ray crystallography on channels obtained from Escherichia Coli
[124]. MscS was found to possess a homoheptameric structure. Each of its individual
subunits is composed of three transmembrane α-helix regions TM1, TM2 and TM3 (Fig.
3.3). These transmembrane units are then connected to a bundle of helices in the cytoplasmic
region. The helices TM1 and TM2 are tilted by 27◦ and 35◦ respectively. TM3 is further
split into two regions (TM3a and TM3b) by a kink at the residue Gly113. TM3a is par-
allel to TM1 and TM3b is tangent to the central pore. MscS also has a hydrophobic pore
made of hydrophobic leucine aminoacid residues. Similarly to the MscL, these residues
also form a hydrophobic ring around the pore. The initial structure was believed to be in
a open conformation. However, a molecular dynamics study by Anishkin suggests that
the MscS had actually been isolated in a closed non-conducting conformation [135]. The
same study showed that by mutating the leucine residue into a more polar residue such as
serine, wetting of the pore can be achieved (thus transforming the channel into a conducting
one). An open state of the MscS was proposed by Wang [136]. This structure was based
on a crystallographic study of a MscS mutant. The mutation of a single residue resulted in
a structure with a pore of 13 Å, much larger than the one in the wild type protein of 5 Å [124].

Fig. 3.3 The crystallographic structure of the closed conformation of MscS extracted
from E. Coli. a) Ribbon diagram of a MscS. The channel exhibits heptameric symmetry.
b) One monomeric unit with the transmembrane domains TM1, TM2 and TM3a tilted and
parallel to each other. TM3 is split into two separate regions (TM3a and Tm3b) by a kink at
the Gly113 residue. Reproduced with permission from [124]

Electron paramagnetic resonance (EPR) has been widely used to study the structure of
mechanosensitive channels in lipid bilayers [125, 137]. Unlike X-Ray crystallography, EPR
is a relatively non-invasive technique that permits studying the channels without altering
their conformation. One notable achievement of using this technique was the determination
of MscL’s open structure [125]. The open conformation of MscL showed a large water-filled
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pore of a diameter of around 25 Å. Förster Resonance Energy Transfer (FRET) spectroscopy
was also used to investigate the dynamics of opening. This technique showed evidence that
the cytoplasmic part of the MscS is also involved in gating, swelling significantly during the
opening transition [138].

Deducing the complete mechanism of gating from the structural studies described above
is not straightforward. The crystallography studies suffer from the disadvantage that in order
to obtain a protein crystal, the channels must be isolated, purified and crystallised. This
disturbs the native conformation of the protein found in the bilayer, leading to difficulties in
obtaining an accurate structure of the open state. The EPR approach relies on gain-of-function
mutants which might behave differently from the parent proteins, leading to incorrect or
incomplete information regarding the protein’s dynamics. These experimental approaches
probe single static structures and cannot fully capture the dynamics of the MSC gating.
Computer simulations, in particularly when used in conjunction with experimental methods,
can provide potentially useful and otherwise inaccessible information regarding the structure
and the function of the MSCs.

3.2.2 Computational studies

Computational studies have been widely used to investigate the phenomena associated
with single mechanosensitive channels. Most of them focus on the details of the helix
rearrangement that leads to the formation of the pore. Several studies investigated the
mechanism of force transduction between the protein and the surrounding lipid bilayer,
exploring how the mechanical load is distributed along the channel and how this in turn can
induce changes in its conformation.

One of the earliest computational studies on the dynamics of Tb-MscL gating was
carried out by Bilston and Mylgavanam [139]. The study used a steered atomistic molecular
dynamics simulation based on the GROMOS force field [140] to examine the effects of
applying pressure on a single mechanosensitive channel. It was further revealed that the
channel opens when subjected to an external force above a certain threshold. Elmore et al.,
using a similar atomistic set-up, investigated how the membrane bilayer affects the gating
transition of a wild type MscL by placing a single protein in lipid bilayers of different
compositions [141]. The MscL was subjected to increasing membrane tensions mimicked
by using thinner lipid tail groups. It was shown that the lipid composition of the membrane
influences the channel’s response, shorter lipids leading to a transition at lower imposed
pressures. The study concluded that there is a "hydrophobic matching" between the lipid head
groups and the MscL, which suggested that the dynamic of opening is strongly influenced by
the surrounding bilayer. Kong et al. investigated the dynamics associated with the closed-
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to-open transition of MscL by employing a targeted molecular dynamics approach (TMD)
[142]. This method relies on applying a harmonic force to a protein proportional with the
difference between the root mean square displacement from a "target" structure deduced from
crystallography studies. It was revealed that the channel prefers expanding in a nonsymmetric
fashion passing through multiple intermediate metastable substates before reaching the final
expanded structure. Sotomayor and Schulten applied the same method to simulate an open
MscS that underwent a spontaneous closure when placed in the bilayer [143]. The study also
showed that the closure can be prevented by applying a radial pressure in the membrane’s
plane. However, the opening of the already closed state was not observed. The dynamics of
opening showed a simultaneous movement of the helical transmembrane regions. A similar
atomistic molecular dynamics simulation by Spronk et al. directed attention to the ionic
conductance of MscSs. The study showed that in the absence of an external electric potential,
the pore structure is dehydrated and non-conducting. The application of the membrane
potential led to the hydration and opening of the pore. Louhivuori and Marrink achieved a
longer simulation on the order of a few miliseconds of a MscL embedded in a reconstructed
liposome (illustrated in Fig. 3.4) [144], using the MARTINI coarse-grained force field for
biomolecules [92]. It was shown that MscL acts as an emergency release valve, protecting
the liposome from bursting at high pressures. Although a large improvement from the
nanoseconds timescale, this is still significantly below than the experimental timescale of
gating of seconds and even minutes.

Fig. 3.4 A coarse-grained liposome containing a single MscL channel. The channel acts
as an emergency release valve, releasing water molecules (represented as blue spheres) from
inside the liposome if the pressure is sufficiently high. Reproduced with permission from
[144].

A more recent simulation by Wang et al. used a highly coarsed-grained model of a MscS
to study the solvent release through a single channel in an artificial vesicle. By applying a
dissipative particle dynamics (DPD) approach, it was shown that the hydrophobic length of
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the transmembrane region plays a critical role in controlling a channel’s activity [145]. A
channel with a hydrophobic thickness that is either too long or too short remained inactive,
suggesting the channel transmembrane length is finely tuned for gating.

In conclusion, the computational studies summarised above generally emphasize the
dynamics of single MscS and MscL channels. The opening is always accompanied by the
radial expansion of the protein and a slight loss of symmetry. The channels tilt in the z
direction and thus shorten in thickness. The actual mechanism of force coupling between
the channel and the membrane is still debated, but it is clear that the lipid bilayer plays
a vital role. It should be noted that the atomistic or near-atomistic simulations methods
only allow the study of a single channel. The study of collective gating is computationally
prohibitive at such a high level of resolution as the systems involve hundreds of thousands of
atoms. Furthermore, the atomistic approaches permit the study of phenomena at timescales of
hundreds of picoseconds, far smaller than the physiologically relevant timescales of seconds .
It should also be pointed out that methods such as targeted and steered molecular dynamics
are heavily dependent on the input topologies for the channels which are extracted directly
from the crystal structure. Furthermore, the crystal structures do not necessarily reflect the
accurate geometry of the channel in its native form. Since the bilayer heavily influences
how force is applied and distributed on the channel, it is debatable to which extent structural
information of isolated channels should be used in interpreting the exact dynamics of channel
opening.

3.2.3 Aggregation of mechanosensitive channels

Membrane proteins regularly organise into clusters in a variety of cells. For example, it was
demonstrated by fluorescence microscopy experiments that the potassium ion channels KcsA
can form aggregates in reconstituted giant liposomes [146]. The aggregates differ significantly
from the individual channels in properties such as probability of opening, voltage and pH
dependence of the mechanosensitive response and blockage towards the Na+ ions. This
suggests that the aggregation serves to modulate the activity of the channels. Another example
is the clustering of the channels MEC-2 and MEC-4 extracted from the touch receptor neurons
of C.Elegans [147]. These proteins are essential to the mechanotransduction process and
they tend to colocalise at regular distances in neuronal processes. A study by Poolman et al.
showed that tagging a MscL with the mEos3.2 fluorophore induces the aggregation of the
tagged channels into clusters with restricted mobility [128]. Grage et al. showed that MscLs
assemble into large clusters of hundreds of channels in overexpressed environments [127]
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(Fig. 3.5). The experiments were performed in reconstituted DOPC and DOPE liposomes
at high protein concentrations. The study employed atomic force microscopy, small angle
neutron scattering, and confocal microscopy to show that proteins consistently organise into
large aggregates irrespective of the lipid bilayer composition and protein number density.
The spatial clustering was observed to modulate the channel’s activity. Electrophysiological
experiments showed that the channels in clusters are less active than the isolated channels.
This was attributed to the closed channels being in a highly confined region, lacking enough
space to expand into open structures. Although, channels do not reach the same level of
expression in native conditions, a nonuniform distribution of mechanosensitive channels in E.
Coli has also been reported by using the fusion protein MscL-GFP [148].

Fig. 3.5 An AFM image of a MscL protein-rich domain in a reconstituted DOPC bilayer.
Reproduced with permission from [127].

The driving forces behind the self-assembly of membrane proteins are not well-understood
yet. For instance, it has been shown that lipid rafts can assist the aggregation of proteins in the
membrane [149]. Another possible cause of aggregation is the presence of weak homophilic
protein-protein interactions such as in the case of syntaxins [150]. The interaction between
membrane proteins can be driven in principle by either entropical forces or by elasticity. It
was theorised that membrane proteins can "communicate" with each other via superpositions
of membrane thermal fluctuations, similar to a Casimir interaction [151]. This leads to a
long-range attractive interaction between the protein inclusions that decays as 1/r4. Another
possible cause for the interaction is the volume exclusion of proteins and lipids [152]. The
membrane proteins interactions can also be mediated by elastic energy. The transmembrane
helices possess a hydrophobic thickness different from that of the surrounding lipid layer and,
leading to a local deformation of the membrane. This in turn increases the system’s elastic
energy. Phillips et al. used a continuum model to study the elastic interactions between chan-



3.2 Literature review 43

nels [153]. Boundary conditions were imposed such as planarity of the membrane, matching
of hydrophobic regions at the protein-lipid interface, and also a zero slope at the interface.
The equations for the dependence of elastic deformation were then solved analytically. It
was observed that the overlap of strain fields led to a strong attractive interaction between
channels in the same conformation (both open or both closed), while channels of different
conformations repelled each other weakly. The study suggested that there is a tendency for
channels to gate cooperatively because this leads to a minimisation of the total strain energy.

Kahraman and Haselwandter used the results of previous study in conjunction with
two-dimensional Monte Carlo lattice simulations to investigate the effects of clustering in
membrane patches with multiple channels [76]. It was observed that channels can cluster and
that they prefer segregating into open and closed domains with regular lattice architectures.

Guseva et al. also used the results from [153] to simulate the collective gating of multiple
channels by using an Ising-like model. This study reported that the interchannel interactions
caused by membrane elastic deformations can induce a phase transition of the channels in
clusters from closed to open conformations [154, 155]. This is thought to have dramatic
consequences for the cell. It was predicted that high shocks will lead to the formation of
large domains with channels in the open state, similar to a ferromagnetic transition in the
Ising model. The large number of open channels would then affect the regulation of the
cellular volume, as many channels will tend to maintain their open conformation even after
the shock is removed.

Further studies are required to understand what drives the self-assembly of transmem-
brane proteins and MscLs in particular and how this alters their physiological role. In
this chapter, we will explore the effects of channels clustering using a minimal model of
a mechanosensitive channel of large conductance. Firstly, we will examine the behaviour
of individual channels and multiple isolated channels. We will then investigate the activity
of channels in large aggregates and compare our results with those in the previous studies
discussed here. Finally, we will discuss the implications of our findings for the regulation of
the cellular volume.
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3.3 Simulation details

3.3.1 Coarse-grained model

Lipids

We begin by simulating the lipid bilayer using a highly coarse-grained model developed by
Cooke and Deserno [131]. In this model, each lipid is made of three beads: one hydrophilic
"head" bead and two hydrophobic "tail" beads, as illustrated in Fig. 3.6. The beads are joined
together by finite extensible nonlinear elastic (FENE) bonds described by the bond potential

Vbond(r) =−1
2

kbondr2
∞ln

[
1−

(
r

r∞

)2
]

, where r is the distance between atoms and r∞ is the

maximum bond extent, in this case taken to be 1.5σ . We used kbond = 30kBT/σ2. σ is the
Lennard-Jones unit of length and corresponds to approximately 1 nm. The angle between
the three beads is enforced by a harmonic angular potential Vangle(r) = kangle (θ −θ0)

2, with
kangle = 5kBT/deg2 and θ0 = π .

hydrophilic head

hydrophobic tail

Fig. 3.6 Coarse-grained model of a single lipid. Each lipid is composed of three beads,
one hydrophilic head bead, and two hydrophobic tail beads.

The intermolecular interactions between the lipid beads are determined by a perturbed
Weeks-Chandler-Andersen (WCA) potential [156]. All beads interact via a truncated-shifted
Lennard-Jones potential described in equation 3.1. The parameter b gives the relative size of
the lipid beads and rc is a cutoff parameter. In our simulations we used ε = 1kBT , rc = 21/6σ ,
bhead,head = bhead,tail = σ , btail,tail = 0.95σ as described in [131].
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An additional attractive potential is enforced between the hydrophobic tail beads [131].
The membrane is kept intact only through the attractive interactions between the hydrophobic
tail beads. This perturbative potential is described in equation 3.2:
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Vattr(r) =


−ε, r < rc

−εcos2 π(r− rc)

2wc
, rc ≤ r ≤ rc +wc

0, r > rc +wc

(3.2)

The cosine term is meant to soften the potential which makes the membrane more fluid
and ensures the self-assembly and membrane’s structural integrity. The adjustable parameter
wc controls decay range of the potential. In our simulations, we used wc = 1.4σ . All the
parameters were chosen such that the membrane is positioned well into the fluid phase of the
phase diagram reported in the original paper [131].

Mechanosensitive Channels

We designed a similar coarse-grained model for the mechanosensitive channel of large
conductance (MscLs). A single channel is made from five rod-shaped subunits, inspired
from the protein’s oligomeric structure. Each subunit mimics the alpha-helices from the two
characteristic transmembrane domains TM1 and TM2 (as previously illustrated in Fig. 3.2).
A representation of such a coarse-grained channel is given in Figure 3.7. The rods are inter-
connected by a series of weak harmonic bonds of spring constant kspring = 1.5kBT/σ2, with
an equilibrium length set to req = 2.5σ . Each rod is made of seven core hydrophobic beads
and two hydrophilic head beads. The rods are slightly longer than the membrane thickness in
order to replicate the hydrophobic mismatch between the protein and the lipid bilayer. All
the beads are connected by a strong harmonic potential (k = 100kBT/σ2, req = 2.5σ ) meant
to ensure the channel’s rigidity. The channel is kept straight by a similar angular harmonic
potential kθ = 100kBT/deg2, θ0 = π .

Fig. 3.7 Coarse-grained model of a single mechanosensitive channel. There are four
different types of beads in a channel: hydrophilic head beads (cyan), hydrophobic core beads
(grey), hydrophilic interior beads (silver), attractive MscL-MscL beads (blue).
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The channel head and core beads interact with the lipids and with themselves through the
same potential described in equations 3.1 and 3.2. The size of these protein beads was chosen
to be 2σ , giving the relative parameters bprotein,protein = 2σ and bprotein,head = bprotein,tail =

1.5σ . The head beads interact with the other beads only through the repulsive part of the
WCA potential (3.1). The interactions of the core beads contain both the attractive and
repulsive parts of the potential (Eq. 3.1 and Eq. 3.2). These beads are hydrophobic so
they are attractive towards the lipids and keep the channel embedded within the membrane.
Attempts of using solely a Lennard-Jones potential for the channel-membrane interaction,
without the soft cosine tail, led to unstable structures that quickly fractured at the point
of contact between the protein and the lipids. This suggests that a careful tuning in the
interaction between proteins and membrane is crucial for functionality of MscLs.

A hydrophilic patch was added on the channels’ interior side to prevent lipids from
overflowing inside (silver beads in Figure 3.7). They interact with the lipids purely through
the repulsive part of the Lennard-Jones potential. Their diameter was chosen to be 0.5σ and
the potential depth was taken to be ε = 50kBT . Since these beads are not attractive to the
lipids, they prevent them from flowing inside the channel. Another attractive patch of beads
is added on the external side of the channels (blue beads in Figure 3.7). This patch drives
the interaction between proteins via a long-range Lennard-Jones potential (with a cutoff of
3σ ) with adjustable depth εprotein,protein. Both these types of beads were connected with the
main core beads via a spring with spring constant k = 1.5kBT/σ2 and equilibrium length
req = 1.5σ . The attractive patch is essential to drive the aggregation of channels into clusters
and controls the cooperative gating effects described further in the chapter.

3.3.2 Simulation protocol

In all the simulations described in this chapter, the channels were inserted vertically in a lipid
membrane placed in the centre of the simulation box. The lipids were initially organised
into a square patch on a lattice which further reorganises in a typical bilayer-like structure.
The membrane was tethered to the centre of the simulation box with a weak spring of
spring constant k = 1.0kBT/σ2 to prevent its drift under the collisions with the solutes. The

simulation box is cuboidal in shape with the initial dimensions Lx = Ly =
1
3

Lz. The side
length of the box is allowed to fluctuate in the x and y directions with periodic boundary
conditions applied. The simulation box was kept fixed in size in the z direction with weak
Lennard-Jones walls at both ends, and with the wall depth ε = 1.0kBT .

Our system contained 6024 lipids, each of which is made of 3 particles. We simulated at
most 12 channels, where each is made of 115 particles. Number of solute particles was varied
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between 0 and 1200, where each solute is made of 1 particles. Hence the largest simulation
we ran contained 20,652 particles.

The simulations were run in the isoenthalpic-isobaric (NPH) ensemble with zero lateral
pressure Px = Py = 0. The membrane tension is controlled by inserting external osmolyte
particles that collide with the membrane. This mechanical interaction between the solutes
and the membrane leads to a subsequent expansion of the membrane in the xy plane and a
small thinning in the z direction. In order to replicate the stochastic dynamics of the real
system, we used a Langevin thermostat with the friction coefficient η set to unity: η = m/τ ,
where m is the particle mass (set to unity for all particles) The simulation time step was
taken to be τ = 0.008τ0, where τ0 is the simulation unit of time. We used the LAMMPS
molecular dynamics package to run the simulations [157] and the VMD package to visualise
the trajectory files [158].

3.3.3 Calculating membrane tension

Membrane tension is controlled by the number of solute particles impinging on the membrane.
The aim of these particles is to mimic the chemical concentration gradient that a channel is
exposed to during an osmotic downshock. The solute particles are modelled as hard spheres
of diameter 0.5σ that interact with the other particles in the system (including themselves)
only through the repuslive part of the WCA potential with ε = 50kBT . The size of the solutes
was chosen carefully so they can flow through the open channels, but not through channels
with more contracted conformations or through the membrane itself. The surface tension was
mapped to the number of solute particles as follows: A number of solute particles, Nsolutes,
were placed in a box containing a square patch of a lipid membrane of the side length 40σ (in
the absence of any mechanosensitive channels). All the solute particles were placed on the
same side of the simulation box with respect to the membrane patch. The membrane tension,
γ , was calculated by integrating the normal and tangential components of the pressure tensor
using the relationship 3.3 as described in [159]:

γ =
∫
[Pzz −

1
2
(Pxx +Pyy)]dz (3.3)

The calculation of the membrane tension revealed a linear scaling against the number of
solute particles in the simulation box (Fig. 3.8). The membrane tension was fitted to a linear
equation of the form γ = aNsolutes +b, with a = 0.002 mN/m and b =−0.304 mN/m. The
membrane ruptured at tensions greater than 3 mN/m, corresponding to a number of solutes
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particles greater than 1800. This mapping of the surface tension to the number of solutes was
used in all subsequent calculations presented this chapter.
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Fig. 3.8 Membrane tension against number of solute particles. The membrane tension
scales linearly with the number of solute beads. The surface tension was calculated as an
average over one million time steps. The error bars represent one standard deviation. Higher
number of solutes (not shown here) led to the fracturing of the membrane.

3.3.4 Channel radial expansion

The radial expansion of a channel is tracked using the xx and yy diagonal components of the
gyration radius tensor as described in equation 3.4.

Rxx2

G +Ryy2

G =
1
M ∑

i
mi(rix − rCMx)

2 +
1
M ∑

i
mi(riy − rCMy)

2 (3.4)

where i is the index of the given protein bead, mi is its mass and M is the total channel
mass. rix and riy are the Cartesian coordinates of the particles in the x and y directions. rCMx

and rCMy are the coordinates of the channel’s centre of mass. We assigned a state function to
the channel, depending on the corresponding gyration radius components. The channel can
be considered either "open" or "closed" depending on its radial expansion. As such, the state
of a channel is defined in equation 3.5:

Channel state =

{
open, if Rxx2

G +Ryy2

G ≥ Rt

closed, otherwise
(3.5)
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where Rt is the a threshold value above which the channel is considered open. In this
case, it was chosen to be 8.2 nm2, relying on a sharp transition observed in the pore size
with increasing membrane tension as it will be shown in the Results section. The opening
probability was further calculated as Popen = open states/total states, where the state of the
channel is recorded at every time step.

3.3.5 Simulating the opening of a single channel with tension

A single channel was inserted in a square membrane patch of side length 40σ . The system
was equilibrated for 500,000 time steps and a hypoosmotic shock was applied by inserting
Nsolutes solute particles in the system. Multiple simulations were run by varying Nsolutes

between 0 and 1000 in increments of 100 particles. The simulations were run for 2.5 million
time steps each. The post-shock radial expansion of the channels was recorded at every step
during the simulation. The fluctuations of the radial expansion are increased to higher values
immediately after the application of the downshock, indicating that the channel indeed acts
like a pressure sensor capable of sensing small changes in the surrounding membrane tension.
Figure 3.10b in the Results section shows how the radial expansion of the channel is affected
during a downshock corresponding to a tension of approximately 1 mN/m. The variation of
the gyration radius tensor and the opening probability are further presented in 3.10c and 3.11.

3.3.6 Simulating non-interacting channels

N non-interacting channels were inserted inside a membrane patch, where N = 1,2,3,4,5.
Nsolutes = 800 were added to the system. Both the probability of opening and the flux of
solutes (the flow rate of the solute through the membrane) were recorded for 2.5 million time
steps, similarly to the single channel simulation. Five different random seeds in the initial
channel geometry were used for each simulation. Results are further presented in Figure
3.12 of the next section. As it will be shown, it was revealed that the number of channels had
no influence on the opening probability of individual channels and that the flux of solutes is
linear in the number of channels. These results indicate that the channels do not influence
each other’s gating properties in the absence of a direct interaction. The model does not
adequately capture any potential membrane-mediated interactions. Therefore, this motivated
the addition of an attractive patch (blue beads, Fig. 3.7) in order to investigate the effect of
nonspecific protein interaction on gating.
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3.3.7 Simulating two interacting channels

To measure the influence of two adjacent channels on one another, we fixed them in the
membrane patch at a distance of d = 10σ with very weak springs of elastic constant
kspring = 0.5kBT/σ2. The weak springs serve to maintain the channels in each other’s
proximity and also limit their lateral diffusion. The interaction between the attractive patches
located on the two channels was increased from ε = 0kBT to ε = 2.0kBT in increments
of 0.1kBT . The influence of two channels interacting on their radial expansion is further
described in Fig. 3.15a of the next section. It will be shown that there is a clear tendency for
adjacent interacting channels to reduce each other’s radial expansion, and force each other
to adopt a more closed conformation. Conformational changes require a higher activation
energy necessary to overcome the attractive homophilic protein interactions. The effect of
interaction energy on the opening probability of adjacent channels is further described in
3.17. The simulations with two channels were run for 2 million steps and five random seeds
were used for the initial geometry. The effect of protein interactions was studied at two
different membrane tensions 0.70 mN/m and 1.30 mN/m.

3.3.8 Simulating aggregates of MscLs

Twelve MscLs were inserted in a membrane patch of side length 60σ at random initial
locations. The membrane patch was equilibrated for 500,000 time steps. Two different
membrane tensions (0.70 mN/m, 1.70 mN/m) were applied. The depth of the interaction
potential between the attractive protein patches was set to be ε = 1.0kBT to drive the ag-
gregation of proteins into clusters (as illustrated in Fig. 3.9). A clustering algorithm was
used to keep track of the MscL clusters formed during the simulation as follows: A channel
was considered as being part of a cluster if it was found at a distance less than 10σ from a
neighbouring channel, the distance at which two channels start interacting. A single channel
radius is ≈ 4σ . Changing the threshold to values between 9σ and 12σ did not make a
significant difference in the distribution of the cluster sizes. Furthermore, varying the size
of the simulated membrane patch between 40σ and 70σ did not significantly affect the
probability of opening for the channels in clusters. The simulation was run for seven million
time steps. The pore size was tracked at every time step and the average opening probability
per channel per cluster was computed as a function of the cluster size (Fig. A.1).

The formation of dimers was tracked throughout the simulation and the average inter-
action energy between the channels within a dimer was calculated at every time step. This
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allowed the estimation of the tension-dependent interaction between two channels as further
shown in 3.19 in the next section. For simulations that started with pre-formed clusters
such as the one shown in Fig. 3.9, a single cluster was formed by slowly pulling all the
twelve channels toward the centre of the membrane with weak springs. The springs were
then released, but the attractive interaction between channels kept the cluster stable as long
as no tension was applied to the membrane (Fig. 3.15b inset in the next section). A large
osmotic downshock was then applied (corresponding to approximately 1.70 mN/m in one set
of simulations and 0.70 mN/m in another). Both the separation between the channels and
the pore size were tracked during seven million steps (Fig. 3.15c in the next section) in five
different simulations runs. Simulations were also repeated for intermediate values of osmotic
shock (Fig. 3.16).

Fig. 3.9 A cluster with twelve MscLs, each presented with a different colour. The attraction
between channels leads to the eventual aggregation of channels into large ensembles which
show different gating behaviour from the individual channels. The attractive patches on the
channels are coloured in light blue and the lipids in grey. Some of the channel beads are
shown in a larger size than they are for clarity

3.3.9 On the choice of parameters

The model presented here is at heart top-down and tries to capture the generality of phenom-
ena. We aim to keep the model as general and as minimal as possible, and include only the
key factors that determine the system’s behaviour. These are as follows:

• We use a membrane model that has been previously shown to reproduce the correct
coarse-grained properties of biological membranes: mechanical (bending modulus,
compressibility), structural (fluidity), and dynamical (diffusivity of lipids) [131],
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including the correct scaling of the fluctuation spectrum for the exact membrane
parameters that we use here, yielding the bending modulus of ∼ 15kBT .

• We only describe a channel as a set of rods connected by springs and do not predefine
its conformational changes. This accounts for the fact that the channels are formed by
connected transmembrane helices, as reported for every bacterial mechanosensitive
channel discovered thus far, which naturally results in the channel opening via helix
tilt, as also described in numerous papers, see e.g. Ref. [126]. We do not engineer
the channel conformational changes, nor control their geometries with respect to one
another.

• We account for the general behaviour of osmolytes that increase membrane tension,
without any specific interactions between the osmolytes and the channels.

Lipid-lipid and protein-lipid interactions. The interactions between lipids are chosen
according to the phase diagram published in Ref. [131] to reproduce the membrane of
correct mechanical properties. The protein-lipid interacions were then chosen to match
those of lipid-lipid. This has been done to create homogeneous membrane and minimise
the perturbation that proteins impose to the bilayer. If the lipid-protein interactions are
weaker than lipid-lipid, the proteins are easily ejected out from the bilayer, while stronger
protein-lipid interactions cause local lipid crystallisation around the proteins, which would
add a layer of complexity to our system.

Protein-protein interactions. The interaction between two channels was included as an
isotropic attractive stripe on each helix of each channel. To show that the exact choice of
the patch geometry does not influence our results, we ran an additional set of simulations in
which we removed the patches altogether and made the transmembrane helices on different
channels completely radially-attractive to each other. This is the most general type of inter-
protein attraction there can be. Results are presented further in Fig. 3.18a of the next section.
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(b)(a) (c)(c)

Fig. 3.10 Single channel properties. (a) MSC is modelled as five rods connected by springs.
Each rod consists of hydrophobic (gray) and hydrophilic heads (cyan) and is ∼ 10 nm long.
Channel are lined with hydrophilic beads (silver). Explicit inter-channel attractions can be
turned-on via a hydrophobic patch (dark blue). (b) Pore size of a single MSC. The vertical
red line marks the application of an instantaneous osmotic shock yielding membrane tension
of γ = 1.2 mN/m. The solid red line is the moving time average (window: 105 time steps). (c)
The variation of the pore size and solute flux though the channel versus membrane tension.

We first investigate the behaviour of a single MSC. Application of hypoosmotic shock
causes an increase in the membrane tension and area. Since the transmembrane components
of the MSC interact attractively with the membrane’s hydrophobic layer, they maintain
contact with the expanding bilayer, and naturally tilt with respect to one another. This results
in the overall lateral expansion and opening of the channel, as shown in Fig. 3.10a. To
quantify the channel pore size we measure the in-plane diagonal components of the MSC
radius of gyration tensor Rxx2

G +Ryy2

G as described previously in the simulations details section.
We find that the pore size oscillates stochastically, reminiscent of the fluctuations in the flux
through MSCs seen in experiments [160]. The application of hypoosmotic shock leads to
an immediate increase in the pore size (Fig. 3.10b), allowing for the passage of the solutes
and channel gating. As shown in Fig. 3.10c, the pore size and the solute flux through the
pore increase with the shock magnitude. For the purpose of our analysis solely, we chose
γ = 0.45 mN/m as the threshold tension for the pore opening; channels whose pore size
is above 8.2 nm2 we consider as open, while those below we deem as closed (Eq. 3.5).
The opening probability of a single isolated MSC increases monotonically with membrane
tension (Fig. 3.11). This suggests that the channel model represented here indeed acts as a
pressure sensor, more likely to be found in the "open" state at large external pressures.

We now analyze the behavior at multiple MSCs interacting only via volume exclusion
and effective membrane-mediated interactions through the protocol described in section 3.3.6.
Fig. 3.12 shows the gating properties of such MSCs as a function of the number of channels
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Fig. 3.11 Opening probability of a single MSC against membrane tension. The opening
probability of a single isolated channel increases proportionally with the membrane tension.
It should be noted that in the context of this model, there is still a finite probability for the
channels to open even at low membrane tension. At higher tensions, the channels are more
permeable to the solute particles, being found mostly in the open conformation.

in the system. In this case we did not observe any channel clustering and it is evident that
each channel behaves independently.
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Fig. 3.12 Multiple channels interacting only via membrane-mediated interactions gate
independently. The probability of channel pore opening versus the number of channels
present in the system. The error bars correspond to the standard deviation of five different
runs. Inset: total flux of solutes through the channels versus the number of channels in the
system.
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Indeed, we find that the membrane-mediated interactions between fluctuating channels
in our system are negligible (Fig. 3.13). The potential of mean force (PMF) between two
channels was calculated using the Weighted Histogram Analysis Method (WHAM) [161]. In
Figure 3.13 it can be seen that two channels do not interact through any membrane mediated
interactions, their only interaction being the volume exclusion at low separations.

Fig. 3.13 Potential of mean force between two non-interacting channels. The potential
of mean force between channels shows a relatively flat profile at large separations. The
sudden increase at small separations is caused by the volume exclusion of the two channels.
A biasing potential of a spring constant kspring = 1kBT/σ2 was applied to the two channels
and 20 different windows were used to extract the potential

In order to further test whether membrane-mediated interactions alone could influence
the interaction between the channels presented here, we ran simulations with rigid symmteric
inclusions of the same hydrophobic mismatch as in our model. Rigid inclusions of length 8
nm were inserted in the membrane to test the attractive effect of the hydrophobic mismatch.
These inclusions were constructed similarly to the channels with a hydrophobic core to
and head beads. The same potentials were used as for the MscL channels. The inclusions
do not have any direct interactions. The potential of mean force (PMF) between two rigid
inclusions was calculated from computing the radial distribution function of 10 channels
placed on a lipid bilayer of side length Lx = 40σ , using the formula PMF(r) =−kBT lng(r).
We found that the rigid inclusions experience a very weak attraction of ∼ 0.5kBT (Fig. 3.14),
in agreement with previous simulation studies [162–164]. It can be concluded that, although
membrane-mediated interactions might be present in the system, they are too weak to drive
the aggregation of channels and thus an attractive Lennard-Jones potential between channels
was introduced to model the homophilic protein interactions. It is also possible that the high
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stiffness of the coarse-grained lipids prevents lipid stretching needed for stronger interactions.

Fig. 3.14 Potential of mean force between two rigid cylindrical inclusions of hydropho-
bic mismatch of 0.5 nm. (a) The potential of mean force between two rigid cylindrical
inclusions of a 0.5 nm hydrophobic mismatch shows weak attractive interactions of ∼ 0.5kBT.
(b) Simulation snapshot of rigid inclusions embedded in the membrane. The simulations
were run for 2 million time steps and 10 different seeds were used to compute the potential
of mean force.

Since we did not observe any MSC clustering due to pure membrane-mediated interac-
tions, we chose a top-down strategy. We know that: (i) MSC aggregation has been reported
in vitro [127] and in vivo in MSCs labelled with a small covalent dye [128], (ii) direct
inter-protein interactions, such as polar and electrostatic interactions and packing of small
apolar side chains [165–170], can lead to attractions of trans-membrane proteins [129]. In
addition, local lipid phase separation around the protein can yield effective inter-protein
attraction and protein aggregation. Therefore, to drive MSC clustering we included weak
direct inter-protein attractions, which we modelled via an attractive stripe on the outer side
of the channel (Fig. 3.7 and Fig. 3.10a).

Incorporating weak direct inter-protein attraction leads to the assembly of MSCs into
small clusters of sizes between 2 and ∼ 15 MSCs, and we now find that the clusters exhibit
strong cooperative gating. Fig. 3.15a shows how the pore sizes of two attractive channels
varies as they approach each other. A sharp decrease in the pore sizes at ∼9.5 nm of
inter-channel separation corresponds to the cooperative closure of individual MSC. The
reason for this is purely geometrical: two closed channels can achieve larger contact area
between them, maximizing their attraction. For multiple channels diffusing in the bilayer we
observe aggregation into larger clusters that leads to decreased gating activity per channel,
which scales with the cluster size (Fig. 3.15b). The clusters are dynamic in nature, whereby
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(a) (b) (c)

Fig. 3.15 Channels interacting via explicit attractive interactions gate cooperatively. (a)
Average pore size of two MSCs as a function of distance between them (γ = 1.30 mN/m).
(b) Opening probability per channel versus cluster size (γ = 1.70 mN/m, MSC fraction is
0.16, εprotein−protein = 0.9kBT ). The dashed line is guide to the eye. Inset: The average pore
size within a single cluster of twelve MSCs. (c) Upon osmotic shock the average distance
between the channels in a cluster increases and is larger for higher membrane tension (orange:
γ = 1.70 mN/m, blue: γ = 0.70 mN/m). The shading shows 95% confidence interval of five
simulation runs. Far right: Cluster configuration in the last time-frame. Inset: MSC opening
increases as they disperse.

individual channels within the clusters oscillate between the closed and open states, can
move within, leave the cluster, or join another. Since the channel activity depends on
the number of neighbours, individual channel activity within a cluster is consequentially
inhomogeneous [76]: the channels on the cluster interior will on average gate less than the
channels at the cluster rim (inset in Fig. 3.15b).

We now perform a computational experiment to mimic the situation in which a bacterial
cell, living under quiescent conditions, encounters a sudden hypoosmotic shock. We start our
simulation with a membrane that contains channels all aggregated into a single cluster. We
then applied a sudden tension of 1.7 mN/m, and monitored the system in time. As a control,
the same simulation was repeated at smaller tension (Fig. 3.15c and Fig. 3.16). We find
that the high magnitude shock breaks up the cluster into individual channels, switching the
system from the clustered to the dispersed state.

Driven by membrane tension, the MSC structural change from upright to tilted helices
leads to less surface-to-surface contact between MSCs and destabilisation of the cluster.
Such isolated channels gate more easily (inset in Fig. 3.15c), enabling efficient gating at high
membrane tensions, when it is needed most. On the contrary, at low tensions the channels
remain in a cluster, albeit the cluster shape dynamically elongates (Fig. 3.15c). The effect
will be present as long as the attractions are relatively weak, within the range of physiological
inter-protein attractions [165–170], such that the channels can change their conformation
in the cluster and retain their functionality. Fig. 3.17 further demonstrates that the effect
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Fig. 3.16 Average distance between channels when a cluster of 12 channels was exposed
to osmotic shock. As the tension is increased, the average interchannel separation increases.
Each line is an average of five simulations run with different random seeds.

persists across a range of chosen inter-protein attractions (0 to ∼ 10kBT), while Fig. 3.18
shows that the result is not sensitive to the particular choice of the attractive patch geometry.

To check that our results are not sensitive to fine choices of the strength of the inter-
channel atraction, Fig. 3.17 explores the collective behaviour of two channels at a range
of interchannel attractions (0 < εpp < 2kBT , which due to the number of interaction site
corresponds to the overall attraction between 0 and 10kBT ) at two values of the membrane
tension (low and high). The probability of opening per channel is heavily influenced by the
interaction of two adjacent channels. The increase in the direct protein-protein interaction
leads to a decrease in the opening probability. Higher interaction energies act to keep the two
channels strongly bound together and allow for less conformational change. The channel
has to overcome a larger activation energy barrier in order to rearrange from a compact
closed structure into an expanded open one. The figure clearly demonstrates that opening
of a pair of channels due to the increase in the membrane tension is a much stronger effect
than the changes that arise due to choosing the specific value of the interchannel attraction.
Of course, choosing unphysiologically strong interactions would create extremely stable
aggregates in which the channels could not change their conformation and would not be
functional, but this regime is not biologically relevant. However, note that the difference
in the channel opening due to the applied tension is greater than the difference caused by
the choice of the exact interaction parameter. Hence the cooperative channel behaviour and
gating function will not depend on the exact choice of the parameters, of course within the
regime of physiologically-realistic parameters.
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Fig. 3.17 Opening probability for a pair of channels against protein interaction energy
εprotein,protein. The opening probability per channel of two interacting channels kept at a fixed
distance from each other.

The interaction energy between two channels in a dimer is shown in Fig. 3.19. The
average interaction between channels decreases as the tension is increased. We observe a
sharp transition in the average interaction within a dimer at a tension of 0.7 mN/m. The
behaviour can be attributed to the tilting of the channels in the membrane plane at higher
tensions, thus reducing the available contact area (as shown in Fig. 3.18b).

These findings suggest that the spontaneous formation of MSC clusters enables an addi-
tional level of control over their gating and signal transduction. This control is implemented
in the system in a passive way, hard-wired in the system’s geometrical properties. On
average, single channels are more closed at low membrane tensions, making the channels
more aggregation-prone, which in turn packs MSCs into clusters and further deactivates their
gating. When the cell encounters a hypoosmotic shock, the membrane tension increases and
channels open, making them less aggregation prone, which results in spontaneous dispersion
of clusters and further opening of individual channels. The positive feedback between the
membrane tension and the cluster formation hence dynamically adjusts the extent of channel
clustering and their gating properties.

Next, we include the observed effect of channel clustering into our previously devel-
oped continuum model of E. coli cell volume recovery upon hypoosmotic shock [122].2

Experimentally, we observed total cell volume expansion within seconds after the hypoos-
motic shock, followed by a period of slower, minutes-long volume recovery that exhibits

2The model was developed by collaborators Smitha Hegde and Teuta Pilizota.
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Fig. 3.18 Results for an alternative choice of the attractive geometry. (a) Average pore
size of 2 channels as a function of their distance for the case where the attractive patches were
substituted with isotropic attractions of the whole channel rods, depicted by dark grey beads
in the inset snapshots. The central mechanism presented in this chapter – the cooperative
closure of 2 channels – is unchanged. (b) Sketch of the mechanism responsible for the
cooperative closure of two attractive channels: two channels in their closed conformations
can geometrically have more attraction than in their open conformations. This effect will not
depend on the fine choice of the geometry of attractions.
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Fig. 3.19 The average interaction energy between channels in a dimer depends on
the membrane tension. As the tension is increased, the channels tend to interact less
favourably which leads to the disaggregation of protein clusters. Collected at the same value
of εprotein,protein as in Fig. 3.15.

a characteristic "overshoot" below the initial volume value (Fig. A.3). Our continuum
model explained these experimental observations by considering the change of the cellular
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volume (Vn) and solute concentration in time. The cell volume, and consequentially the
cell membrane tension, are governed by the flux of water. Solute concentration changes
are governed by the diffusive fluxes through the MSCs, enhanced by the tension build up
(see Appendix A). Thus, when MSCs are open the solute flux through the cell membrane
increases, which was described in the model with a single fitting parameter (Eq. A.5). To link
our coarse-grained model predictions with the continuum model we now replace this single
fitting parameter with a continuous function, which captures that the channel clustering: (i)
decreases at higher membrane tensions, (ii) decreases opening probability per channel, and
(iii) increases for higher MSCs surface fractions. The introduced function hence depends
on the number of channels in the cluster (N), bilayer tension (γ), and the channel surface
density (ρ), and any constants are fixed by fitting to the results of the coarse-grained model
as described in A.1.2.

We fit the experimental data on the cell volume dynamics upon hypoosmotic shock to the
continuum model that captures channel clustering (Eq. A.18 and Fig. A.3). The fit enables
us to predict the changes in the extent of MSC aggregation as the cell volume expands and
recovers, Fig. 3.20a. The probability of observing channels as monomers (N = 1) and as
clusters (shown for N = 5) is given for each time point post-hypoosmotic shock, showing
that larger clusters are less likely to form at the point of maximum volume expansion (largest
tension), and more likely to form as the volume recovers and the membrane tension decreases.
This gives a clear prediction of our model that can be tested by imaging the extent of the
channel clustering at different times post-hypoosmotic shock.

To demonstrate the consequence of MSCs clustering on the cell volume recovery, we
investigate what the volume dynamics would look like if the channels were prevented from
clustering and if they clustered to a different extent from that in the data (Fig. 3.20b and Fig.
A.4). This allows us to see that, within a specific range, channel clustering can reduce the
volume "overshoot" commonly found upon recovery, without jeopardizing channel opening
at the point of maximum tension. Fig. 3.20b and Fig. A.5 however show that excessive
clustering can lead to detrimental increase in the maximum tension in the cell envelope,
suggesting that the channel clustering is finely-tuned. Our prediction on the role of MSC
clustering for the cell volume regulation can be probed experimentally by tracing the volume
recovery post-hypoosmotic shock for different extents of the clustering. The MSC clustering
can be enhanced by tagging the channels with fluorescent proteins [128] or modulated by
expressing the channels to different levels.
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(a) (b) (c)

Fig. 3.20 Clustering regulates channel closing to prevent leaky cell membrane. (a)
Normalized cell volume Vn (gray line) at 0.96 Osmol hypoosmotic shock and 0.5% channel
packing fraction. Colorbars: Probability of finding an isolated channel (blue) and a cluster
of 5 channels (orange). (b) Effect of increasing the extent of clustering (here by changing
interprotein attractions) on cell volume dynamics (grey and black) in comparison to dispersed
channels (red). Conditions as in (a). (c) The average MSC pore size at zero tension for
12 MSCs in a dispersed (blue) and aggregated (orange) states. Red and green lines show
the moving time averages (105 steps). The figures a) and b) were made by experimental
collaborators Smitha Hegde and Teuta Pilizota.

3.5 Conclusions

In conclusion, we showed that spontaneous aggregation of mechanosensitive membrane
channels results in liquid-like clusters that exhibit lower gating activity than dispersed clusters.
Our findings align well with the study by Grage et al. [127] in which the aggregation of
E. coli MscLs reconstituted in lipid vesicles led to a significant decrease in the total gating
activity. The patch-clamp experiments in [127] showed that a number of active channels in
a patch was consistently lower than the total number of channels. In one such example in
[127] a patch containing 11 channels shows only 4 jumps in the recorded current, suggesting
that some channels inside the cluster remain inactive, in agreement with the results discussed
in this chapter. These results were further reinforced by small angle neutron scattering
measurements, which showed that the total membrane area increase when the channels
were open is smaller than expected for independently behaving channels. Additionally,
recent molecular simulations have shown that the local clustering of channels delays their
opening, further supporting our findings [171]. Previous continuum models suggested that,
due to hydrophobic mismatch, membrane-mediated interactions between rigid, cylindrically-
symmetric, MSCs will lead to their collective opening [153–155]. This is not what we
observe. While rigid inclusions in our model are very weakly attractive (Fig. 3.14), our
channels can dynamically acquire different conformations. This can render membrane-
mediated interactions between two channels both attractive and repulsive, possibly leading
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to no interactions on average. Since interactions due to hydrophobic mismatch have not
been directly experimentally quantified, it is difficult to assess their importance in driving
MSC aggregation observed in experiments [127, 128]. There is however a growing body of
evidence that direct protein-protein interactions drive aggregation of transmembrane helices,
and also stabilize helix-helix interactions within a single protein [165–170]. It is likely that
the same forces could drive weak helix-helix interactions between different proteins should
they find themselves close to each other.

We demonstrated that coupling between the membrane tension, channels’ conformational
change and clustering produces a controlled gating system, whose positive feedback is
encoded in the system’s physical properties. We predict marked effects of this feedback on
the cell volume regulation and suggest that MSC aggregation serves to protect the cell from
excessive gating, both in steady-state and during its post-shock volume recovery. Indeed, our
simulations show that isolated channels have a non-zero probability of gating even at zero
tension (Fig. 3.20c). This agrees with experimental characterisation of a single-channel gat-
ing that does not follow a sharp step function [172]. Hence, if MSCs are over-expressed, e.g.
when bacteria grow under hyperosmotic conditions or when they enter stationary phase [173],
the probability of single channel gating even under quiescent conditions would be suffi-
ciently high to increase the effective membrane permeability to ions, making it difficult to
maintain electrochemical gradients across the cell membrane [160, 174–178]. So far, the
experimental traces of volume recovery during hypoosmotic shock have only been used to
parametrise the model described in this chapter. It would be interesting to further test the
model experimentally by overexpressing the MSCs and comparing the volume recovery
curves at different expression levels. We predict a non-linear dependence in both the max-
imum volume reached during a shock, as well as in the corresponding volume overshoot.
This is expected as the channels in clusters will be less active than if they gated individually,
and the inactivating effect of clustering will be more pronounced at higher expression levels.
As such, we predict that the maximum volume reached during such a shock will decrease
non-linearly with increasing the channel numbers, and will decrease less than if channels
did not interact. Furthermore, loss of volume by 8-10% leads to the loss of turgor pressure
that the cell actively maintains [179]. Thus MSC aggregation, which is more pronounced
at higher channel numbers, could be a natural self-defence mechanism of bacteria against
unnecessary gating, contributing to bacterial survival, especially in scarce environments
(alike post-hypoosmotic shock). Our model identifies the basic physical mechanisms be-
hind mechanosensing of membrane channels. Due to their generality, our results can also
be helpful in guiding the design of artificial membrane channels [180, 181] and synthetic



64 Dynamic clustering regulates activity of mechanosensitive membrane channels

nanomechanosening systems [182].



Chapter 4

Influence of membrane-cortex
attachments on the extrusion of
membrane tubes

The cell membrane is an inhomogeneous system composed of phospholipids, sterols, carbo-
hydrates, and proteins that can be directly attached to underlying cytoskeleton. The linkers
between the membrane and the cytoskeleton are believed to have a profound effect on the
mechanical properties of the cell membrane and its ability to reshape. Here we investigate
the role of membrane-cortex linkers on the extrusion of membrane tubes using computer
simulations and experiments. In simulations we find that the force for tube extrusion has
a non-linear dependence on the density of membrane-cortex attachments: at a wide range
of low and intermediate densities of linkers the force is not significantly influenced by the
presence of membrane linking proteins and resembles that of the bare membrane. For large
concentrations of linkers however the force substantially increases compared to the bare
membrane. In both cases the linkers provided membrane tubes with increased stability
against coalescence. We then pulled tubes from HEK cells using optical-tweezers for varying
expression levels of the membrane-cortex attachment protein Ezrin. In line with simulations,
we observed that overexpression of Ezrin led to an increased extrusion force, while Ezrin
depletion had negligible effect on the force. Our results shed new light on the importance of
local effects in membrane reshaping at the nanoscopic scales.1

1A version of this chapter was published in the Biophysical Journal 120(4), 598-606 [183]. The experiments
were carried out by Thibaut Lagny, Evelyne Coudrier and Patricia Bassereau. The molecular dynamics
simulations were carried out by Christian Vanhille Campos.
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4.1 Introduction

Biological membranes can dynamically change their shape as a response to an external me-
chanical stress. The application of a localised force to a membrane leads to the formation of
membrane tubes or tethers which are thin elongated cylindrical structures [184]. Membrane
tubes are involved in a wide variety of cellular processes such as motility, mechanosensing,
signalling, inter-cellular and intra-cellular trafficking [185–187]. Tubes can be artificially
extracted through hydrodynamic flow experiments, atomic-force microscopy, optical or
magnetic traps, both from reconstituted vesicles as well as from live cells [188–192]. In the
case of giant vesicles and bare membranes the force-extension curve of the extrusion process
has been well characterised both in theoretical models and in experiments [193–198]. The
shape of the tube and characteristic extrusion force were used to directly infer the mechanical
properties of the membrane, where the force was found to depend on the membrane bending
rigidity κ and surface tension γ as F ∼√

κγ , while the radius of the tube scaled as R∼
√

κ/γ .

Plasma membrane of eukaryotic cells is connected to the underlying cytoskeleton via
linking proteins such as ERM (Ezrin, Radixin and Moesin) and myosin 1 proteins [199, 200].
The influence of these linkers on the dynamics of extrusion is still a source of discussion
as is their effect on force-extension curves. The attachment to the actomyosin skeleton has
been suggested to play a role in the extension of membrane tethers, by providing resistance
to the flow of the membrane towards the tube [201]. It was also shown that reducing the
attachment of the plasma membrane to the actomyosin cortex, via myosin 1b or Ezrin
depletion, reduces the static force required to extrude a tether in zebrafish progenitor cells
[202]. A similar result was obtained with myosin 1g in lymphocytes [203]. Taken together,
this data has been interpreted as evidence that membrane-cortex attachments effectively
change the membrane tension. In this interpretation the tension is increased by the strength
of the membrane-cortex adhesion per unit area, which in turn also increases the force needed
to extrude a membrane protrusion [204]. Alternative pictures have also been put forward, in
which the membrane flows around the membrane-cytoskeleton attachments into the tether,
such that the attachments do not contribute to the extrusion force, resulting in a force that
resembles that of the bare membrane [205, 206]. Here we use coarse-grained computer
simulations to study the role of the cytosleketon-membrane attachments on the extrusion of
membrane tubes in isolation from other effects that might be present in cells. Our simulations
do not explicitly assume driving forces, but only assume the ingredients – a simple model
of a fluid membrane that is sparsely attached to the underlying surface. We then carry
out computational experiments where we extrude protrusions and measure the membrane
response for a wide range of membrane-cortex attachment densities. We complement our
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observations with optical-tweezers-based tether pulling on HEK293T cells adhering on a
substrate to measure the impact of the ERM protein Ezrin on membrane mechanics.

Our results indicate that the two previously polarised views can in fact co-exist: we
find that at low membrane-cortex linker densities the extrusion force is not influenced by
the cortex attachments and is equal to that of the bare membrane, while at high attachment
densities the force strongly increases compared to the bare membrane. At low linker densities
the membrane flows around the linkers and the linkers avoid entering the tube to minimise
the energetic cost of extrusion, hence the membrane-cortex attachment does not contribute
to the force. At high linker densities, however, the linkers cannot avoid entering the tube
composition any more and necessarily start detaching, causing the substantial increase in
the extrusion force accompanied by a slow tube relaxation dynamics. In agreement with the
simulations findings, our experiments show that for cells that display moderate level of cortex-
linker attachments, depleting ERM protein Ezrin has negligible influence on the extrusion
force but impedes the tube relaxation, while overexpressing Ezrin leads to a significant
increase in the force. Our results point to the importance of local effects – the redistribution
of the membrane-cortex attachments around the protrusion – when mechanically probing
cellular membranes at the nanoscale.

4.2 Simulation details

4.2.1 Monte Carlo simulations

In order to model the extrusion of membrane tubes, we employ a Monte Carlo model in
which the fluid membrane is described as a dynamically triangulated elastic sheet [207–209],
while the cytoskeletal linkers are modelled by attaching some of the vertices to the surface
underneath it by dynamic finite harmonic springs (Fig. 4.1a). The system contains two types
of beads, one type representing the membrane phospholipid patches and another correspond-
ing to ERM (Ezrin, Radixin or Moesin) proteins. These proteins are responsible for linking
the membrane phospholipids and transmembrane proteins to the underlying cytoskeletal
components [199]. The dynamics of the system are governed by a Monte Carlo algorithm
that involves two types of moves: vertex displacement moves and bond flip moves (Fig. 4.1b).
The vertex displacement moves mimic the lateral diffusion of lipids and proteins and allows
for vertical membrane fluctuations. The bond flip moves ensure that the membrane preserves
its fluidity by dynamically rearranging the connectivity. This membrane model captures
correct mechanical properties of biological membranes – bending rigidity, fluidity, and the
response to external forces. The model however does not describe the bilayer explicitly and
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the effects such as interleaflet friction are not included. The model also does not allow for
topology changes such as poration or tube scission.

A tube is drawn from the membrane by applying an external point force to a predetermined
lipid bead. The simulation methodology aims to mimic a slow pulling procedure such as
optical tweezers or an atomic force microscopy experiment. The system’s energy is calculated
using the Hamiltonian described in equation 4.1. This takes into account the energy required
for bending a membrane patch, the energy required to create new surface area as well as the
harmonic potential imposed to extrude the tube. The membrane to cortex attachment energy
is controlled by a series of harmonic springs that can unbind at distances sufficiently far from
the vertical equilibrium position.
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Fig. 4.1 Illustration of a tube pulled from a membrane containing membrane linkers.
a) Side-view of a tubular structure pulled in the presence of cortex-linking proteins (magenta
beads). The linkers are restrained on the vertical plane with a harmonic potential. b) Monte
Carlo bond flip move. Monte Carlo moves are implemented to preserve the membrane’s
fluidity. The bond flips ensure that any bead will not have more than 6 neighbours at any
time. These moves, together with the displacement moves, ensure that the lipids and proteins
can diffuse freely in the membrane’s plane. c) Two adjacent triangles on the membrane mesh
labelled i and j. The vectors ni and n j represent the normal vectors of the triangles. The
Hamiltonian term corresponding to the bending rigidity penalises the misalignment of the
normal vectors.

H =
κ

2 ∑
<i j>

(1−nin j)+ γA+ kpulling(l − l0)2/2+ ∑
k

klinking(zi − z0)
2/2+Hsteric, (4.1)



4.2 Simulation details 69

where κ is the membrane’s bending rigidity, i, j are pairs of triangles sharing an edge,
ni and n j are the normal vectors of the two triangles (Fig. 4.1c), γ is the membrane surface
tension and A is the total membrane area, calculated by summing the individual areas of
all the triangles formed by adjacent membrane beads. kpulling is the pulling spring constant
that controls the tube extrusion, l is the vertical position of the pulled membrane bead and
l0 is its target equilibrium position , which is varied between 20σ and 100σ to obtain the
force-extension curves. The linkers are attached to the membrane through an harmonic
potential controlled by the spring constant klinking (Fig. 4.1a). The vertical position of each
linker is denoted by zi with z0 being its equilibrium vertical position. Hsteric is a term that
accounts for the hard sphere repulsion between beads, forbidding any two beads to be closer
than σ . The beads are not allowed to be at distances greater than 3σ to avoid the formation
of holes and pores.

A single Monte Carlo sweep consists of Nvertices attempts at displacing a vertex and
Nvertices/2 bond flip attempts, where Nvertices is equal to the total number of membrane beads.
In this case Nvertices = 3600 and the initial vertical side lengths Lx = Ly = 60σ . The accep-
tance probability of a Monte Carlo move is controlled by a simple Metropolis-Hastings
criterion p = min[1,exp(−∆E/kBT )], where ∆E is the energy change after a potential Monte
Carlo move. The simulation is run in the NApT ensemble, where Ap is the membrane’s
projected area. The bending rigidity is set to κ = 20kBT , and the surface tension is kept
constant at γ = 3kBT/σ2. The pulling constant, kpulling = 1kBT/σ2 , is chosen to ensure that
the extrusion is slow enough such that the membrane beads can diffuse and rearrange on
the timescale of the tube extrusion. The resulting force matches those in the experiments
(∼10pN) when by taking the MC unit length to be σ = 10 nm (which also matches the
experimentally observed tube radii of tens of nm. The linkers are subjected to an additional
harmonic potential with constant klinking = 3kBT/σ2, but they are allowed to freely diffuse
in the membrane’s plane. The linkers are allowed to unbind if they are displaced from their
vertical equilibrium position of z0 =−3σ by more than 5σ , but also to rebind to maintain the
simulation’s detailed balance. The choice of the equilibrium position and attachment constant
did not significantly affect the results. The membrane is equilibrated for 300,000 Monte
Carlo steps and then the simulations are run for 2 million steps in total. During equilibration,
additional volume change moves are implemented to relax the membrane surface tension.
After equilibration, the spheres on the membrane’s edge are fixed in place and the box size is
kept fixed during the extrusion. We checked that the system has enough excess membrane
area such that the boundary conditions do not affect our results, by running simulations in
which the membrane side length was increased from 40σ to 70σ .
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The force profile is recorded by running a set of simulations in which a single randomly
chosen central membrane bead is pulled to incrementally increasing equilibrium positions.
The membrane will thus exert a restoring force on that bead. The force profile is then recon-
structed from the average values of the force at every extension. This procedure allows the
reconstruction of the force-extension curve obtained in a static pulling experiment. The force
experienced by the protrusion’s tip decreases as the protrusion grows. The force eventually
converges to a finite nonzero value as the protrusion reaches its maximum extension. The
measured pulling force is calculated as Fpulling = kpulling∆z, where kpulling is the pulling force
constant and ∆z is the distance between the point being pulled and its vertical equilibrium
position. As such, the force will not reach a zero value and the protrusion will grow until
it reaches an extension around which it will fluctuate. We measured the force by averaging
it over the course of the 1 million Monte Carlo steps, ensuring that it reached convergence.
Each force-extension curve is obtained from averaging over five different random seeds,
unless otherwise specified.

4.2.2 Molecular dynamics simulations

We further investigate the extrusion of membrane tubes by employing a molecular dynamics
approach.2 The system under study consists of an initially relaxed sphere of Nparticles = 48002
membrane and protein particles giving a radius of R ∼ 56σ as illustrated in Fig. 4.2. The
vesicle contains two types of beads, one representing the membrane lipids and another
corresponding to ERM proteins. Both are modelled using the single particle thick model
developed by Yuan et al. [210] which reproduces biologically relevant mechanical properties
of membranes such as bending rigidity and lipid diffusivity.

Within this model, the membrane particles are represented by axysimmetric beads, their
axis of symmetry corresponding to the longitudinal direction of lipid molecules (Fig. 4.2b).
The interaction between these beads is controlled by two potentials, u(r), and φ(r̂i j,ni,n j),
which account for the distance between particles, and for the relative particle orientation.
The distance-dependent potential, u(r), is given by:

u(r) =


uR(r) = ε

[(rmin

r

)4
−2

(rmin

r

)2
]
, r < rmin

uA(r) =−εcos2ζ

[
π(r− rmin)

2(rc − rmin)

]
rmin < r < rc

(4.2)

2The molecular dynamics simulations were developed and analysed by Christian Vanhille Campos. The au-
thor advised on the implementation and development of the simulations as well as on the results’ interpretation.
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Fig. 4.2 Illustration of membrane tube extrusion from a vesicle via a molecular dynam-
ics simulation. a) A membrane tube is extruded from a spherical vesicle. The vesicle
consists of two types of beads representing phospholipid clusters and cortex-linking proteins.
The latter are attached to the vesicle’s centre via harmonic springs. b) Schematic of two
axysimmetric membrane beads interacting through an orientation-dependent potential.

where r is the distance between the membrane beads, ε is the simulation unit of energy, rmin

is the distance cut-off of the repulsive branch, denoted uR(r), and rc is the distance cut-off of
the attractive branch, denoted uA(r). The exponent ζ modulates the slope of the attractive
branch, ensuring the potential decays smoothly in order to preserve the membrane’s fluidity
and structural integrity.

The orientation-dependent term, φ(r̂i j,ni,n j), reads:

φ(r̂i j,ni,n j) = 1+µ
[
a(r̂i j,ni,n j)−1

]
, (4.3)

where ni and n j are the unit vectors corresponding to the axes of symmetry of membrane
beads labelled i and j, and r̂i j denotes the vector connecting the coordinates of the two
particles (Fig. 4.2b), µ is a constant, and a is:

a =
(
ni × r̂i j

)
·
(
n j × r̂i j

)
+ sinθ0

(
n j −ni

)
· r̂i j − sin2

θ0 (4.4)

where θ0 is an angular term that controls the spontaneous membrane curvature.
Finally, the resulting form of the potential is:

U(r̂i j,ni,n j) =

{
uR(r)+ [1−φ(r̂i j,ni,n j)]ε, r < rmin,

uA(r)φ(r̂i j,ni,n j), rmin < r < rc
(4.5)
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The specific parameters of the model are chosen to encode for a membrane of vanishing
spontaneous curvature and bending rigidity of 15 kBT , kB being the Boltzmann constant
and T being temperature. Using the original paper’s notation: ε = 4.34 kBT , ζ = 4, µ = 3,
rmin = 1.12σ , rc = 2.6σ and θ0 = 0.

To account for the membrane-cortex cross-linking of the ERM beads, we introduce an
additional ghost particle not subject to any dynamics at the sphere’s centre, tethering the
linker beads to an equilibrium distance rlink = 54σ via a harmonic potential of constant
klink = 1 kBT /σ2. It should be noted that this potential only imposes a preferred radial
distance to the vesicle’s centre, but it allows the protein beads to freely diffuse on the
membrane surface. Finally, we model the tube extrusion process via an external bead of
size r = 3σ subject to a harmonic potential of constant kpull pulling it to an equilibrium
target extension Z0 above its initial position (4.2a). The particle is initially positioned above
the vesicle and is bound to it via a Lennard-Jones potential of strength ε = 6kBT , with an
equilibrium distance rmin = 2σ and cutoff at rc = 5σ . The system’s conditions are therefore
fully defined by only two free parameters: the ERM protein density, which we vary between
0 and 10 %, and the target extension Z0 (the pulling potential’s contant kpull is adjusted
for an initial pulling force F0 = kpull Z0 = 30 kBT /σ ) which we vary between Z0 = 10σ

and Z0 = 400σ . We run simulations using the open source molecular dynamics package
LAMMPS [157] with a Langevin thermostat (at T = 1 ε/kB and damping coefficient of 1)
within the NV E ensemble for 200,000 time-steps, each of size 0.01 simulation time units
(
√

m σ2/ε), after and initial 2000 relaxation steps (without pulling) to allow for equilibration.
The results further presented in this chapter are the result of three independent runs for each
simulation setup.

4.3 Results and discussion

The force profile for the bare membrane. We first ensure that our Monte Carlo model
reproduces previously measured force-extension profiles for non-attached membranes. To
that end we apply a vertical pulling force on a small membrane patch in the centre of a
membrane in the absence of any linkers. This leads, at first, to the extrusion of a cone-like
structure (Fig. 4.3a). The force-extension profile shows a linear elastic response until a
critical threshold is reached. The force then drops by around 8% and the protrusion undergoes
a shape transition from the catenoid to a thin tubular structure as shown in Fig. 4.3b and
the extrusion force eventually reaches a plateau. This extension profile is consistent with
experimental and theoretical studies of tether extrusion on free membranes that show the
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Fig. 4.3 The membrane is extruded into a tubular structure. (a) The membrane is
modelled as a uniform thin sheet made of a single layer of phospholipids (grey beads). The
membrane is pinched at a central bead and a tubular structure is extruded. b) The force-
extension curve for a homogenous membrane (in the absence of any cortex-linkers) shows
a peak at an extension of approximately l = 50σ which corresponds to a transition in the
protrusion’s aspect from a truncated cone to a thin elongated tube. The curve eventually
reaches a plateau after which the extrusion proceeds at the same force. The shaded area
represents the standard error for measurements from 10 different simulation seeds. Inset:
Example of an experimental force-extension curve corresponding to the extrusion of a
membrane tube from a giant vesicle. Reproduced with permission from [194].

familiar profile of a barrier followed by a plateau (Fig. 4.3b inset) [193]. It has been shown
that the height of the barrier is influenced by various factors such as membrane composition,
speed of pulling and the area of contact between the membrane and the pulling object, while
the plateau is typically determined only by the membrane bending rigidity and surface tension
[195, 206, 211, 212]. We next explored how this force-extension curve is influenced by the
addition of proteins linking the cytoskeleton to the membrane.

Extrusion force has a non-linear dependence on cortex-linker density. Cytoskeletal
attachments, or linkers, were introduced into the system by connecting a fraction of membrane
beads to a virtual plane beneath the membrane by a generic, finite harmonic, potential (Fig.
4.4a). Such a bond can be broken if sufficiently extended. Although some membrane-cortex
linkers can exhibit more complex behaviour such as catch-bond [213], this simple generic
form of binding is believed to represent well the ERM proteins [214].

As the membrane tube is extruded from such a pinned membrane, we observe that the
linkers tend to disperse away from the tube since there is a high energetic cost associated
with opposing the pulling force and entering the tether. This causes the force required for
extrusion not to be significantly affected by the linker attachments for moderate protein
fractions, as shown in Fig. 4.4a. As a result the force profile shows a characteristic activation
barrier required for the shape transition of a pure membrane. In the early stages of the tube
formation, the force required to reach the same extension is slightly greater at higher protein
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Fig. 4.4 Force-extension curve in the presence of membrane linkers. a) Force extension
curves at small and intermediate linker densities are not significantly affected by the presence
of linkers. The peak and plateau forces remain constant independent of protein density
(legend indicates the protein number density, ε is the simulation unit of energy of 1 kBT
and σ is the simulation unit of length). b) The force on the tube tip measured for the target
extension of 60σ , averaged between 1×106 and 2×106 MC steps. At high expression levels
of the proteins the force increases substantially. Inset shows the fraction of proteins in the
composition of the tube. c) At low densities, the force does not vary significantly over a wide
range of tether extensions. The force increases substantially if the protein is overexpressed
due to the high energetic cost associated with detaching the linkers from their rest positions.
The markers correspond to the force and extension values recorded for a target extension of
60σ , as quoted in Fig. 4.4b. d) The tube radius decreases as the tube is extruded. The protein
density modulates the radius. The error bars and shaded regions in (a),(b),(d) represent the
standard error of the measurements over 5 different simulation seeds.

concentrations [202], but the plateau force does not show a significant difference. The tube
radius is however reduced by the presence of the linkers as illustrated in Fig. 4.4d: as the
linker density increases, there is less material freely available for the tube growth, resulting
in a decrease of the tube diameter.

If the linker density is high enough such that it is comparable to the concentration of
lipids, in our case above 30%, the growth of a protrusion requires a large scale concerted
reorganisation of the linkers in order to facilitate the transport of sufficient material into the
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Fig. 4.5 The linkers are excluded from the tube at intermediate linker densities. (a)
Top-view of the membrane before and after the extrusion of the tube. The linkers avoid
the tube and prefer to segregate into small clusters. (b) The average separation between the
linkers decreases as the tube is extruded from the membrane. The linkers cluster size (dark
purple line, inset) increases as the extrusion progresses (linkers are considered in the same
cluster if the distance between them is less than 3σ ). The data is obtained from averaging
over 20 simulations where the tube is extruded to a target length of l0 = 60σ . The shading
represents the standard error of the measurements over 5 different simulation seeds. (c)
Heatmaps showing the number of linkers per unit of membrane area at low (5%) and high
(50%) linker densities. The squares are weighted according to the membrane area they
contain. The central region, where the tube is extruded, (marked with a red ’X’ symbol) is
depleted of linkers at low densities, showing that proteins prefer to diffuse away from the
tube. At high densities, the proteins are distributed uniformly with a significant fraction
trapped inside the tube.

tubular structure. In this case the linkers cannot effectively exclude themselves from the tube
and will experience a pulling force, at the same time slowing down the dynamics of tube
extrusion. The growth of a protrusion hence becomes expensive, resulting in an exponential
increase in the pulling force, as seen in Fig. 4.4b, eventually fully preventing tube extrusion.
As such, the protein expression levels regulate the shape of the force-extension curve. At
low protein densities, the shape of the curve is not significantly influenced by the protein
density, showing a consistent characteristic force barrier followed by a flat plateau over a
large extension (Fig. 4.4a). If the protein is overexpressed, the measured force increases
dramatically as the proteins will be forced to detach from the membrane and they will be
included in the tube (Fig. 4.4b and Fig. 4.4c). The measured force will thus be significantly
greater in this linker expression regime.

Linkers are excluded from the tube at intermediate densities. Fig. 4.5a depicts how
the linker proteins dynamically rearrange around the tube during tube extrusion in our
simulations. To minimise the strain imposed on the membrane the linkers avoid the region
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around the tube neck, giving rise to a concentration gradient in proteins around the tube. To
minimise the perturbation to the membrane the proteins also tend to segregate into small
protein-rich clusters (Fig. 4.5b). These results indicate that pulling the tube promotes the
local aggregation of proteins by depleting the available phospholipid membrane area. The
tube itself can contain small concentrations of trapped proteins (Fig. 4.5c).

Fig. 4.6 Number of linkers inside the tube for different attachment energies. The flow
of linkers inside the protein is heavily influenced by the protein binding. At higher attachment
energies, the linkers will avoid the tube and partition preferentially in the membrane. The
linker attachment constant, klinking, was varied between 0 kBT/σ2 and 3 kBT/σ2, whilst
keeping the number density of proteins constant at 20%.

Furthermore, we observed that the partitioning of proteins between the tube and the
membrane is influenced by the linker binding energy, with higher binding energies resulting
in stronger linker exclusion from the tube and smaller tube radii (Fig. 4.6 and Fig. 4.7).
We first examined how the protein binding strength influences the tube shape and protein
partitioning between the membrane and the tube. At high linking attachment energies, the
proteins partitioned preferentially into the membrane and avoided the tube entirely. This led
to the formation of very thin elongated tubes with few proteins trapped inside (Fig. 4.6). At
lower attachment energies, more linkers partitioned inside the tube, as the detachment cost
is easier to overcome. The attachment energy highly influences the tube radius. The tube
diameter decreases inversely proportional to the attachment energy (Fig. 4.7).

The linkers’ attachment energy also influences the values of the recorded pulling force.
We studied how the critical density of linkers at which the extrusion force increases dramati-
cally (as previously shown in Fig. 4.4) is affected by the binding strength. As illustrated in
4.8, we observe that the crossover point from a flat to a rapid increase in the measured force
can be shifted to lower protein densities by increasing the linkers’ binding strength.
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Fig. 4.7 Influence of the attachment energy on tube radius. The extruded tubes are thinner
at higher attachment energies, as the proteins are pinned stronger to the membrane and hinder
the free flow of lipid material inside the tube. The measurements correspond to a protein
density of 20%.
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Fig. 4.8 Influence of attachment energy on the shape of the force vs protein density
curve. The forces were measured for a target extension of 60σ . The results are averaged
over five simulation seeds.
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a) b)

Fig. 4.9 Measuring plateau force for varying Ezrin levels. (a) Force regimes observed
during tether pulling from cells corresponding to the steps depicted on the right. A bead at
equilibrium position (1) is brought into contact with a cell (2). When the stage is pulled away
from the trap, an initial force peak required to detach the membrane from the underlying actin
cortex (3) is quickly followed by a stable force Ftether (4). (b) Plateau forces in HEK293T cells
overexpressing GFP (n=19), GFP-EzrinWT (n=28), GFP-EzrinTD (n=21) or treated with
control siRNA (sicontrol, n=36), Ezrin siRNA (siEzrin, n=23), or ERM siRNA mix (siERM,
n=18). mean±S.D (**p = 0.008; *p = 0.03). The figure was made by the collaborators
Thibaut Lagny, Evelyne Coudrier and Patricia Bassereau. Reproduced with permission from
[183].

Influence of the depletion and over-expression of Ezrin on tube extrusion. In order
to qualitatively compare simulation results to experiments, we pulled tethers from adherent
cells as depicted in Figure 4.9a with a typical length of 10 µm. As previously shown, the
initial force overshoot depends on the interaction area between the bead and the plasma
membrane [195] and is not well controlled under experimental conditions (Figure 4.9a – step
3). Upon tube formation the force next decreases and rapidly reaches a plateau. To measure
the static tether force, we waited 10 seconds to let the force equilibrate (Figure 4.9a – step
4). In agreement with previous reports [215], we confirmed that the tether force does not
depend on tether length over a broad range. In addition, special care was taken to ensure the
measurement of forces for single tethers only.3

We measured a tether force of 16.0 ± 2.7 pN in HEK293T cells, which is at the lower end
of values reported for adherent cells [216]. We checked that the tether force is unchanged
when the membrane receptor EphB2 is expressed (HEK-EphB2). It is similar in HeLa cells,
yet higher in RPE-1 cells, highlighting that the static tether force varies depending on the
cell type. Next we studied the effect of the manipulation of the expression level of ERM on
tether force. GFP-Ezrin is binding actin in a phosphorylation-dependent manner, whereas
the phosphomimetic mutant GFP-EzrinTD permanently links actin to the membrane [217].
We found that the depletion of Ezrin or ERM using siRNA [218] did not change the tether

3The experiments were carried out by Thibaut Lagny, Evelyne Coudrier and Patricia Bassereau.
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force compared to the control (Fig. 4.9b), while the expression of recombinant Ezrin-WT
and Ezrin-TD proteins significantly increases the force in HEK cells as compared to control
(Figure 4.9b). For more details regarding the experimental procedure, we refer the reader to
[183]. These results favourably compare to our simulations where we found that the force to
extrude tethers increases only when the expression level of linkers is substantially increased.
Moreover, depleting Ezrin/ERM enabled faster tube relaxation (Fig. 4.10b), in agreement
with what has been observed in simulations (Fig. 4.10a). These dynamic results show that the
presence of linkers imposes a barrier for the diffusion of membrane components, effectively
increasing the local friction [206, 219].

a) b)
Linker density

Fig. 4.10 Tether extrusion dynamics depends on the density of linkers. a) Simulations:
As the tube is extruded the force acting on the protrusion’s tip decays to a constant non-
zero value. The dynamics of this relaxation is slower at higher linker density. Each curve
represents an average over 5 simulation repeats. b) Experiment: upon fast tube elongation
the force relaxes to a constant non-zero value with a time-scale that is faster upon depletion
of ERM/Ezrin. The figure b) was done by the collaborators Thibaut Lagny, Evelyne Coudrier
and Patricia Bassereau. Reproduced with permission from [183].

Simulations show that linkers stabilise single isolated membrane tubes. Membrane
tubes pulled from bare membranes have been previously shown to merge in each other’s
proximity, as the free energy change involved in this process is always favourable [220, 193].
To test the influence of the linkers on the interactions between protrusions we pulled two tubes
at an initial separation of ∆L = 20σ and allow them to diffuse freely. For bare membranes we
observe that the two tubes grow and eventually merge through the basal truncated cone-like
structure into a characteristic Y-shape as shown in Fig. 4.11a. This finding is in qualitative
agreement with the structures observed in double tube experiments [220]. Interestingly, when
the linkers are introduced, the probability of tube fusion decreased substantially and is lower
at higher linker densities (Fig. 4.11c).

To quantify this effect we measured the relative separation between the tips of the two
pulled tubes during the course of the simulation (Fig. 4.11b). The average separation
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Fig. 4.11 Protrusion coalescence is hindered by linkers. (a) Tubes coalesce into a Y-
shaped structure. (b) The distance between the pulled points decays quickly at low protein
densities, showing the tendency of adjacent tubes to coalesce. At higher densities, the linkers
will maintain a stable distance, as they are prevented from fusion. The shading represents the
standard error of the measurements over 20 different simulation seeds. (c) The percentage of
tubes that fuse into a single structure decreases at greater linker densities.

between the tubes decreases more slowly at greater protein densities, indicating that the
linkers act as obstacles in the merging process. The fusion requires the neck of the tubes
to be depleted of linkers before it can take place. The proteins thus act as a barrier for the
fusion process, stabilising isolated tubes. Our findings are in an excellent agreement with
the study of Nambiar et al. [221], where the authors found the membrane tethers coalesce
more frequently when the membrane-cortex attachment is decreased by depleting myosin 1
proteins, just like in our simulations. It can thus be concluded that the membrane linkers can
serve to stabilise protrusive structures involved in physiological processes. Along the same
lines, Datar et al. found that the membrane tethers move more easily on the surface of axons
when the cytoskeleton is disrupted [219].

Comparison with non-diffusive linkers. In order to check how the diffusivity of the
linkers influences the results presented previously, we ran simulations in which the membrane
linkers are not allowed to diffuse laterally for more than 0.3σ from their post-equilibration
position during the tube extrusion. The linkers are still allowed to detach vertically and to
rebind as previously described. At small linker densities, the static linkers display a slightly
higher barrier to extrude a tube, but once the tube has undergone the shape transition, the
plateau force required to pull the tube is identical to one for diffusive linkers as illustrated
in Fig. 4.12. This is because the membrane flows around the linkers and enters the tube,
while the linkers still avoid entering the tube. At higher expression levels, in the case of
the static linkers, the plateau force increases as the membrane redistribution around them
is not possible any more and the linkers need to detach for the tube to grow. This result
is qualitatively similar to the one from the dynamic linkers. The only difference in the
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Fig. 4.12 Force measurements for static linkers. a) Comparison between the force-
extension curves of static and diffusive linkers at 5% protein density. b) Force vs. protein
density at a target extension of 80σ for both the static and diffusive linkers.

force-extension between the two is that the cross-over between the two regimes occurs at
lower linker densities in the case of static linkers, as shown in Figure 4.12b. In addition, in
the case of static linkers, the linker clustering is not possible and hence not observed.

Molecular dynamics simulations 4

Throughout this chapter we have investigated the role of membrane-cortex linkers on the
extrusion of membrane tubes using Monte Carlo computer simulations of planar lipid sheets.
To further support our observations we complement these results with molecular dynamics
simulations of large spherical lipid vesicles subject to an extruding force in the presence
of linker proteins. In this section we will explore the results from molecular dynamics
simulations, showing how they match the previous simulations, further proving the generality
of our results.

The first notable result we recover via the molecular dynamics simulations, despite the
significant geometry differences with respect to the Monte Carlo simulations discussed so far,
is the redistribution of the linkers as a result of the tube extrusion. As illustrated in Fig. 4.13,
protein density fluctuates around its average value far from the tube but rapidly increases as
we approach the tube’s base until reaching a maximum in the tube neck region. The protein
density rapidly drops to zero inside the tube. Indeed, in agreement with with our previous

4The molecular dynamics simulations were developed and analysed by Christian Vanhille Campos.
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results in Fig. 4.5, we observe again that linkers are excluded from the tube and accumulate
around it immediately following extrusion.

Fig. 4.13 Linkers are excluded from the extruded tube, resulting in an accumulation
in the periphery around the tube’s neck. The local density of proteins along the z-axis
(only positive direction) normalized by the average density of the particular setup (2, 5 and
8 % respectively, see legend). Each point represents the protein density on a membrane
slice of width w = 5σ centered at a certain height z above the midpoint of the vesicle,
centred over three independent runs. Shaded regions correspond to the standard deviation of
measurements. The vertical dotted line indicates the tube base position. The snapshot to the
right serves as an example to illustrate this accumulation phenomenon for the 2 % case. All
three different setups correspond to a target extension of Z = 100σ . The figure was made by
collaborator Christian Vanhille Campos. Reproduced with permission from [183].

Furthermore, we also investigate the dependency of the tube radius on the tube’s extension
and the protein density. As shown in Fig. 4.14, the tube radius exhibits a similar decaying
profile with tube extension for different protein densities, manifesting the transition from
a cone-like structure to a thin elongated tube, as displayed in the two insets. Furthermore,
we also observe how, for a given tube extension, the linker density has a modulating effect
on the geometry of the tube, which narrows as the density increases (displayed in the three
snapshots to the right of Fig. 4.14). As discussed previously, we attribute this result to the
fact that an increase in ERM linkers limits the amount of freely available membrane material
to be extruded. The results are in excellent qualitative agreement with Fig. 4.4d which shows
a similar modulating effect of the linkers on the tube radius.

Finally, we also reproduce the strong increase in equilibrium pulling force at high protein
expression levels seen in Fig. 4.4c. As presented in Fig. 4.15, we observe that in the lower



4.3 Results and discussion 83

Fig. 4.14 Radius of extruded tubes decreases with tube height and protein density. Ra-
dius of the extruded tube measured at different equilibrium extensions for three ERM protein
density (colour-coded, see legend). Each point is the result of averaging over three indepen-
dent runs. Shaded regions correspond to the standard deviation of measurements. Insets and
snapshots to the right exemplify the equilibrium situation for different setups (see symbols).
Lipid beads are coloured according to protein density following the legend. The figure was
made by collaborator Christian Vanhille Campos. Reproduced with permission from [183].

range of explored linker densities the equilibrium force (computed as F = kpull ∆z, see the
simulation details section) for a given target extension remains fairly low and constant and
does not display any noticeable changes as the density increases into intermediate ranges.
However, as we reach the higher values of ERM protein densities (i.e. 9% and 10%) we
observe a sharp increase in the equilibrium pulling force for different target extensions.

In summary, by implementing an alternative computational approach to investigating
the role of membrane-cortex linkers on the extrusion of membrane tubes, we are able to
provide evidence of the universality of some of the main features of membrane tube extrusion.
Indeed, we have shown that key elements of this process such as protein redistribution, tube
geometry modulation by protein density and tube elongation and even the substantial increase
in the extrusion force for higher protein concentrations are all present independently of the
membrane geometry and type of simulations.
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Fig. 4.15 Force on the pulling bead increases substantially for high protein densities.
Equilibrium pulling force, averaged over three independent runs for each setup, measured
at different ERM protein densities. Shaded regions correspond to the standard deviation
of measurements. The insets exemplify the equilibrium configuration of the system under
different conditions. Lipid beads are coloured according to target extension following the
legend. The figure was made by collaborator Christian Vanhille Campos. Reproduced with
permission from [183].

4.4 Conclusions

Using coarse-grained simulations, where lipid components and membrane-cortex attachments
are modelled explicitly, we found that the force needed to extrude a protrusion has a non-
linear dependence on the density of the membrane-cortex attachments. At low and moderate
densities of the attachments the amplitude of the force needed to extrude a protrusion is
unchanged compared to the bare membrane. In our model this is caused by (i) the ability of
the membrane to flow around the attachments, effectively excluding the attachments from
the tube and (ii) the ability of the attachments to diffuse away from the tube rather than to
oppose the tube extrusion. In contrast, when the linker density is increased above a certain
threshold, the force needed for tube extrusion increases significantly, as the linker exclusion
out of the tube becomes prohibitively slow, as also demonstrated by a slower relaxation of
the force to the equilibrium value.
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The linkers’ diffusion in our model effectively captures dynamic ERM attachment and
detachment from the cortex [222]. To test the influence of the linkers’ diffusion on our
key results on the non-linear dependence of the extrusion force on the linker density, we
repeated these measurements for the case where the linkers cannot rearrange and diffuse in
the membrane plane, but can still detach. As shown in Fig. 4.8, the non-linear behaviour
of the force versus linker density remains unchanged, although the point of cross-over was
again shifted to lower the linkers’ density.

Our simulations indicate that great care should be taken when modelling the membrane-
cortex attachments in an effective way, for instance by describing them as a uniform
membrane-surface adhesion or rescaled membrane tension. Here we clearly show that
the local effects, such as the exclusion of linkers from the tube, can have non-trivial effects
on the resulting extrusion force, as well as on the protrusion radius.

Our experimental results align well with such non-linear effects observed in simulations
and show that depletion of Ezrin/ERM does not have significant influence on the plateau force,
while the over-expression does. Such a response could indicate that the density of linkers in
HEK cells might lie close to the critical transition from a plateau to exponential part of the
force versus linker density curve. Previous papers based on static tether force measurements
have reported effects of Ezrin and myosin 1 isoforms on effective membrane tension in
non-adherent cells such as lymphocytes [203], or in cells with high blebbing propensity
[112]. By interfering with the membrane-cortex attachment Diz-Muñoz et al. showed that a
decrease in the attachment led to a decrease in the force required to pull a membrane tether
from developing zebrafish embryo [202]. Recently, Berget et al. reported that incorporating a
synthetic linker that increases the membrane-cortex attachment in embryonic mouse cells led
to an increase in the tether-extrusion force [223]. Similarly, de Belly et al. [224] observed
that mouse embryonic stem cells that display membrane blebbing, which is believed to be a
sign of low membrane-to-cortex attachment, require lower force for tether extrusion than
non-blebbing cells. In all of the above cases the forces required for tube extrusion from
embryonic cells (∼50 pN) were substantially higher than in the case of HEK cells probed
here (∼10 pN). It is hence likely that the expression level of membrane-cortex attachments
in embryonic cells is naturally higher than in epithelial cells studied here, which would cause
the experiments to probe the right-most part of the non-linear curve presented in Fig. 4.4c,
where the force severely depends on the linker concentration.

The critical density of linkers after which the force increases is expected to depend
on the details of the system as well as on the pulling procedure. It is important to note
that, due to the simplicity of our model and the lack of experimental information on the
interactions and local densities, it was not our intention to provide quantitative mapping
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to an exact experimental system. In fact, our simulations clearly show that when using
different models that assume different protein-cortex interactions and different degrees of the
membrane and linkers’ diffusivities, the value of the critical linker density can substantially
change. However, our central result – the non-linear nature of the force versus linker density
curve – remains unchanged. So far, the experiments presented in this chapter have only
been used to validate and parametrise the simulation models. It would be interesting to
further use the simulations to make experimental predictions for the value of the extrusion
force in various experimental set-ups. However, the predictions resulting from this approach
should be interpreted carefully, as the transition point from a flat plateau to an exponentially
increasing curve highly depends on the simulation parameters involved, as shown previously
in Figs. 4.4b, 4.4c and 4.15. As such, it is essential that the simulations are first benchmarked
and parametrised for the respective biological system in order to yield sensible predictions.

Our simulations and experiments were carried out in a quasi-static way, which is compa-
rable to the rate of filopodia growth [225], and allows enough time for the linkers to exclude
themselves out of the tube for low and moderate linker densities. Such a pulling is however
still not infinitely slow, and for high linker densities the force is not necessarily relaxed.
Hence it can be expected that the critical linker density for which the force increases will
be shifted to higher values for even slower pulling and longer equilibration times, both in
simulations and experiments. Likewise, in fast dynamic pulling experiments the crossover
might be shifted to lower linker densities, or the initial plateau of constant force might be
completely absent. Interestingly, non-linear effects similar to those reported in here were
observed in dynamic tether pulling experiments via hydrodynamic flows in red blood cells.
The extrusion velocity of the tube was observed to depend on the extrusion force in a nonlin-
ear fashion, which was also attributed to the dynamical feature of membrane-cytoskeleton
attachments [191].

Numerous other effects can be present in live cells that contribute to the membrane-
pulling force when the level of ERM proteins is changed. This can for instance include
changes in cell adhesion, and changes in the cytoskeleton architecture and flow, which all
might have an influence on the global tension and/or local force. However, even in the
minimal system presented in our simulations it is apparent that the role of membrane-cortex
attachments might be non-trivial and that their contribution cannot be necessarily considered
as a "rescaled adhesion" or "effective tension".

Finally, in simulations we observed that the linkers have a substantial effect on the
stability of protrusions, preventing their diffusion and rendering them more stable against
coalescence with other tubes, well in line with previous experimental observations of the
increased tube coalescence upon depletion of myosin 1 proteins. We hope that our simulations
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and experiments will renew discussions on the mature but still unsolved question of the
influence of membrane-cortex attachments on membrane tension and membrane reshaping,
and stimulate the investigation of local effects and protein dynamics in the formation of
membrane protrusions.



Chapter 5

Force-induced self-assembly of
fibronectin residues into fibrillar
networks

The extracellular matrix plays a crucial role in mediating the growth and development of
cells and tissues by regulating cellular adhesion and motility. Fibronectin is an essential
structural component of the extracellular matrix, enabling its interaction with the cellular
surface through specific membrane receptors. Fibronectin monomers are known to self-
organise into extended fibrillar networks under the influence of an external mechanical
stimulus. In the initial stages of this assembly process, some fibronectin monomers undergo
conformational changes that expose previously buried hydrophobic sites which in turn
stimulates intermolecular fibronectin-fibronectin interactions and leads to their aggregation
into fibrils and fibers. The dynamics underlying fibrillogenesis are still unclear due to the
system’s sheer chemical complexity and the relatively inaccessible length and time scales
involved through conventional experimental methods. By developing a minimal coarse-
grained model that mimics the force-induced conformational change of the fibronectin
monomers, we find that only a fraction of the protein is necessary to unfold in order to
promote the formation of an ordered scaffold. We further show that the fibrillar morphologies
are substantially influenced by the magnitude of the external nanomechanical stimulus applied
to the system. We represent the resulting fibronectin mesh-like networks as undirected graphs
and study the relationship between the graph properties and mechanical stimuli. We find
that the mechanical load determines the graph’s connectivity and cohesion. Furthermore, we
show that the protein networks can dynamically disassemble if the tensile load is released,
reminiscent to observations from experimental studies. Our results can shed light on the
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pathways of mechanically-induced self-assembly and provide insights for the rational design
of functional biomimetic polymers.

5.1 Introduction

The extracellular matrix (ECM) is a complex environment responsible for providing structural
support as well as acting a source of numerous growth factors for cells and tissues [80].
It plays an important role in cellular adhesion, proliferation and motility [226–228]. The
ECM has a highly diverse biochemical composition, consisting of a heterogeneous mesh of
water, minerals, proteoglycans and fibrous proteins [228]. One essential ECM biomolecule
is fibronectin, a structural protein organised into fibrillar networks through its interaction
with cellular surfaces [229]. Fibronectin participates in cellular adhesion, anchoring cells to
the ECM via transmembrane proteins, as well as in tissue homeostasis and wound healing
[230]. Loss of fibronectin assembly stops embryogenesis and erroneous assembly promotes
scarring, tumorigenesis and fibrotic disease [79]. From a structural point of view, fibronectin
is a homodimeric modular glycoprotein with each monomeric unit containing three different
types of modules: FnI, FnII and FnIII. The former two are kept compact by highly stable
cystein bridges [231, 232], while FnIII contains a cluster of labile hydrogen bonds that
can be broken during protein conformational changes [233]. This is a key feature for the
self-organisation of fibronectin into complex networks. The first step in the self-assembly
pathway is the binding of free-floating fibronectin monomers to the transmembrane receptors
integrins [234]. This leads to an increase in the local concentration of both fibronectins
and integrins at certain regions on the cellular membrane [230]. Since the transmembrane
receptors are tightly connected to the actomyosin cortex, their local accumulation imposes a
mechanical stress on the cytoskeleton, increasing the cellular contractility. The cytoskeletal
forces are then transmitted back to the fibronectin monomers adsorbed on the cellular surface,
activating a conformational change within the FnIII residues [235]. This process is believed
to expose cryptic hydrophobic sites which can further interact with other binding sites found
on FnI, FnIII and on other ECM proteins (as illustrated in Figure 5.1) [236, 237]. These
interactions promote fibronectin’s aggregation into a nascent fibrillar network [79]. The
fibronectin monomers thus act as a nanomechanical switch, their mechanosensitive properties
allowing them to self-organise under the application of a mechanical stress. The complete
aggregation pathway is not fully understood yet due to the large number of chemical species
involved as well as due to the length and time scales involved which are relatively inaccessible
through classical experimental approaches. Computational methods are thus ideally suited for
studying the dynamics underlying fibrillogenesis. Most of the existing computational studies
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of fibronectin are focused on the unfolding of single molecules [238–240]. These studies
propose different unfolding pathways of the labile FnIII residues. However, the mesoscale be-
haviour of fibronectin is inherently driven by multi-protein interactions. Recently, a minimal
model of fibronectin by Vogel et al. was used to explore the mechanical response of multiple
fibronectin molecules organised into thick fibrils, successfully reproducing the corresponding
experimental stress-strain curves [241]. In this study, the fibronectin monomers are modelled
as flexible chains harbouring a single cryptic binding site which is exposed when the chains
are subjected to an external force. Another notable coarse-grained model by Bradshaw et
al. investigated the hierarchical unfolding of multiple fibronectin fragments within fibers.
This study showed that force load is unequally distributed among fibronectin monomers
and suggested the monomers’ arrangement is finely tuned to give fibronectin its elastic
properties [242]. Nevertheless, there are currently, to our knowledge, no known studies that
investigate how mechanical forces can induce the formation of fibronectin fibrillar networks.
Understanding the mechanisms underlying this force-induced self-assembly process remains
paramount for shedding light on the early stages of the ECM development and for being able
to rationally design synthetic polymers with similar functionalities.

In this chapter we developed a minimal coarse-grained model of the fibronectin monomers
that is able to capture the protein’s dynamic unfolding under an external mechanical stress as
well as its subsequent self-assembly into a fibrillar mesh. We focus only on modelling the
FnIII domain as it is directly involved in the early stages of the fibronectin self-organisation
process due to its characteristic labile hydrogen bonds. We model this protein domain as
a collection of seven rigid rod pairs connected by flexible loops meant to mimic its seven
β -sandwich structures connected by flexible protein fragments. A stripe patch of attractive
beads was placed on the surface of the rigid regions to replicate the hydrogen bonding
sites present in the FnIII domains and to enable the intermolecular fibronectin-fibronectin
interactions necessary for fibrillogenesis. We note that in real systems fibronectin can bind
non-specifically to various other biomolecules such as collagen and fibrin, with multiple
potential binding sites involved in the process [230]. We show that this minimal model
reproduces the self-organisation of free-floating monomers into a fibrillar mesh under the
influence of an external mechanical stimulus. We developed an algorithm to measure the
amount of fibrils in the system and we further investigate the connectivity of the resulting
networks by representing them as graph structures. We found that only a fraction of the
monomers are required to be unfolded in order to promote the organisation of proteins
into a mesh-like structure. The pulling force notably influences the observed architectures
and network connectivity, higher tensile loads yielding aggregates that contain a greater
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Fig. 5.1 Illustration of the fibronectin self-assembly process. Top: Free-floating fi-
bronectin monomers attach to transmembrane receptors. Middle: The receptors exert a
tensile force on the fibronectin monomers which leads to their unfolding. Bottom: The
fibronectin monomers thus expose previously buried hydrophobic sites onto which other
monomers can bind. The illustration was made by Claudia Flandoli.

percentage of fibers and are more ordered and interconnected. Finally, we examine the
dynamic relaxation of fibronectin networks, investigating how the architecture of the resulting
aggregates changes at various points during the tensile loading process.

5.2 Simulation details

Fibronectin model

Fibronectin (Fn) is a homodimeric modular glycoprotein, with each of its subunits containing
three different types of repeating domains FnI, FnII and FnIII [243]. The former two are
held in a folded stable structure by bridging disulfide bonds [244, 245]. The third type,
however, is more flexible and can suffer conformational changes under the application of
an external mechanical force [246]. The conformational changes are accompanied by the
successive breakage of the labile hydrogen bonds found in β -sandwich structures within the
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Fig. 5.2 Coarse-grained model of a fibronectin III domain and its organisation into
complex fibrillar networks. a) Fully folded coarse-grained monomer. The dark purple
patches correspond to attractive hydrophobic sites. b) i) Partially unfolded monomer, the
monomer unravels and some hydrophobic patches are exposed, ii) Completely unfolded, all
binding sites are exposed. c) The application of an external mechanical stimulus induces
orientational order in the system as the monomers organise into a complex network with a
well-defined order.

FnIII domain and the exposure of buried hydrophobic sites which in turn promote further
Fn-Fn interactions. This mechanism stimulates the self-association of fibronectin into fibrils
and fibers, constituting an important step in the early development of the extracellular matrix
[247]. Here, we model the force-induced self-organisation of Fn monomers into fibrils by
developing a minimal coarse-grained model able to capture the unfolding and the subsequent
aggregation of the fibronectin fragments into a porous fibrillar network.

In order to represent the fibronectin monomers, we employ a top-down coarse-graining
methodology which relies on preserving the key structural and functional features of the
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system under study. The overall aim is to develop a minimal representation of a fibronectin
fragment that can assemble into fibrils and fibrillar networks under the application of an
external mechanical stress. From a structural point of view, the model should only retain the
essential aspects such as the presence of folded domains that harbour cryptic hydrophobic
sites as well as intermolecular binding sites. We overlook the molecular level details due to
the multitude of available cryptic and intermolecular binding sites, this level of complexity
being superfluous and uninformative for the length and time scales investigated here. We aim
to reproduce the key functional behaviour from first principles, namely the force-induced
unfolding and fibrillisation under an external pulling force. We chose to only model the FnIII
domain as the other two domains are stable against external forces and do not directly take
part in mediating the growth of the fibronectin network. The FnIII domain is modelled as a
collection of seven pairs of rigid rods connected by flexible loops as illustrated in Fig. 5.2a.
These rigid rods mimic the seven β -sandwich motifs present in FnIII [248]. Each of these
rods is composed of 10 identical hard spheres of diameter σ , where σ is the simulation unit of
length. A vertical stripe patch of 10 beads of diameter σ is added on the surface on the rods,
each of these beads interacting with the others via a truncated-shifted Lennard-Jones potential
of adjustable depth εpp with a radial cutoff set to 1.3σ . These atoms interact with other non-
attractive atoms only through hard sphere repulsive interactions. The patches belonging to the
dimeric subunits can bind and unbind dynamically thus controlling the monomer’s extension
as illustrated in Fig. 5.2b. The minimal model employed here successfully reproduces the self-
assembly of such monomers into a fibrillar mesh as exemplified in Fig. 5.2c. Fluorescence
studies have shown that fibronectin monomers are highly elastic in nature being able to
extend up to four times their length, mainly due to the unfolding of the FnIII domains [249].
We aim to capture this elastic behaviour in our model, and we finely tune the length of the
flexible loops such that the fully extended monomer has an extension approximately four
times that of a compact monomer. The 10 beads in the loop regions are connected with a
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between bonded atoms and r∞ is the maximum bond extent, in this case taken to be 1.5σ ,
with σ being the simulation unit of length. We set kbond = 30kBT/σ2. The atoms in these
flexible regions interact with the other atoms through hard sphere repulsion interactions only.
The parameters were chosen such that the protein monomer is initialised in a compact folded
conformation with the attractive beads facing each other. It should be noted that FnIII domain
can spontaneously switch between folded and unfolded states in both insoluble fibrils and
solution [250]. We choose an interaction strength between the attractive beads of εpp = 3kBT .
A lower binding strength would be too weak and the intramolecular bonds would be easily
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broken by thermal fluctuations, not allowing the monomer to be stable in a compact "folded"
state. Conversely, a much greater intramolecular binding energy would not allow any of
the dimeric subunits to unfold spontaneously, failing to capture the transient opening of
FnIII folded residues observed in both soluble and fibrillar fibronectin [249]. The interaction
between individual fibronectin monomers is highly complex, with multiple intermolecular
binding sites found on different FnIII residues [251–254]. In fact, computational studies
revealed that multiple cryptic sites are necessary to drive the assembly of fibronectin networks
[255]. In order to model the fibronectin-fibronectin binding interaction, we use a nonspecific
Lennard-Jones potential between the attractive patches on each monomer. We chose to use
the same interaction between different fibronectin monomers as the intramolecular bonding to
keep the simulation as minimal and as general as possible. We note that a sufficiently weaker
interaction strength between the fibronectin monomers would not result in the formation of a
stable network.

The protein unfolding is triggered in simulations by the application of an external biasing
potential at the ends of the monomer. If the applied force is strong enough, the bonds between
the attractive beads will be broken, allowing the monomer to unravel into an extended polymer
and exposing potential binding sites for other monomers. The monomeric unit used here thus
acts as a nanomechanical switch, capable of changing its conformation under the application
of an external mechanical load. More details about the application of the external stress and
the force pulling protocols employed are given below.

Simulation methods

In every simulation, a number of Nmonomers = 512 monomers were randomly placed inside a
cubic box of side length Lx = Ly = Lz= 360σ . Periodic boundary conditions were applied in
every direction. The simulations were run in the canonical NV T ensemble at a constant unit
temperature T0. The system was allowed to equilibrate for 500,000 time steps, after which an
external force was applied to a fraction of the monomers as described in the following section.
The biasing potential mimics the application of a tensile force by cytoskeletal elements in
a real biological system. This leads to the unfolding of the monomers, thus exposing the
previously inaccessible sites for bonding. The system contains 220,160 particles in total,
of which 71,680 correspond to the beads from the attractive patches. The stochastic nature
of this system was simulated by adding a Langevin thermostat with the friction coefficient
γ set to unity: γ = m/τ0, where m is the particle mass (set to unity for all particles) and τ0

the simulation unit of time. The simulation time step was taken to be τ = 0.008τ0. The
simulations were run using the LAMMPS molecular dynamics package [157] in parallel on
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24 cores. The bias potential was added using the COLVARS library [256]. The output files
were visualised using the OVITO visualisation tool [257].

Force pulling protocols

Cells actively transmit forces to fibronectins in order to unfold them and maintain their
extension. The force application is carried out at the α5β1 integrin binding sites, but the
details regarding the force transmission are still unclear [258]. Steered molecular dynamics
simulation studies have shown that one of the potential unfolding pathways involves breaking
hydrogen bonds in the RGD fragment of the residue FnIII10 which is the point of attachment
to integrins [238, 259, 260]. Additionally, other fragments of the fibronectin residues such
as FnIII7 and FnIII15 have been shown to participate in the unfolding process [242]. It
is known that cytoskeletal contractile forces are necessary to initiate fibrillogenesis [261].
However, it has been shown that the FnIII residues can assemble in vitro upon mechanical
stretching of the substrate they are attached to, indicating that the the underlying mechanism
is independent of the biological details [262] and, as such, a coarse-grained approach is
suitable for modelling this phenomenon.

a)a) b)Instantaneous pulling Gradual pulling

Fig. 5.3 Pulling protocols employed for growing the fibrillar network. a) The bias spring
constant is increased instantaneously to a value of kmax. The dashed line indicate the end
of the equilibration period in both panels, and also the end of the period in which the bias
spring constant is increased in b).

In order to apply a general external mechanical stimulus to the fibronectin monomers
in the system, we select a certain fraction of them and add a virtual spring of constant
kbias between the terminal atoms of each. We set the rest length of the spring equal to
the length of the fully unfolded and extended protein. We explored two different force
application protocols as illustrated in 5.3. In the first one, we equilibrate the system and
apply an instantaneous force by suddenly increasing the spring constant to a value of kmax as
illustrated in Fig. 5.3a. In the second procedure, we equilibrate the system and gradually
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increase the bias spring constant and keep it constant after it reaches the value kmax. We note
that in healthy cells most fibronectin fibers are continuously under a high tension [263] and, as
such, we maintain the spring constant throughout the fibril growth stage. During the gradual
pulling protocol (Fig. 5.3b) the pulling force is increased gradually by increasing the spring
constant in increments of ∆k = 10−4kBT/σ2 every 100,000 time steps for 2 million time
steps. We should note that in real systems the speed of pulling is very slow, the maturation of
fibrils taking up to several hours [264].

In order to examine the effects of force loading and unloading cycles on the network,
similarly to what the network might be subjected to in a biological environment, we employ
the pulling protocol described in Figure 5.4. The force is increased progressively, the system
is equilibrated at the corresponding force which is then unloaded in time.

Fig. 5.4 Pulling protocol employed for fibril growth and subsequent post-release relax-
ation. The bias spring constant is gradually increased to a value of kmax in increments of
∆k = 10−4kBT/σ2 and held at a constant value for 0.5 million steps after which it is gradually
released. The first dashed line indicates the end of the thermal equilibration period, whilst
the second one indicates the beginning of the force relaxation period. After 5 million time
steps, no force is acting on any monomers.
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5.3 Results and discussion

Fibronectin monomers organise into complex fibrillar networks under the action of
an external mechanical stimulus. The proteins initially organise into molten globular
structures lacking any directional order. After thermally equilibrating the system, we apply a
mechanical stimulus as previously described in the simulation details section. We observe
that the fibronectin fragments gradually organise into a fibrillar network such as the one
presented previously in 5.2c regardless of the pulling protocol employed.
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Fig. 5.5 The variation of the average fibril size with nematic order parameter cut-offs.
The average fibril size predicted by the network analysis algorithm varies depending on
the choice of the order parameter cut-off. A value of 0 for the threshold corresponds to no
angular contribution to the algorithm (monomers are considered to be in the same fibril if any
of their patches are close enough to each other to interact). A value of 1 corresponds to a very
strict angular constraint (monomers are considered to be in the same fibril if their patches
interact with each other and if they align perfectly). The dashed blue line corresponds to the
value chosen as the threshold for the algorithm.

In order to quantitatively describe the organisation of monomers into fibrillar networks,
we must first clearly define what constitutes a fibril. The aim is to classify fibronectin
fragments as belonging to a fibril if they are mostly unfolded with their interacting domains
well aligned with respect to each other. This is not a straightforward endeavour for the system
under study due to the presence of partially unfolded domains and flexible random loops as
well as due to the dynamic switching between the folded and unfolded states. We begin by
considering two monomers as being part of the same cluster if any of their attractive beads
interact with each other. However, it is not sufficient to count such an association as a fibril
since the two interacting monomers could be mostly folded and not exhibit any significant
local orientational order. To address that, we further investigate the local alignment of the
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rigid regions as these are directly involved in the intermolecular binding as follows: If
two monomers labelled m and n were found within the same cluster, we compute a local
directional order parameter, Pmn, for their rigid regions (the subunits labelled i and j) of the
two monomers was calculated following equation 5.1:

Pmn =

3
〈Nm+Nn−1

∑
i=1

Nm+Nn
∑
j>i

cos 2θi j

〉
−1

2
, (5.1)

where Nm and Nn are the number of rigid subunits in the two monomers, and θi j is the angle
between the rigid subunits. This is analogous to calculating a global nematic order parameter,
but it provides details about the local arrangement of the subunits with respect to each other
and not to a predefined axis in the simulation box. If the order parameter was found to be
above a threshold value of Pthreshold = 0.75, the two monomers were considered as being in
the same fiber. The algorithm thus penalises the partially folded states and tends to classify
fully extended monomers in contact as being part of the same fibril. This algorithm is meant
to penalise the classification of monomers with misaligned residues as part of a fibril, the
threshold for classification being chosen to adequately capture details about the underlying
structure. We checked the algorithm’s sensitivity by applying it to a pre-stressed fibronectin
network grown for 2.5 million time steps under a high tensile force. Fig. 5.5 shows that
there is a sharp drop in the average fibril size at a value of around 0.75. We note that a
too strict value of this cut-off would classify all monomers as belonging to separate fibrils.
Conversely, a low value of the threshold would group all interacting monomers into the same
fibril, regardless of the local alignment of the hydrophobic patches, leading to erroneous
results. The algorithm described previously can thus be used to classify fibronectin molecules
into isolated monomers and fibrillar monomers.

The fibrillar network architecture is strongly influenced by the magnitude of the
tensile load applied. Using the algorithm described previously, we measure the amount of
monomers incorporated in fibrils after seven million time steps are elapsed. The heatmap
in Figure 5.6 illustrates how both the tensile load and the fraction of monomers pulled are
highly correlated with the total amount of fibrils present in the system. Greater mechanical
loads lead to more ordered structures, thicker fibrils and a more connected network structure.
The network-like morphology is observed even at intermediate values of the force if sufficient
monomers are pulled on (right middle panel in Figure 5.6). It can be speculated that this
initial organisation of monomers into a network template could provide a potential pathway
for the subsequent nucleation of the more complex ECM fibers. The results in Fig. 5.6
correspond to fibers pulled under the gradual pulling protocol described in the simulation
details section. However, we did not observe any significant difference in the network
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Fig. 5.6 Percentage of fibronectin monomers incorporated in the fibrillar network at
the end of simulation. The amount of fibronectin in fibrils increases with tensile load and
the percentage of unfolded monomers. The panels illustrate different degrees or organisation
in the system ranging from completely amorphous (bottom right pannel) to highly fibrillar
(top right panel). The middle right panel shows that even at intermediate values of the force,
the formation of an incipient network can be observed.

morphology and quantity of fibers between the two different pulling protocols employed.
Moreover, we tracked the time evolution of the amount of fibrils in the system. We observe
that monomers are progressively incorporated into the network as illustrated in Figure 5.7.
We distinguish between two different regions in the network growth profile. The first stage
corresponds to a rapid linear increase in the number of fibrillar fibronectin monomers. This
step is related to the development of an incipient network formed mostly of thin fibrils.
The second step is marked by a slower growth of the network, as the available monomers
are depleted and the network can only grow by the binding of free-floating monomers to
the existing preformed network. The free monomers can bind only if they are partially
unfolded themselves and aligned at the right orientation with respect to the pre-existing fibril.
Another plausible mechanism for fibril maturation would be through the coalescence between
preformed thinner fibrils. Indeed single-molecule localization microscopy studies have
shown that fibril maturation can take place via bundling of thin fibronectin protofibrils [265].
We note that the characteristic two steps profile in the network development is consistent
between the two different pulling protocols employed, suggesting that it is a general feature
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of network growth independent of the details of the force application. We do not observe any
statistically significant difference between the total amount of fibrils formed during either
pulling protocol.

Instantaneous pulling Gradual pulling

Fig. 5.7 Time evolution of the amount of fibronectin monomers incorporated in fibrils
for two different pulling protocols. The fibronectin monomers are progressively incorpo-
rated in the fibronectin network. The pulling protocols are described in the simulation details
section. The first dashed line indicates the end of the equilibration step. The second dashed
line in the case of the gradual pulling protocol indicates the end of the period where the bias
spring constant is gradually increased.
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We further show that mechanical forces substantially influence the resulting architectures
by converting the networks into a graph representation. In order to study the connectivity
of the resulting fibronectin networks, we employ the following algorithm: We first divide
the simulation box into equally sized cubic voxels of side length Lvoxel = 20σ . 1 If at least
one atom is found within a voxel, we classify this voxel as occupied. Then, we build a graph
network from the occupied voxels, leaving out the unoccupied ones. Within this network,
two occupied voxels are connected if they are adjacent to each other in the simulation box
in any direction (including diagonally), whilst taking into account the periodic boundary
conditions. Figure 5.8 exemplifies how two different molecular structures of fibronectin
aggregates are converted to their corresponding graph representation. The size of the voxel
was finely tuned to accurately represent the underlying architectural details, too large voxels
would not be able to capture all details and too small ones would result in very large graphs
which would be difficult to perform calculations on. It should be noted that, similarly to the
fibril analysis algorithm, we only make use of the atoms belonging to the attractive patches
to simplify the calculations.

One measurement of an undirected graph’s connectivity is the average degree per node,
α , which is related to the graph properties through the formula:

α =
2E
V

, (5.2)

where E is the total number of edges present in the graph, and V is the number of vertices.
This metric essentially represents the average number of nearest neighbours per node. As
such, we expect that a highly connected network will exhibit a greater value of α , as opposed
to a more sparsely connected one.
Additionally, we also investigate the closeness centrality of the fibronectin graph network.
This metric is a measure of the graph’s cohesiveness, being related to the average length of
the shortest path from one node to all other nodes in the graph through the formula [266]:

H =
1

V (V −1) ∑
i̸= j

1
di j

, (5.3)

where di j is the shortest distance between two vertices denoted i and j, measured as the
number of edges that need to be traversed to reach one vertex from another. A high value
of the average closeness centrality indicates that the nodes are easier to reach from one
another, suggesting a higher degree of connectivity and cohesion within the fibrillar network.
[267, 268]. In summary, both these network metrics characterise the connectedness and

1The voxelisation scheme was developed by Joel Forster.
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cohesion of the network: the number of nearest neighbours provides insights into how locally
connected the network is, while the closeness centrality can be used to quantify the network’s
global interconnectedness.

b)

a)

Molecular representation Graph representation

Fig. 5.8 Network graph representations of two different fibronectin aggregates. a)
Amorphous fibronectin aggregate. b) Emerging fibronectin network. The structures were ob-
tained following the gradual pulling protocol (kmax = 0.010kBT/σ2, 10% monomers pulled
in a), 50% monomers pulled in b)). The fibronectin network in b) results in a more connected
network graph and will thus exhibit a higher closeness centrality with the nodes possessing
more nearest neighbours on average.

We then apply this voxelisation scheme to the structures previously described in Fig. 5.6.
The network metrics of the corresponding graphs show a clear dependence on the percentage
of unfolded monomers, and also on the applied force’s amplitude, as illustrated in Fig. 5.9a.
The number of nearest neighbours per network node is greater in scenarios where the external
force is high, indicating better connectivity between the fibronectin monomers. Likewise,
the closeness centrality shows a similar profile, increasing with the percentage of unfolded
monomers and the tensile load. Additionally we observe that the network connectivity in-
creases with the amount of fibrillar fibronectin, as illustrated in Fig. 5.9b. These findings are
in good qualitative agreement with the structures shown in Fig. 5.6, which clearly show that
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higher forces produce more connected and ordered networks. In conclusion, the graph-based
representations highlight how mechanical forces at the level of individual molecules can
substantially influence the architecture of the emerging supramolecular assemblies. On a
similar note, a recent study showed how tumoral fibronectin tissues can be automatically
distinguished from normal healthy tissues by representing images of fibronectin fibers as
undirected graphs and analysing their corresponding network metrics [269].

a) b)

Fig. 5.9 Network metrics are influenced by the amplitude of the mechanical stimulus
and by the amount of unfolded monomers. a) The variation of network metrics with the
percentage of fibronectin monomers pulled on at two different forces (kmax = 0.002 kBT /σ2

and kmax = 0.010 kBT /σ2). b) The variation of network metrics with the amount of fibrillar
fibronectin.

The fibronectin network reorganises if mechanical stress is released. Experiments
have shown that fibronectin fibers contract if the external force is released, as the unfolded
domains will gradually revert back into the stable folded conformation [270]. The fibronectin
monomers essentially act as entropic springs, reverting to their native extension, process
which is followed by the refolding of the FnIII β -sandwich domains. This mechanism
has important consequences for the remodelling of the extracellular matrix, allowing the
fibronectin network to dynamically reform at the cellular surface [271, 272]. However, the
dynamics underlying this phenomenon are not fully understood yet due to the complexity of
the structures under study. In order to investigate the network denaturation and monomer
refolding, we subjected the network to a force loading-unloading cycle as described in the
previous section. Indeed we observe that the networks disassemble after releasing the tensile
load, eventually reverting back to a solution of amorphous aggregates. Surprisingly, the
monomers do not return to their original extension even after the force is released completely.
Even at long times after release, when no force is acting on monomers, the average end-to-
end distance of the previously pulled monomers is greater than that of the unpulled ones as
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illustrated in Fig. 5.10a and Fig. 5.10b. This effective memory in the system can be attributed
to the fact that some monomers remain kinetically arrested in extended conformations as
lateral interactions in fibers prevent them from freely contracting and refolding. This finding
is well in line with experimental observations which show that the mechanical work required
to strain a fibronectin fiber for the second time is significantly lower, as long as the time
interval between the two pulling cycles is short enough [270] as fewer hydrogen bonds must
be broken to extend the monomers. Furthermore, we find that the amplitude of the tensile
load determines the average end-to-end distance of the monomers at the end of the simulation
as shown in Fig. 5.10c, reinforcing the idea that mechanical forces shape the architecture of
fibronectin fibrillar assemblies.
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Start of force unloading Force is fully unloaded Final state

Fig. 5.10 The fibrillar networks suffer denaturation after the load is released. a) His-
tograms showing how the distribution in end-to-end distance changes throughout the force-
loading unloading cycle (50% monomers pulled). b) The average end-to-end distance of
the fibronectin monomers throughout the force loading-unloading cycle. c) The average
end-to-end distance of all monomers at the end of the simulation, 2 million time steps after
the force was completely unloaded (50% monomers pulled). Measurements were averaged
over 5 different simulation seeds, the shading corresponds to the standard deviation.

5.4 Conclusions

In this chapter, we developed a minimal coarse-grained model of a fibronectin protein
fragment that reproduces its self-organisation into intricate fibrillar networks under the
application of an external mechanical stress. The protein fragment essentially acts as a
nanomechanical switch, being able to unfold into an extended conformation exposing binding
sites for other unfolded fibronectin monomers to bind onto. The monomeric unit used in
the simulations was finely tuned to capture the dynamic folding and refolding of the FnIII
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domains. Since the dynamics underlying fibrillogenesis are not fully understood yet, we
explored two different tensile loading procedures to examine different plausible pulling
mechanisms. Both protocols showed that monomers organise into extended networks in two
steps, the first step being a rapid formation of a template network while the second one being
markedly slower as the network saturates in fibrils. We showed that the amplitude of the
applied force has a profound effect on the observed network architectures, higher tensile
loads producing more well ordered networks, containing a greater percentage of fibrillar
fibronectin. Moreover, we examined the connectivity of the resulting networks and showed
that higher forces produce more connected networks, highlighting how mechanical forces
at the level of single molecules can shape the morphology of supramolecular assemblies.
Additionally, we investigated the effects of relaxing the external force and we observed
that although monomers contract and refold during the force relaxation stage, they tend
to partially retain their elongation even in the absence of an external stress. This finding
aligns well with experimental results and highlights the robustness of the fibronectin fibers
self-assembly.

We hope that the work presented in this chapter can serve as a starting point for simulating
the formation and growth of the extracellular marix. It is widely known that collagen fibers
do not form in vivo in the absence of fibronectin which potentially acts as a nucleator and
template [273, 274]. A previous coarse-grained model developed by Šarić et al. for collagen
fibrillogenesis [275] could be combined with the one presented here in order to gain a deeper
understanding of the entire matrix assembly process. The present model could be further
improved by examining the bulk mechanical properties of fibronectin fibers and networks,
and by finely tuning the fibronectin-fibronectin interaction parameters accordingly. Moreover,
we also aim to match the graph metrics of the networks obtained from confocal microscopy
images described in [269]. Finally, given that fibronectin monomers contain a multitude
of binding sites, it would be interesting to study systems which contain a hetereogenous
mixture of monomers. This study might eventually shed light on the hierarchical assembly
of fibronectin into intricate bundles and fibers.



Chapter 6

Durotaxis of passive nanoparticles on an
elastic membrane

The transport of macromolecules and nanoscopic particles to a target cellular site is a crucial
aspect in many physiological processes. This directional motion is generally controlled via
active mechanical and chemical processes. In this chapter we show by means of molecular
dynamics simulations and an analytical theory, that completely passive nanoparticles can
exhibit directional motion when embedded in non-uniform mechanical environments. Specif-
ically, we study the motion of a passive nanoparticle adhering to a mechanically non-uniform
elastic membrane. We observe a non-monotonic affinity of the particle to the membrane as a
function of the membrane’s rigidity, which results in the particle transport. This resulting
transport can be both up or down the rigidity gradient, depending on the absolute values of
the rigidities that the gradient spans across. We conclude that rigidity gradients can be used to
direct average motion of passive macromolecules and nanoparticles on cellular membranes,
resulting in the preferential accumulation of the macromolecules in the regions of certain
mechanical properties.

6.1 Introduction

The targeted transport of nano-objects is a pressing challenge in the development of many
applications, ranging from engineering novel nanomaterials to designing efficient drug-
delivery systems. A multitude of strategies can be employed to manipulate the delivery of
nanoscopic objects to specific destinations. For example, cells can make use of motor proteins
to transport macromolecules and organelles across the cytoplasm [276, 277]. Electric and
thermal gradients can be used to artificially direct the motion of molecular cargoes within
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carbon nanotubes [278–280]. Optical tweezers are a popular technique for the manipulation
of metal nanoparticles or even DNA fragments [281, 282]. Another typical method to guide
transport is through the usage of rigidity gradients. Perhaps the best known example of
such transport is durotaxis, i.e. the tendency of living cells to preferentially migrate towards
regions of higher stiffness [52]. Rigidity-guided migration is, however, not only restricted to
cellular systems. It is for instance also present at the nanoscale. Chang et al. showed that a
graphene nanosheet will migrate to the more rigid regions of a graphene substrate in order
to minimise the system’s Van der Waals energy [283]. Similarly, Becton highlighted the
additional role played by temperature and electrostatic interactions in guiding a nano-object
across a rigidity gradient [284]. Following the same principles, a graphene nanotube has
been shown to migrate to the narrower regions of a channel to maximise the contact with its
surroundings [285]. Gradients in the strain field of a deformed substrate have also been used
to manipulate the preferential motion of a graphene nanoflake [286]. Liquid droplets instead
undergo reverse durotaxis, migrating towards the softer regions of a chemically homogeneous
surface [287]. This result can be explained by the fact that the contact angle increases with
surface rigidity and a droplet migrates to the substrates with higher wettability. Indeed, it was
proven that non-wetting droplets undergo regular durotaxis [288]. Furthermore, Theodorakis
et al. showed that the a polymer droplet will migrate to a stiffer surface, as the Van der Waals
interaction is maximised on the rigid side [289]. These studies of passive migrating systems
share a similarity: the nano-object migrates as to increase its contact with the underlying
substrate and lower the system’s potential energy. This suggest that durotactic motion is not
a sole property of living cells, but in fact is a more common present at a wide range of length
scales.

In this chapter, we study the durotactic motion of passive nanoscopic objects diffusing
on deformable membranes. Most of the previous theoretical and simulations studies treated
the cellular membrane as a continuous homogeneous environment with uniform mechanical
properties. However, biological membranes have a diverse composition, containing different
species of phospholipids and proteins [290], whose expression on the cell surface can exhibit
spatio-temporal dependence [291, 292]. This can possibly result in non-uniform mechanical
properties across its surface [293]. So-called lateral stiffness heterogeneities have been
observed in vivo and in vitro, for instance in protozoa [294, 295], red blood cells [296, 297],
T-cells [298], rat neurons and HeLa cells [299]. The addition of proteins and other rigid
inclusions has been shown to have a modulating effect for the underlying substrate’s bending
rigidity [300]. For example, HIV-1 fusion peptides can reduce the membrane’s bending
rigidity by up to a factor of 13 [301]. Heterogeneity is believed to be related to the chemical
composition of the membrane, to the mechanics of the underlying cytoskeleton, and to
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their mutual interplay [302–305]. For instance, a three component lipid mixture in artificial
systems has been shown to separate into two distinct coexisting phases (liquid-disordered, Ld,
and liquid-ordered, Lo each of the phases exhibiting distinct bending rigidities [306, 307]).
Recent computational work has reported that a nanoparticle bound to a microphase-separated
multi-component membrane exhibits preference for a given phase, as a consequence of
different bending rigidities between the two phases [308]; also, membrane elasticity has been
proposed to influence the persistence of motion of a nanoparticle that actively cleaves the
underlying substrate via the so-called burnt bridge mechanism [309].

In what follows, we show that stiffness inhomogeneity alone, even in the absence of any
active mechanism, might direct the dynamics of macromolecules bound to the membrane
and lead to their preferential accumulation in regions of optimal rigidity. Indeed, it is still not
well understood how rigidity gradients affect the distribution of adsorbed macromolecules
and nanoparticles, both in biological and non-biological contexts: the aim of this chapter is to
understand the physics of this effect from first principles and to propose it as a novel sorting
mechanism. We use molecular dynamics simulations to study the preferential localisation
of a hard spherical nanoparticle on an elastic membrane with inhomogeneous mechanical
properties. We place an adhering nanoparticle on a fluctuating elastic membrane divided in
two halves of different bending rigidities, as shown in Fig. 6.1. We show that a difference
in the values of the bending rigidity between two areas of the membrane is sufficient to
drive the nanoparticle’s localisation to one side, thereby effectively demonstrating durotaxis.
Depending on the absolute values of the two rigidities, we observe motion both up and
down the rigidity gradient. In the regime of biologically relevant bending rigidity values, we
find that the particle preferentially migrates to the softer surface. We provide a theoretical
underpinning for these observed behaviors through calculations of the free energies, both in
simulations, and by means of an analytical model.

6.2 Simulation details

The simulated system consists of a colloidal nanoparticle placed on a fluctuating elastic
membrane divided into two halves of unequal bending rigidity, as shown in Fig. 6.1. The
membrane contains 7832 beads placed on the nodes of a triangulated hexagonal mesh. The
membrane beads and nanoparticle have a diameter σ and σNP = 10σ respectively. The
membrane beads are interconnected via harmonic springs, obeying to the following potential:

Ustretching(r) = Ks(r− rB)
2 , (6.1)
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Fig. 6.1 Illustration of a hard spherical nanoparticle on an elastic membrane divided
into two halves of different rigidity. The right half has a greater bending rigidity than the
left half. The diameter of the nanoparticle is σNP = 10σ , where σ is the diameter of one
membrane bead. The membrane beads are interconnected by springs, modelling the local
surface tension. Additionally, the membrane beads also interact with each other via a dihedral
potential which models the membrane’s bending rigidity.

with stretching constant Ks = 18kBT /σ2 and equilibrium bond length rB = 1.23σ . The
membrane bending rigidity is controlled by the following dihedral potential between the
opposite vertices of triangles sharing an edge (Fig. 6.1):

Ubending(φ) = Kb(1+ cosφ) , (6.2)

where φ is the corresponding dihedral angle, and Kb is the harmonic constant that controls
the membrane’s bending rigidity. In our simulations, we explore a wide range of values of
Kb, between 0.01kBT and 200kBT .

The simulation box is initialised with sides of length Lx = Ly = 100σ and Lz = 40σ .
Periodic boundary conditions are applied in the x and y direction and the box is kept fixed
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in the z direction. Hard Lennard-Jones walls with potential depth ε = 10kBT confine the
nanoparticle to the simulation box, preventing it from crossing the periodic boundaries. These
walls do not interact with the membrane beads.

The membrane beads interact with each other via a repulsive Weeks-Chandler-Andersen
(WCA) potential [156, 310] to impose self-avoidance:

UWCA(r) = 4ε0

[(
σ

r

)12
−
(

σ

r

)6
+

1
4

]
, (6.3)

with a radial cutoff of rc = 21/6σ . ε0 is set to 5kBT .
The nanoparticle interacts with the membrane via a truncated-shifted Lennard-Jones

potential:

Vattr(r) = 4εnp

[(b
r

)12
−
(b

r

)6]
+0.927εnp , (6.4)

where b = 5.5σ and εnp = 10kBT . A radial cutoff of rc = 6.5σ is used. The parameters
were finely tuned to prevent the full wrapping and subsequent engulfment of the nanoparticle
and to allow it to diffuse laterally on the membrane surface.

The simulations were run in the isoenthalpic-isobaric (NPH) ensemble, with a zero lateral
pressure and at constant temperature. In order to replicate the stochastic dynamics of the real
system, we used a Langevin thermostat with the friction coefficient γ set to unity: γ = m/τ0,
where m is the particle mass (set to unity, m0, for all particles except for the nanoparticle
with its mass set to 100m0) and τ0 the simulation unit of time. The simulation time step was
taken to be τs = 0.008τ0. The simulations were equilibrated for 500000τs steps and further
run for 2000000τs steps. In order to gather enough statistics, each set of simulations was
run for 500 different initial velocity seeds. We used the LAMMPS molecular dynamics pack-
age to run the simulations [157] and the OVITO package to visualise the trajectory files [257].

6.3 Results and discussion

Adhesion non-monotonically depends on the bending rigidity. To investigate how the
substrate’s stiffness influences the preferential localisation of a colloidal nanoparticle, we
first placed it on a uniform membrane and we varied the bending rigidity parameter between
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Kb = 0.01kBT and Kb = 200kBT . For every set of simulations, we tracked the average
coordination number, defined as the number of membrane particles within range of interaction
with the nanoparticle, as well as the total adhesion interaction energy between the membrane
and nanoparticle.
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Fig. 6.2 Nanoparticle’s time-averaged coordination number and adhesion energy as a
function of bending rigidity. The nanoparticle contact with the membrane follows a non-
monotonic pattern, with a maximum at a value of around Kb ∼ 5kBT . Four different regimes
appear, described in the text. The bending rigidity values of membranes have been reported
to vary between ∼15kBT and ∼100 kBT , depending on the membrane composition and the
measurement procedure [311].

The nanoparticle’s adherence to the membrane is influenced by the balance of three
terms: an entropic effect related to membrane fluctuations, the energetic cost of locally
deforming the membrane, and the energy gain due to the adhesion of the nanoparticle. We
can suppose the entropic effect to be relevant only on very soft surfaces. Depending on
the value of the bending rigidity, the contact between the colloidal nanoparticle and the
membrane exhibits four distinct regimes as shown in Fig. 6.2. For low values of the bending
rigidity, the membrane is conspicuously corrugated and its fluctuations hinder contact with
the particle (regime I). As the rigidity is increased, the membrane fluctuations are gradu-
ally suppressed and the nanoparticle can be better wrapped by the membrane, leading to a
substantial increase in the coordination number and, in absolute value, in the total adhesion
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energy (regime II). At values of Kb above ∼ 5kBT , the mechanical cost of deforming the
membrane overcomes the adhesion term, resulting in decreased adherence (regime III). For
very high values of the bending rigidity, the local membrane deformation imposed by the
nanoparticle is prohibitively costly and the coordination number eventually saturates at a low
value (regime IV). These results show that there is an optimal value of the bending rigidity
that maximises the adherence of the nanoparticle diffusing on the surface of a fluctuating
membrane. We expect this non-monotonic behaviour of the adhesion interaction to have a
direct impact on the preferential localisation of the nanoparticle on the membrane.

Nanoparticle localisation is strongly influenced by the stiffness gradient. According
to the previous observations, a hard nanoparticle on an inhomogeneous membrane should
preferentially migrate to regions where the adhesion is maximised in order to minimise the
system’s total energy, thus leading to regimes of both proper and reverse durotaxis. We test
this hypothesis by placing the nanoparticle on a membrane divided in two halves of different
rigidity (as illustrated in Fig. 6.1). We expect that the local membrane bending rigidity
will influence the statistical partitioning of the particle between the two membrane regions.
Fig. 6.3 illustrates how the affinity of the nanoparticle for either side of the membrane
changes depending on the rigidity of each surface. In particular, the affinity is quantified
by counting the time spent by the particle on each side of the membrane. We distinguish
between two different durotactic regimes, depending on the bending rigidity Ksoft of the softer
region. If Ksoft is lower than a given threshold, the entropic effects seem to dominate over the
mechanical ones and the nanoparticle preferentially localises on the rigid side (top half of
Fig. 6.3). In this case, the particle follows, on average, a proper durotactic motion, displaying
a tendency to migrate towards stiffer regions. Conversely, if Ksoft is larger, the preference will
be reversed (bottom half of Fig. 6.3). These findings are in agreement with the variation of the
nanoparticle’s averaged adherence showed in Fig. 6.2. The particle will have greater affinity
for states that maximise its contact with the membrane. As such, nanoparticles will exhibit
a tendency to migrate to regions of rigidity closer to the threshold of maximum adherence
of ∼ 5kBT observed in Fig. 6.2. The non-monotonic behaviour of the curves in the top half
of Fig. 6.3 (proper durotactic regime) also qualitatively follows the trend in adherence: the
partitioning shifts slightly in favour of the softer region for large Kstiff, as wrapping favours
very soft membranes compared to very stiff (Fig. 6.2). Altogether, these results demonstrate
that adherence greatly influences the particle’s motion on an inhomogeneous membrane.
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Fig. 6.3 Partitioning of the nanoparticle between the rigid and the soft region of the
membrane. Nsoft and Nstiff are the number of time steps for which the particle is on each
surface, whereas Ksoft and Kstiff are the bending rigidity values of the two surfaces. For each
curve, Ksoft is fixed and indicated in the legend. The drawings indicate the membrane region
with greater affinity for the nanoparticle.

Free energy model.1 To better understand how adherence (Fig. 6.2) and, more impor-
tantly, durotaxis (Fig. 6.3) depend on the bending rigidity of the membrane, we now study
the free energy of adhesion. This quantity can be directly compared to our earlier results,
since the ratio of time spent on either side of the membrane should be proportional to the
exponential of the free energy difference between the stiff-bound and soft-bound state. In
other words, given any two values of rigidity κsoft and κstiff, the nanoparticle partitioning
will depend only on ∆Fsoft→stiff = F(κstiff)−F(κsoft). The key observation is that we can
choose as a reference state to measure free energies the one in which the particle is un-
bound from either half of the membrane: we call F(κ) the free energy the system gains
if a previously detached nanoparticle is absorbed onto a membrane of rigidity κ . We now
discuss the method we use to compute the free energy. The strategy is to write a constrained
free energy, depending explicitly on the amount of adhered surface A; the minimum of this
constrained free energy will then give the optimal wrapping and the equilibrium free energy
value. F includes a bending term, proportional to κA, an adhesion term, proportional to
A, and an entropic term. A fourth term, related to membrane tension, could be inserted;

1The analytical model was developed by Ivan Palaia in collaboration with the author, prompted by the
results from the molecular dynamics simulations.
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however, the simulated membrane is effectively tensionless and can only sustain local tran-
sient stretching, so we can neglect surface tension in our thermodynamic treatment. For
simplicity, we restrict ourselves to the limit of strong adhesion. While the first two terms
are easily written in a coarse grained fashion, neglecting fluctuations, a correct evaluation
of the entropy of a generic confined membrane is a challenging undertaking [312–314]. We
assume that bound membrane beads, which are strongly confined close to the nanoparticle
surface, only fluctuate along the confinement axis. We can then estimate the amplitude δh
of these fluctuations by invoking the equipartition theorem and using a quadratic expansion
of the adhesion potential around its minimum. Adhesion strongly suppresses fluctuations:
in particular, short-wavelength modes tend to be controlled by the bending rigidity, both
when the nanoparticle is bound to the membrane and in the unbound reference state; on the
contrary, long-wavelength modes are suppressed in the bound state more than in the reference
state, due to adhesion. The entropy difference is then computed within the approximation
that beads fluctuate independently from each other, perpendicularly to the surface. This gives
a 1D-ideal-gas-like entropy contribution, that is proportional to the number of bound beads
(and therefore to A) and depends on the ratio of bending rigidity versus adhesion energy. In
what follows, we will briefly describe the analytical model:

The constrained free energy F(A), for a given value A of membrane surface adhered to
the nanoparticle, can be obtained as the sum of the following terms.

The bending energy is:

Ebending(A) = 2κ
A
R2 , (6.5)

where κ is the bending rigidity, R is the radius of the nanoparticle plus the radius of a
membrane bead, and the factor 2 accounts for both directions of curvature.

The adhesion energy is:
Eadhesion(A) =−εnA , (6.6)

where n is the surface density of beads on the membrane, and ε is the average energy gain
per bead when adhered to the nanoparticle surface.

The surface energy term is due to an adhesion-induced stretching of the membrane. It
reads:

Esurface(A) = τ
A2

4πR2 , (6.7)

where τ is the surface tension. Adhesion can indeed stretch a membrane, shaping what in
the unbound state is a disk of membrane into a spherical cap, with an area increase that is
quadratic in the bound area A. Effectively this term is irrelevant in our simulations, that are
performed at constant zero pressure.
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The entropic contribution represents in a qualitative manner the decrease in entropy due
to adhesion and consequent confinement of membrane beads close to the nanoparticle. It is
computed as:

S(A) = nA log
(

δh
δh0

)
, (6.8)

within a 1D-ideal-gas approximation for membrane beads, as far as motion perpendicular
to the membrane surface is concerned. δh is the typical amplitude of fluctuations for a
bound membrane surface A, while δh0 is the same quantity for a surface A of the reference
(unbound) membrane. Both quantities are estimated in the following way. First we write
down a constrained Helfrich Hamiltonian. For the bound state, this reads

H (A) =
∫

A

(
κ

2
(∇2h)2 + τ(∇h)2 +αεn2h2

)
dxdy , (6.9)

where h is the distance of the membrane at (x,y) from its ground-state surface xy. The
first term in parentheses represents (microscopic) bending, the second surface tension, and
the third is a quadratic expansion of the adhesion potential around its minimum, with
α = 62 ·22/3 ≃ 100 if the considered potential is a Lennard-Jones with energy parameter ε .
For the unbound reference state, the Hamiltonian reads the same, except for the last term
which is obviously not present (α = 0). Writing h by means of a Fourier series allows us
to compute thermal averages ⟨h2

q⟩ (or ⟨h2
0q⟩ for the unbound state) through the equipartition

theorem:
⟨h2

q⟩=
kBT

A(κq4 + τq2 +αεn2)
. (6.10)

From here it is clear that the role of adhesion is to penalise small wavenumbers q = |q|, i.e.,
in a tensionless membrane, wavelengths shorter than 4

√
κ/(αεn2). We then integrate ⟨h2

q⟩
for wavelengths ranging from the size of a bead

√
1/n to the size of the adhered membrane

portion
√

A: the square root of this integral provides an upper-bound estimate of the typical
fluctuation amplitude δh (or δh0) for an area A. For τ = 0, this can be expanded as follows:

δh2

kBT
=



π (nA−1)
αεAn2 if κ ≪ κ1

1
8n

√
αεκ

− π

αεn2A
if κ1 ≪ κ ≪ κ2

nA−1
16π3nκ

if κ ≫ κ2

, (6.11)
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with

κ1 =
αε

16π4 ≃ ε

16
,

κ2 =
αεA2n2

16π4 ≃ εA2n2

16
.

(6.12)

In practice: for κ ≪ κ1, all fluctuation modes are adhesion-dominated; for κ1 ≪ κ ≪ κ2,
fluctuations are limited by adhesion on a wavelength

√
A, but by bending on a wavelength√

1/n; at larger κ , all permitted fluctuations are bending-dominated. For the reference
unbound state, it is always [315, 316]

δh2
0

kBT
=

nA−1
16π3nκ

, (6.13)

since κ1 and κ2 from Eq. (6.12) go to 0, as α goes to 0. Fluctuations can only be bending-
dominated in this case.

Now, the entropy of the adhered state, with respect to the free one, is given by Eq. (6.8).
A comparison between Eqs. (6.11) and (6.13) shows that the entropy gain is maximal, in
absolute value, for small κ , and decreases to 0 as κ approaches κ2.

Fig. 6.4 is obtained by numerically minimising the total constrained free energy, resulting
from the sum of (6.5), (6.6), (6.7) and (6.8), with respect to the bound surface A; then, the
total free energy, together with its bending, adhesion and entropic terms, are computed
for such optimal value of A. In the calculation, we use parameters meant to represent our
MD simulations: n−1/2 = 1.14σ (where σ is the Lennard-Jones unit length), R = 6.17σ ,
ε = 0.7kBT , and τ = 10−3 kBT/σ2.

Interestingly, this simplified model, despite its approximations, can reproduce the results
of our simulations and help us understand the entropic effects. In Fig. 6.4 we show the
free energy resulting from the minimization process, broken down in its three components.
As in Fig. 6.2, for low bending rigidities, entropy dominates and hinders adhesion (I). As
rigidity increases (II), if wrapping stays minimal, the fluctuations of the reference unbound
state decrease, until they have the same amplitude as in the bound state and the entropy loss
due to adhesion vanishes. As a result the system can afford a larger adhered surface. As A
gets larger, though, new large-wavelength modes become available, which are suppressed
by adhesion more than they would be in the unbound state. This yields a new source of
entropy loss, which limits the growth in A and sets the optimal wrapping. Increasing κ

again, it becomes comparable with or larger than the surface adhesion-energy density (III)
and bending energy becomes more and more important. At the same time, entropy loses
relevance. This is because the cutoff between adhesion-limited and bending-limited modes
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gets shifted to wavelengths that become unphysically larger than
√

A, so that all available
modes are now bending-limited. Consequently, the entropy difference S between a bound and
an unbound membrane gradually goes to zero. In this regime, optimal wrapping is dominated
by a competition between bending energy and adhesion energy and can only decrease with
κ , until the point (IV) where A becomes minimal (virtually just one point).

This reasoning demonstrates that the free energy curve follows the same qualitative trend
as the adhesion energy, clarifying why Fig. 6.3 can be explained with the results from Fig. 6.2.
In addition, the partitioning curves shown in Fig. 6.3 can be understood in terms of free
energy difference between two systems with two different values of κ . The exact mapping
between κ in our theory and Kb in our simulations is not relevant for the qualitative behaviour
described here. For an example of such conversion, we refer the reader to [317].

10 2 10 1 1 10
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Fig. 6.4 Free energy F as a function of bending rigidity κ , within the analytical approx-
imation. Dashed and dotted lines correspond to bending energy Ebending, adhesion energy
Eadhesion, and entropic term −T S (where S is entropy). The sum of these three terms is
F . The adhesion energy, proportional to the adhered surface A, reproduces the trend from
Fig. 6.2. The figure was made by Dr. Ivan Palaia.
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Computing free energy in simulations. To further quantify our simulation results and
provide an additional comparison with our theory, we measure the free energy profile for
the membrane-bound nanoparticle crossing the interface between two regions of different
rigidities using the Weighted Histogram Analysis Method (WHAM) [161] with a harmonic
biasing potential of kbias=1kBT/σ2 applied in the horizontal direction. Adopting similar
settings as in Fig. 6.3, we fix the rigidity of the softer side and vary that of the stiffer side.
In the case of a very low Ksoft, the free energy decreases significantly when passing to the
stiff side of the membrane (Fig. 6.5a). This finding is consistent with the trend observed
in the lower half of Fig. 6.3. The free energy difference ∆Fsoft→stiff corresponds to the
free energy difference between positive and negative x, far from the interface. It follows
a non-monotonic behaviour that matches the one observed in Fig. 6.4, displaying a deep
minimum at intermediate values of stiffer-side bending rigidity. Interestingly, the free energy
difference favours the stiff side, even at very large Kstiff, indicating a limit of the analytical
model, that is obviously far from being quantitative in its entropic term and whose continuous
treating of adhesion assumes zero energy gain at infinite rigidity. In the case of a larger Ksoft

(Fig. 6.5b) the free energy increases in value when passing from the soft towards the stiff
side, in agreement with the measurements in the top half of Fig. 6.3.

a) b)

Fig. 6.5 Free energy profiles for the transfer of a particle across the rigid-soft interface.
The softer region (left-hand side) has a bending rigidity of: a) Ksoft = 0.5kBT b) Ksoft = 5kBT .
The values are averaged over 20 simulation repeats. The legend indicates the bending rigidity
of the rigid side.

Durotaxis of multiple nanoparticles. The observed single-particle durotactic behaviour
can lead to collective migration of multiple membrane-adsorbed particles. However, membrane-
mediated interactions between multiple particles can render the resulting behaviour more
complex. As a proof of principle, we now explore the collective preferential migration of an



120 Durotaxis of passive nanoparticles on an elastic membrane

0.0

0.5

1.0

1.5

N
st
if
f/
N
so
ft

Kstiff = 1

Ksoft = 0.1

Kstiff = 5

Kstiff = 10

Ksoft = 10

Kstiff = 50

a) b)

10 1 1 10 102Kb [kBT]

0 100x [ ]

0

0.015

P
(x
)
[

1
]

Fig. 6.6 Partitioning of a collection of particles on a membrane measured in simulations.
a) Ratio between average number of particles on the stiff and on the soft side. The considered
bending rigidities are specified on each bar. The results are averaged over 100 simulation
repeats. b) Probability distribution of nanoparticles on a membrane in which rigidity is
increased step-wise along x, from one end to another, in exponential manner. The results are
averaged over 100 simulation repeats. The simulation snapshot highlights rigidity increments
on the membrane and shows accumulation of particles in its central region.

ensemble of nanoparticles adhered on the inhomogeneous membrane. To do so, we place 36
identical particles uniformly on the membrane surface (corresponding to a projected surface
packing fraction φ ≃ 0.28) and we measure the time evolution of the particle partitioning in
every simulation. The particles are allowed to diffuse freely across the membrane regions and
they only interact with each other through volume exclusion. As shown in Fig. 6.6a, multiple
particles behave in a manner analogous to what was observed for a single particle (Fig. 6.3).
For low soft-side rigidity, they strongly prefer transferring to the rigid side (first two bars in
Fig. 6.6a); in case of similar values of bending rigidity, no significant preference for either
surface is observed (third bar); for large soft-side rigidity, particles migrate to the softer side
(fourth bar). These observations suggest that collective transport of macromolecules can be
achieved solely through gradients in the local environment’s bending rigidity.

To further investigate whether more intricate rigidity gradients can induce a certain degree
of localisation on the membrane, we engineer a membrane in which the bending rigidity
increases logarithmically from Kb = 0.1kBT at one end to Kb = 100kBT at the other. The
nanoparticles statistically accumulate in the central region (Fig. 6.6b) which coincides with
the values at which free energy in minimized (Figs. 6.4 and 6.5), or, equivalently, average
adhesion is maximised (Fig. 6.2). This finding suggests that gradients in membrane rigidity
are sufficient to bias local concentration of particles on soft membranes. We propose this as a
relevant mechanism to sort proteins on membranes or to guide diffusion of macromolecules
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to their target locations during various physiological processes. According to the results
discussed above, nanoparticles or proteins on cellular membranes will have a greater affinity
towards softer membrane regions, and should statistically accumulate in such regions. One
such example is given in [308] which shows that a nanoparticle on a heterogeneous two-phase
membrane prefers localising on the softer liquid-disordered (Ld) phase domains, and has a
lower affinity toward the stiffer liquid-ordered (Lo) phase domains, consistent with the results
presented in this chapter. As such, the variation in the local composition of a biological
membrane might be used as a method of passively directing the biomolecules to functional
sites in various processes such as sorting or trafficking. Furthermore, this method of directing
biomolecules might prove relevant in the development of targeted drug-delivery systems or
other functional nanomachines.
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6.4 Conclusions

We demonstrated that rigidity gradients can provide an intrinsic driving force for guiding
the motion of passive spherical nanoparticles on deformable non-uniform membranes. This
behaviour originates purely in the minimisation of the system’s free energy and is not a
consequence of a rigidity-dependent persistence of motion, as was proposed for the cellular
durotaxis [318]. In particular, in the regime of biologically relevant bending rigidity values
(∼ 20kBT ), we found that the particle migrates toward softer surfaces, contrary to what is
expected for durotaxis observed in cellular systems. This behaviour seems to be a direct
consequence of the nanoparticle’s tendency to maximise contact with the membrane, so that
the system’s energy is minimised.

We observed a non-monotonic dependence in the particle’s average adhesion to the
membrane. This dependence was explained by the competition between three terms: the
entropic effects which dominate on very soft membranes, the energetic gain from adhesion,
and mechanical effects due to membrane bending which penalise local deformations. We
provided a deeper understanding of our simulation findings through free energy calculations,
both in simulations and with the help of an analytical theory. In particular, we proposed a
simple model to account for the entropic term, whose dependence on the bending rigidity
is highly nontrivial and incorporates two competing effects. On the one hand, increasing
rigidity decreases the entropy loss of the bound state with respect to the unbound reference
state, because it reduces fluctuations in the unconstrained membrane. On the other hand,
an increased rigidity also allows for an increase in wrapping, which in turn unlocks longer-
wavelength adhesion-limited modes and increases the entropy difference again. This feedback
mechanism, together with energy minimization, controls the free energy for each value of
bending rigidity.

Finally, we showed that gradients in rigidity are enough to drive spontaneous oriented
motion of many particles. This phenomenon might serve as a method of directing macro-
molecules to specific functional sites on the cellular surface. Rigidity gradients have recently
been shown to affect phase separation in a 3D elastic medium, comparable to the cytoskele-
ton [319, 320]. Our results suggest that they might also act as a passive protein sorting
mechanism in a 2D environment. Moreover, these findings could have potential impact for
the development of nanodevices that involve the transport of molecular cargoes to a targeted
region, for instance in the development of artificial drug delivery systems.



Chapter 7

Conclusions and future outlook

Throughout this dissertation, we have investigated the often overlooked role played by me-
chanical forces in orchestrating the organisation of biomolecular systems. We explored how
forces control the self-organisation of biomolecules across several length scales ranging from
several to hundreds of nanometrers. Firstly, in Chapter 3 we demonstrated that mechanical
forces regulate the assembly of mechanosensitive channels into aggregates, shedding light
on previously unexplained experimental observations. Our simulations revealed how small
changes in membrane tension can induce a conformational change of the channels which
has important consequences for the overall interaction between channels and their subse-
quent clustering. One aspect that remains to be investigated in the case of mechanosensitive
channels is the effect of the local curvature on channel clustering and gating. For example, flu-
orescence microscopy studies have revealed that MscS localises preferentially at the poles of
E. Coli [321]. Moreover, finite element simulations showed that the local curvature affects the
mechanical response of the channels, the inward bending of the membrane being favourable
for gating [322]. As such, it would be helpful to study how our results are influenced by the
local membrane curvature. Understanding how the local curvature affects the mechanical
properties is crucial, many of the experimental patch-clamp measurements being carried
out in highly curved membrane regions. So far, all the simulations described in this chapter
employed only one type of channel. In reality, the zoology of mechanosensitive channels is
remarkably diverse. For example, E. Coli has 7 different types of mechanosensitive chan-
nels, but only three of them have been well studied (MscL, MscS and MscK) [118]. These
channels differ in structure, gating threshold, conductivity and ion selectivity [117]. It is
currently not well understood what is the actual role played by these various channels in a cell.
However, it can be speculated that different channels will gate at different tension thresholds
and will thus ensure that a steady solute release is achieved through their sequential opening.
Furthermore, it would be interesting to study how the gating is distributed spatiotemporally
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in such heterogeneous systems and how this in turn affects the leakage of the solutes. Such
a study could thus yield insights on the role of the less known types of mechanosensitive
channels.

In Chapter 4, we modelled the extrusion of membrane tubes in the presence of transmem-
brane cytoskeletal linkers. We showed that for a wide range of protein densities, the extrusion
force does not change significantly, fact owed to the redistribution of these linking proteins
around the tube. Only at high enough protein density levels, the force increased substantially,
as the linkers hindered the tube growth. One limitation of the simulations presented in this
chapter is that they are focused on the quasi-static measurements which mimic a slow pulling
experiment. However, it is widely known that the velocity of pulling can have a significant
effect on the recorded force [206]. As such, it would be interesting to simulate a dynamic
pulling experiment at different pulling rates. We anticipate that at low pulling rates, the
recorded force values will be similar to the ones presented in this chapter. Conversely, a high
pulling rate might shift the threshold at which the force increase is observed, as the proteins
will have less time to reorganise to avoid entering the tube.

In Chapter 5, we developed a coarse-grained representation of fibronectin, an essential
protein constituent of the extracellular matrix. Our model reproduces the behaviour of
fibronectin monomers which act as nanomechanical switches, unfolding under the application
of an external stress. The monomers then assemble into highly complex fibrillar networks. We
showed that the magnitude of the tensile load determines the total percentage of monomers
incorporated into fibrils. We then examined the architectures of the emerging networks and
showed how the protein unfolding and the tensile load play a substantial role in determining
the network’s morphology, connectivity and cohesion. The model could be further improved
by fine tuning the interprotein interaction potential such that bulk mechanical properties of
fibronectin fibers are reproduced. Another worthwhile improvement of the model would be
the introduction of multiple types of monomers which can mimic the multitude of binding
sites available in a single fibronectin monomer. We hope that the results presented here
could be further expanded in order to shed light on the early development of the extracellular
matrix.

Finally, in Chapter 6 we examined the diffusion of single and multiple nanoparticles
on fluctuating elastic membranes which possess a gradient in membrane bending rigidity.
We found that nanoparticles prefer migrating to membrane regions where their adhesion
is maximised, exhibiting a durotactic-like motion. Moreover, simulations revealed that
there is an optimal value of the bending rigidity at which the nanoparticle adherence is
maximised. In order to explain our findings, we developed an analytical model for the
particle’s variation of free energy with respect to the substrate’s bending rigidity. This model
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accounts for the mechanical cost of deforming the membrane, the entropy loss originating
from suppressing the membrane fluctuations and the energy gain from the particle’s adhesion.
For very soft membranes, the entropic contribution is the dominant term to the system’s
free energy, clearly hindering the particle’s contact with the membrane. As the rigidity is
increased, the contribution of the membrane fluctuations is decreased, and the particle can
adhere better. At very high values of the bending rigidity, the cost of locally deforming the
membrane is prohibitively high and the adherence eventually decreases again. We note that
the model presented here calculates the fluctuation amplitude treating the membrane beads
independently of each other. In reality, the fluctuations of the membrane beads are locally
correlated, and the introduction of such correlations in the analytical model would likely
improve our predictions. It would be interesting to check if the results presented in this
chapter can be generalised to curved surfaces as such an insight could unlock a clear method
of passively directing nanoobjects to specific sites in biologically relevant environments.





References

[1] Ryan L Karcher, Sean W Deacon, and Vladimir I Gelfand. Motor–cargo interactions:
the key to transport specificity. Trends in cell biology, 12(1):21–27, 2002.

[2] Jean-Cheng Kuo. Mechanotransduction at focal adhesions: integrating cytoskeletal
mechanics in migrating cells. Journal of cellular and molecular medicine, 17(6):704–
712, 2013.

[3] Jingqiang Li, Sithara S Wijeratne, Xiangyun Qiu, and Ching-Hwa Kiang. Dna under
force: mechanics, electrostatics, and hydration. Nanomaterials, 5(1):246–267, 2015.

[4] Jóhanna Árnadóttir and Martin Chalfie. Eukaryotic mechanosensitive channels. Annual
review of biophysics, 39:111–137, 2010.

[5] Yi-Chih Lin, Yusong R Guo, Atsushi Miyagi, Jesper Levring, Roderick MacKinnon,
and Simon Scheuring. Force-induced conformational changes in piezo1. Nature,
573(7773):230–234, 2019.

[6] Hong-Yun Wang, Tim Elston, Alexander Mogilner, and George Oster. Force generation
in rna polymerase. Biophysical journal, 74(3):1186–1202, 1998.

[7] Natalie De Souza. Pulling on single molecules. Nature methods, 9(9):873–877, 2012.

[8] Keir C Neuman and Attila Nagy. Single-molecule force spectroscopy: optical tweezers,
magnetic tweezers and atomic force microscopy. Nature methods, 5(6):491–505, 2008.

[9] Arthur Ashkin, James M Dziedzic, JE Bjorkholm, and Steven Chu. Observation
of a single-beam gradient force optical trap for dielectric particles. Optics letters,
11(5):288–290, 1986.

[10] Mark J Schnitzer and Steven M Block. Kinesin hydrolyses one atp per 8-nm step.
Nature, 388(6640):386–390, 1997.

[11] Mathai Mammen, Kristian Helmerson, Rani Kishore, Seok-Ki Choi, William D
Phillips, and George M Whitesides. Optically controlled collisions of biological
objects to evaluate potent polyvalent inhibitors of virus-cell adhesion. Chemistry &
biology, 3(9):757–763, 1996.

[12] Hong Yin, Michelle D Wang, Karel Svoboda, Robert Landick, Steven M Block, and
Jeff Gelles. Transcription against an applied force. Science, 270(5242):1653–1657,
1995.



128 References

[13] Wilhelm J Walter, Bernhard Brenner, and Walter Steffen. Cytoplasmic dynein is not a
conventional processive motor. Journal of structural biology, 170(2):266–269, 2010.

[14] Steven B Smith, Yujia Cui, and Carlos Bustamante. Overstretching b-dna: the elastic
response of individual double-stranded and single-stranded dna molecules. Science,
271(5250):795–799, 1996.

[15] Jan Liphardt, Bibiana Onoa, Steven B Smith, Ignacio Tinoco, and Carlos Busta-
mante. Reversible unfolding of single rna molecules by mechanical force. Science,
292(5517):733–737, 2001.

[16] Ulrich Bockelmann, Ph Thomen, B Essevaz-Roulet, Virgile Viasnoff, and Francois
Heslot. Unzipping dna with optical tweezers: high sequence sensitivity and force flips.
Biophysical journal, 82(3):1537–1553, 2002.

[17] M Capitanio, M Canepari, P Cacciafesta, V Lombardi, R Cicchi, M Maffei, FS Pavone,
and R Bottinelli. Two independent mechanical events in the interaction cycle of
skeletal muscle myosin with actin. Proceedings of the National Academy of Sciences,
103(1):87–92, 2006.

[18] Hu Zhang and Kuo-Kang Liu. Optical tweezers for single cells. Journal of the Royal
Society interface, 5(24):671–690, 2008.

[19] Xue Gou, Hao Yang, Tarek M Fahmy, Yong Wang, and Dong Sun. Direct measurement
of cell protrusion force utilizing a robot-aided cell manipulation system with optical
tweezers for cell migration control. The International Journal of Robotics Research,
33(14):1782–1792, 2014.

[20] Songyu Hu, Xue Gou, Hochun Han, Anskar YH Leung, and Dong Sun. Manipulating
cell adhesions with optical tweezers for study of cell-to-cell interactions. Journal of
biomedical nanotechnology, 9(2):281–285, 2013.

[21] Youhua Tan, Dong Sun, Jinzhi Wang, and Wenhao Huang. Mechanical characterization
of human red blood cells under different osmotic conditions by robotic manipulation
with optical tweezers. IEEE Transactions on biomedical engineering, 57(7):1816–
1825, 2010.

[22] Gerd Binnig, Calvin F Quate, and Ch Gerber. Atomic force microscope. Physical
review letters, 56(9):930, 1986.

[23] Frank Ohnesorge and Gerd Binnig. True atomic resolution by atomic force microscopy
through repulsive and attractive forces. Science, 260(5113):1451–1456, 1993.

[24] MB Viani, TE Schäffer, GT Paloczi, LI Pietrasanta, BL Smith, JB Thompson,
M Richter, M Rief, HE Gaub, KW Plaxco, et al. Fast imaging and fast force spec-
troscopy of single biopolymers with a new atomic force microscope designed for small
cantilevers. Review of Scientific Instruments, 70(11):4300–4303, 1999.

[25] Matthias Rief, Mathias Gautel, Filipp Oesterhelt, Julio M Fernandez, and Hermann E
Gaub. Reversible unfolding of individual titin immunoglobulin domains by afm.
science, 276(5315):1109–1112, 1997.



References 129

[26] Edward C Eckels, Shubhasis Haldar, Rafael Tapia-Rojo, Jaime Andrés Rivas-Pardo,
and Julio M Fernández. The mechanical power of titin folding. Cell reports,
27(6):1836–1847, 2019.

[27] Megan L Hughes and Lorna Dougan. The physics of pulling polyproteins: a review of
single molecule force spectroscopy using the afm to study protein unfolding. Reports
on Progress in Physics, 79(7):076601, 2016.

[28] Matthias Rief, Hauke Clausen-Schaumann, and Hermann E Gaub. Sequence-
dependent mechanics of single dna molecules. Nature structural biology, 6(4):346–
349, 1999.

[29] Sandor Kasas, Neil H Thomson, Bettye L Smith, Helen G Hansma, Xingshu Zhu, Mar-
tin Guthold, Carlos Bustamante, Eric T Kool, Mikhail Kashlev, and Paul K Hansma.
Escherichia coli rna polymerase activity observed using atomic force microscopy.
Biochemistry, 36(3):461–468, 1997.

[30] Wolfgang Fritzsche and E Henderson. Ribosome substructure investigated by scanning
force microscopy and image processing. Journal of Microscopy, 189(1):50–56, 1998.

[31] Albert J Jin, Kondury Prasad, Paul D Smith, Eileen M Lafer, and Ralph Nossal.
Measuring the elasticity of clathrin-coated vesicles via atomic force microscopy.
Biophysical journal, 90(9):3333–3344, 2006.

[32] Yu G Kuznetsov, James R Gurnon, James L Van Etten, and Alexander McPherson.
Atomic force microscopy investigation of a chlorella virus, pbcv-1. Journal of struc-
tural biology, 149(3):256–263, 2005.

[33] Andrew I Shevchuk, Gregory I Frolenkov, Daniel Sánchez, Peter S James, Noah
Freedman, Max J Lab, Roy Jones, David Klenerman, and Yuri E Korchev. Imaging
proteins in membranes of living cells by high-resolution scanning ion conductance
microscopy. Angewandte Chemie, 118(14):2270–2274, 2006.

[34] Frank A Schabert and Andreas Engel. Reproducible acquisition of escherichia coli
porin surface topographs by atomic force microscopy. Biophysical journal, 67(6):2394,
1994.

[35] Jochen P Müller, Salomé Mielke, Achim Löf, Tobias Obser, Christof Beer, Linda K
Bruetzel, Diana A Pippig, Willem Vanderlinden, Jan Lipfert, Reinhard Schneppenheim,
et al. Force sensing by the vascular protein von willebrand factor is tuned by a
strong intermonomer interaction. Proceedings of the National Academy of Sciences,
113(5):1208–1213, 2016.

[36] Toshio Ando. High-speed atomic force microscopy and its future prospects. Biophysi-
cal reviews, 10(2):285–292, 2018.

[37] Toshio Ando. Directly watching biomolecules in action by high-speed atomic force
microscopy. Biophysical Reviews, 9(4):421–429, 2017.

[38] Noriyuki Kodera, Daisuke Yamamoto, Ryoki Ishikawa, and Toshio Ando. Video
imaging of walking myosin v by high-speed atomic force microscopy. Nature,
468(7320):72–76, 2010.



130 References

[39] Mikihiro Shibata, Hayato Yamashita, Takayuki Uchihashi, Hideki Kandori, and Toshio
Ando. High-speed atomic force microscopy shows dynamic molecular processes in
photoactivated bacteriorhodopsin. Nature nanotechnology, 5(3):208–212, 2010.

[40] Daisuke Yamamoto, Takayuki Uchihashi, Noriyuki Kodera, Hayato Yamashita, Shingo
Nishikori, Teru Ogura, Mikihiro Shibata, and Toshio Ando. High-speed atomic force
microscopy techniques for observing dynamic biomolecular processes. In Methods in
enzymology, volume 475, pages 541–564. Elsevier, 2010.

[41] Yekaterina A Miroshnikova, Michele M Nava, and Sara A Wickström. Emerging roles
of mechanical forces in chromatin regulation. Journal of cell science, 130(14):2243–
2250, 2017.

[42] Yusuke Sakiyama, Adam Mazur, Larisa E Kapinos, and Roderick YH Lim. Spatiotem-
poral dynamics of the nuclear pore complex transport barrier resolved by high-speed
atomic force microscopy. Nature nanotechnology, 11(8):719–723, 2016.

[43] Carl Leung, Adrian W Hodel, Amelia J Brennan, Natalya Lukoyanova, Sharon Tran,
Colin M House, Stephanie C Kondos, James C Whisstock, Michelle A Dunstone,
Joseph A Trapani, et al. Real-time visualization of perforin nanopore assembly. Nature
Nanotechnology, 12(5):467, 2017.

[44] Yun Chen, Sheena E Radford, and David J Brockwell. Force-induced remodelling of
proteins and their complexes. Current opinion in structural biology, 30:89–99, 2015.

[45] Bryan A Nerger, Michael J Siedlik, and Celeste M Nelson. Microfabricated tissues
for investigating traction forces involved in cell migration and tissue morphogenesis.
Cellular and Molecular Life Sciences, 74(10):1819–1834, 2017.

[46] Adam J Engler, Shamik Sen, H Lee Sweeney, and Dennis E Discher. Matrix elasticity
directs stem cell lineage specification. Cell, 126(4):677–689, 2006.

[47] Pengfei Lu, Valerie M Weaver, and Zena Werb. The extracellular matrix: a dynamic
niche in cancer progression. Journal of Cell Biology, 196(4):395–406, 2012.

[48] Mukund Gupta, Bibhu Ranjan Sarangi, Joran Deschamps, Yasaman Nematbakhsh,
Andrew Callan-Jones, Felix Margadant, René-Marc Mège, Chwee Teck Lim, Raphaël
Voituriez, and Benoît Ladoux. Adaptive rheology and ordering of cell cytoskeleton
govern matrix rigidity sensing. Nature communications, 6(1):1–9, 2015.

[49] Diana E Jaalouk and Jan Lammerding. Mechanotransduction gone awry. Nature
reviews Molecular cell biology, 10(1):63–73, 2009.

[50] Benjamin Geiger, Joachim P Spatz, and Alexander D Bershadsky. Environmental
sensing through focal adhesions. Nature reviews Molecular cell biology, 10(1):21–33,
2009.

[51] Sergey V Plotnikov, Ana M Pasapera, Benedikt Sabass, and Clare M Waterman. Force
fluctuations within focal adhesions mediate ecm-rigidity sensing to guide directed cell
migration. Cell, 151(7):1513–1527, 2012.



References 131

[52] Chun-Min Lo, Hong-Bei Wang, Micah Dembo, and Yu-li Wang. Cell movement is
guided by the rigidity of the substrate. Biophysical journal, 79(1):144–152, 2000.

[53] Ewa K Paluch, Celeste M Nelson, Nicolas Biais, Ben Fabry, Jens Moeller, Beth L
Pruitt, Carina Wollnik, Galina Kudryasheva, Florian Rehfeldt, and Walter Federle.
Mechanotransduction: use the force (s). BMC biology, 13(1):1–14, 2015.

[54] Bruce Alberts. Molecular biology of the cell. 2018.

[55] Karin A Jansen, Dominique M Donato, Hayri E Balcioglu, Thomas Schmidt, Erik HJ
Danen, and Gijsje H Koenderink. A guide to mechanobiology: where biology
and physics meet. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research,
1853(11):3043–3052, 2015.

[56] Edward R Horton, Jonathan D Humphries, Jenny James, Matthew C Jones, Janet A
Askari, and Martin J Humphries. The integrin adhesome network at a glance. Journal
of cell science, 129(22):4159–4163, 2016.

[57] Robert J Pelham Jr and Yu-li Wang. High resolution detection of mechanical forces
exerted by locomoting fibroblasts on the substrate. Molecular biology of the cell,
10(4):935–945, 1999.

[58] Micah Dembo and Yu-Li Wang. Stresses at the cell-to-substrate interface during
locomotion of fibroblasts. Biophysical journal, 76(4):2307–2316, 1999.

[59] Xavier Trepat, Michael R Wasserman, Thomas E Angelini, Emil Millet, David A
Weitz, James P Butler, and Jeffrey J Fredberg. Physical forces during collective cell
migration. Nature physics, 5(6):426–430, 2009.

[60] Valentina Peschetola, Valérie M Laurent, Alain Duperray, Richard Michel, Davide
Ambrosi, Luigi Preziosi, and Claude Verdier. Time-dependent traction force mi-
croscopy for cancer cells as a measure of invasiveness. Cytoskeleton, 70(4):201–214,
2013.

[61] Myriam Reffay, Maria-Carla Parrini, Olivier Cochet-Escartin, Benoıt Ladoux, Axel
Buguin, S Coscoy, François Amblard, Jacques Camonis, and Pascal Silberzan. Inter-
play of rhoa and mechanical forces in collective cell migration driven by leader cells.
Nature cell biology, 16(3):217–223, 2014.

[62] Alexandre Saez, Ester Anon, Marion Ghibaudo, Olivia du Roure, JM Di Meglio, Pascal
Hersen, Pascal Silberzan, Axel Buguin, and Benoît Ladoux. Traction forces exerted
by epithelial cell sheets. Journal of Physics: Condensed Matter, 22(19):194119, 2010.

[63] Thibaut Brunet, Adrien Bouclet, Padra Ahmadi, Démosthène Mitrossilis, Benjamin
Driquez, Anne-Christine Brunet, Laurent Henry, Fanny Serman, Gaëlle Béalle, Chris-
tine Ménager, et al. Evolutionary conservation of early mesoderm specification by
mechanotransduction in bilateria. Nature communications, 4(1):1–15, 2013.

[64] Arun Sampathkumar, An Yan, Pawel Krupinski, and Elliot M Meyerowitz. Physical
forces regulate plant development and morphogenesis. Current biology, 24(10):R475–
R483, 2014.



132 References

[65] Ilya Koltover, Joachim O Raedler, and Cyrus R Safinya. Membrane mediated attraction
and ordered aggregation of colloidal particles bound to giant phospholipid vesicles.
Physical review letters, 82(9):1991, 1999.

[66] Benedict J Reynwar, Gregoria Illya, Vagelis A Harmandaris, Martin M Müller, Kurt
Kremer, and Markus Deserno. Aggregation and vesiculation of membrane proteins by
curvature-mediated interactions. Nature, 447(7143):461–464, 2007.
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[69] And̄ela Šarić and Angelo Cacciuto. Mechanism of membrane tube formation induced
by adhesive nanocomponents. Physical review letters, 109(18):188101, 2012.

[70] Ned Bowden, Andreas Terfort, Jeff Carbeck, and George M Whitesides. Self-assembly
of mesoscale objects into ordered two-dimensional arrays. Science, 276(5310):233–
235, 1997.

[71] Jennifer J McManus, Patrick Charbonneau, Emanuela Zaccarelli, and Neer Asherie.
The physics of protein self-assembly. Current opinion in colloid & interface science,
22:73–79, 2016.

[72] Janna K Mouw, Guanqing Ou, and Valerie M Weaver. Extracellular matrix assembly:
a multiscale deconstruction. Nature reviews Molecular cell biology, 15(12):771–785,
2014.

[73] Thomas D Pollard. Actin and actin-binding proteins. Cold Spring Harbor perspectives
in biology, 8(8):a018226, 2016.

[74] Tuomas PJ Knowles, Michele Vendruscolo, and Christopher M Dobson. The amyloid
state and its association with protein misfolding diseases. Nature reviews Molecular
cell biology, 15(6):384–396, 2014.

[75] Daniel L Parton, Jochen W Klingelhoefer, and Mark SP Sansom. Aggregation of
model membrane proteins, modulated by hydrophobic mismatch, membrane curvature,
and protein class. Biophysical journal, 101(3):691–699, 2011.

[76] Osman Kahraman, Peter D Koch, William S Klug, and Christoph A Haselwandter.
Architecture and function of mechanosensitive membrane protein lattices. Scientific
reports, 6:19214, 2016.

[77] Mijo Simunovic, Gregory A Voth, Andrew Callan-Jones, and Patricia Bassereau.
When physics takes over: Bar proteins and membrane curvature. Trends in cell
biology, 25(12):780–792, 2015.

[78] Mijo Simunovic and Gregory A Voth. Membrane tension controls the assembly of
curvature-generating proteins. Nature communications, 6(1):1–8, 2015.



References 133

[79] Purva Singh, Cara Carraher, and Jean E Schwarzbauer. Assembly of fibronectin
extracellular matrix. Annual review of cell and developmental biology, 26:397–419,
2010.

[80] Christian Frantz, Kathleen M Stewart, and Valerie M Weaver. The extracellular matrix
at a glance. Journal of cell science, 123(24):4195–4200, 2010.

[81] Sandra B Lemke and Frank Schnorrer. Mechanical forces during muscle development.
Mechanisms of Development, 144:92–101, 2017.

[82] Jonathan Chang, Xiu-Feng Peng, Karam Hijji, Joseph Cappello, Hamidreza Ghan-
dehari, Santiago D Solares, and Joonil Seog. Nanomechanical stimulus accelerates
and directs the self-assembly of silk-elastin-like nanofibers. Journal of the American
Chemical Society, 133(6):1745–1747, 2011.

[83] Xueqiang Zhang, Xiuyuan Hu, Haozhi Lei, Jun Hu, and Yi Zhang. Mechanical
force-induced polymerization and depolymerization of f-actin at water/solid interfaces.
Nanoscale, 8(11):6008–6013, 2016.

[84] Yue Yuan, Yu-Jiao Wang, Jun Hu, Shi-Tao Lou, Yi Zhang, et al. Mechanical-force-
promoted peptide assembly: a general method. Nuclear Science and Techniques,
29(9):131, 2018.

[85] William George Noid. Perspective: Coarse-grained models for biomolecular systems.
The Journal of chemical physics, 139(9):09B201_1, 2013.

[86] Anne E Hafner, Johannes Krausser, and And̄ela Šarić. Minimal coarse-grained models
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Appendix A

Dynamic clustering regulates activity of
mechanosensitive membrane channels

A.1 Cell volume dynamics during hypoosmotic shock

A.1.1 A brief description of the previous model

We implement a previously developed model to deduce cellular volume (V) and solute (ni)
dynamics of Escherichia coli [122] upon a hypoosmotic shock.1 Water flux (j) across the
cell membrane depends on the difference between the osmotic pressure (Π) and the Laplace
pressure (P) of the cell wall, j ∼−π −P. Where π is defined by Morse Equation given as
below:

Π =−φ(ci − ce)RT (A.1)

The molar osmotic coefficient (φ ) is set to 1 because the osmolarities of solutions are
measured with an osmometer. Constants ci, ce, R and T are cytoplasmic and media solute
concentrations, ideal gas constant and thermodynamic temperature, respectively. To derive
P we consider cell wall elasticity that has been experimentally demonstrated to exhibit
stress-stiffening, thus E = E0(̇P/P0)

κ [323], where E0 and P0 are the pre-shock steady-
state elasticity and pressure and κ is the set to 1 (experimentally it was measured as 1.22)
[122, 323]. We then write:

E =
True stress
True strain

=
dγ/l
dr/r

= E0
P
P0

(A.2)

1The model in A.1.1. was developed by Teuta Pilizota and Smitha Hegde. The author developed and
analysed all the simulations described in the appendix. Smitha Hegde and the author collaborated in developing
the model described in A.1.2.
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where γ is the membrane tension, and r and l are the radius of the cell and the thickness of the
cell wall (note that we effectively merge the contribution from the wall and the membranes
into one, thus l can be considered the whole envelope thickness). Considering E.coli as thin
cylinder, we can write γ = Pr. At pre-shock steady-state, osmotic pressure gives rise to
Laplace pressure, P0 = RT ∆c0, where ∆c0=0.04 Osmol/l is the pre-shock osmotically active
solute gradient across the cell membrane determined based on experimental estimates of
turgor pressure [122]. Solving equation A.2 for P gives:

P = e

3

√
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3

π
E0l(V

1
3 −V

1
3

0 )

∆c0RTV
1
3 V

1
3

0 ·∆c0RT
V

1
3

0

V
1
3

(A.3)

V0 is the pre-shock cell volume which is experimentally found to be 1.338 ± µm3 [122]. The
molar water flux during an osmotic shock leads to change in cell volume and hence:

dV
dt

=Vm jAc =VmK · (−Π−P) (A.4)

Ac is the surface area of the cell (considering the cell as a spherocylinder of 2:1 length to
diameter ration with d=1µm). Vm is the molar volume of water and K is the effective water
conductivity. Gating of MSCs upon a hypoosmotic shock increases the permeability of the
cell membrane to water, which we capture with a constant A

dV
dt

= (A+1) ·VmK · (−Π−P) (A.5)

A = 2 means 2 times higher conductivity compared to the cell membrane with closed MSCs
(when A = 0). The channels are set open if V is greater than the volume threshold of opening
(Vth). To deduce the dynamics of cytoplasmic solute concentration we allow the diffusive
flow of solutes through the open MSCs, as well as take into account the build up of Laplace
pressure in the cell wall due to the large influx of water:

dni

dt
=−A ·

(
VMK · ni

V
·P+DsNMSC ·aMSC ·

ni
V − ce

lMV0

)
(A.6)

where NMSC is the sum of all the MSCs in the cell, aMSCL is the total MSCs pore area, Ds

is the average diffusion constant of osmotically active solutes and lm is the thickness of
cell membrane, both have been experimentally estimated and we use the same values as
previously [122].
.
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A.1.2 Including MscL clustering into the model

The channel we built for our coarse-grained simulations is based on the structure of MscL. In
a wild type E. coli strain there are 7 different MSCs [118]. However, for simplicity we will
apply the results of the course-grained simulations to all of them and will for now overlook
any differences between them. We thus use MSCs and MscLs interchangeably from here
on. The gating activity of the channels will depend on the probability of opening of single
channels and the extent of their clustering, which both depend on the membrane tension and
the number of channels in the system. To include the effect of channel clustering on cell
volume, we introduce a parameter β that captures the total probability of the channel gating
in the system, defined as below:

β =
30

∑
N=1

Popening(N,γ) ·Pf ormation(N,ρ,γ) (A.7)

The probability of opening of a channel in a cluster of size N, Popening(N), is given as:

Popening(N,γ) = a1 · (1−a2 · e−C1γ)e−C2N (A.8)

The functional form was chosen to agree with the results of simulations given in Fig. S3,
where a numerical fit gave a1 = 1.684, a2 = 0.91, C1 = 0.9274, C2 = 0.49. The in vivo
values of membrane tension are calculated as before, from γ = P · r and equation A.3. For
a resting turgor pressure of 1 atm and cell radius of 0.5 um, the lateral tension on the cell
membrane ranges from 50 to 80 mN/m for 15% volume increase during a hypoosmotic shock.
Thus, the overall increase in membrane tension is 30 mN/m. Previous in-vitro report that the
probability of MscL opening is half for a membrane tension ranging from 8-14 mN/m [324].
In order to scale the lateral membrane tension with the tensions in the coarse-grained model,
we chose a mid-value of 11 mN/m.

Here it is important to keep in mind that our coarse-grained membrane model is phe-
nomenological in nature, and while it produces the correct mechanical properties of biological
membranes in general (bending rigidity and fluidity), it is not meant to reproduce the exact
experimental membrane system. For instance, the membrane in our simulations ruptured at
tensions greater than 3 mN/m, while experimentally reported values range between 1 mN/m
and 25 mN/m, depending on the membrane composition and experimental conditions [325].
Moreover, our computer model does not include the presence of the bacterial wall, hence the
value of the rupture tension in our generic model is not expected to match the experimen-
tally reported values for bacterial envelope rupture. Nevertheless, the trends and physical
mechanisms we observe will still be valid.
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Fig. A.1 Probability of opening per channel versus cluster size at two values of mem-
brane tension. As the cluster size increases and the tension decreases, the probability of
opening per channel decreases.

Pf ormation(N,ρ,γ) is the probability of formation of cluster of size N and at a given
membrane tension and channel packing fraction, ρ , given as:

ρ = NMSC ·aMSC/Ac (A.9)

To obtain Pf ormation(N,ρ,γ) we take into account that the computer model developed
here, however minimal, does not allow us to collect good statistics for the cluster size
distribution in a system of several hundreds of channels (and all at different tensions), which
are the values reported in experiments [173]. Thus, to acquire better statistics for Pf ormation

we carry a separate set of simulations in which we model the channels as simple disks that
interact with each other via a Lennard-Jones potential whose strength and range match the
one measured in the membrane channel simulations, and at different values of membrane
tensions. The disks were placed inside a simulation box and allowed to aggregate, similarly
to how channels organise into clusters given enough time and a strong enough interaction
(εprotein−protein). This allowed an accurate estimation of the distribution of channels into
clusters of different sizes. 1089 disks of diameter d = 1σ were inserted inside a square box
of side length L. The side length was varied from L = 100σ to L = 500σ in steps of 100σ

and the 2D molecular dynamics simulations were carried out in the NVT ensemble. The
channels were allowed to interact through a Lennard-Jones potentials of depth ε = 1.0kBT to
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ε = 2.0kBT in steps of 0.2 kBT. This range of interactions mimics the interactions observed
within dimers of channels (Fig.3.19). The disks were counted as being in the same cluster if
found at distances d ≤ 3σ , which corresponds to the distance at which the disks feel each
other’s attraction in this simulation. The simulations were run for 5 million time steps each.
The probability of formation for a cluster of size N showed a non-linear dependence on the
packing fractions (or cell volumes in the real system) as shown in Fig. A.2. We can fit the
observed probability of formation of a cluster of size N to a geometric distribution of the
type:

Pf ormation(N,L,ε) = (1− p)N−1 p, (A.10)

where p is the geometric distribution’s ratio and related to the probability of formation of a
monomer: Pf ormation(1,L,ε) = p. Equation A.10 can then be rewritten as follows:

lnPf ormation(N,L,ε) = (N −1)ln(1− p)+ lnp (A.11)

We assume that p ∝ L2/ε . The rationale for this is as follows: (i) if the system’s size (for a
fix packing fraction) increases, the probability of observing monomers will increase, and (ii)
as the interaction energy between channels increases, they tend to reorganize into clusters
and the probability of observing monomers will decrease. We can thus substitute p for
p = mL2/ε , where m is a parameter that captures the dependence of the geometric ratio, p,
on L2 and ε:

lnPf ormation(N,L,ε) = (N −1)ln(1−mL2/ε)+ ln(mL2/ε) (A.12)

By using a Taylor approximation when mL2/ε << 1:

lnPf ormation(N,L,ε) = (N −1)(−mL2/ε)+ ln(mL2/ε), (A.13)

which can be rewritten as

lnPf ormation(N,L,ε) = (1−N)mL2/ε + ln(L2/ε)+ lnm, (A.14)

Then, channel packing fraction, ρ , is inversely proportional to box area L2:

ρ =
Ndisksπd2

4L2 , (A.15)
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So equation A.14 becomes:

lnPf ormation(N,ρ,ε) = (1−N)mNdisksπd2/4ρε + ln(1/ρε)+ ln(Ndisksπd2/4)+ lnm
(A.16)

Writing the equation A.16 only in terms of the three variables N, ρ and ε , it becomes:

ln[Pf ormation(N,ρ,ε)] = (1−N)A/ρε + ln(1/ρε)+B (A.17)

with A and B being constants to be estimated from the simulations. Fitting the results for
Pf ormation for both different ρ and different ε varied in the parameter space described above
yielded the coefficients: A = 0.009kBT and B =−8.316.
We assume there is a correlation between the effective interaction energy between two chan-
nels with the surface tension, because higher surface tensions should lead to conformations
that are more tilted and less likely to interact with each other. This is indeed observed in
Fig.3.19 which shows the average interaction energy between two channels if they are close
enough from each other. As the tension is increased, it is observed indeed that the channels
tend to interact less strongly. We can then approximate the dependence of the interaction
between channels on surface tension on a sigmoid (Fig.3.19):

ε = a/(1+ exp(−c(γ −d))+b, (A.18)

where a,b,c and d are the parameters determined from the fitting the data in Fig. 3.19
(a = 0.587kBT , b =−1.973kBT , c = 18.431 m/mN, d = 0.743 mN/m).

We then normalise Pf ormation as follows:

30

∑
N=1

Pf ormation(N,ρ,γ) = 1 (A.19)

We group together clusters larger than N=30 as Popening and Pf ormation are negligibly small
for N>30, see Fig A.1 and A.2.

Lastly, based on our previous experimental results and cell volume recovery model, we
scale the parameters of the coarse grained model in equation A.17 and A.18, such that at
4% cell volume increase all the channels are monomers [122] and a, b, c and d become
a = 19.371kBT , b =−19.73kBT , c = 1.675 m/mN, d = 3.715 mN/m, respectively (Fig.A.2).
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Fig. A.2 Probability of formation of a channel cluster at varying membrane tension.
The probability of formation of a cluster, calculated using Eq A.17 at varying normalized
cell volumes (Vn), at 0.5% packing fraction.

The Master equations for the cell volume change and solute concentration change (Eq.
A.5 and A.6) can now be written as:

dV
dt

= (β +1)VmKRT
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(A.20)
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In Eq A.21, α = DsNMSCaMSC/lMV0 . We fit the parameter values K and α to an exper-
imental representative singe cell volume response as these two parameters are associated
with the properties of channels and expect it to be different from the previous estimations
[122] and fix the rest of the parameters at values previously determined. The 0.96 Osmol hy-
poosmotic shock was achieved by growing E.coli in media with elevated NaCl concentration
[122] and then suddenly exposing the cells to the same media but without NaCl. Growing in
elevated NaCl (specifically 550mM) results in expression of ≈ 1300 MscL [173]. The pack-
ing fraction at this experimental condition is 0.5%, calculated based on the area of a single
MscL (24nm2 [127]) and surface area of E.coli (6 µm2 based on experimentally obtained cell
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volume of 1.338 fL [122]). The obtained fit values for K and α are 7.0×10−22molPa−1s−1

and 0.37 f ls−1. To predict the cell responses when the channels existed solely as isolated
channels or dispersed, Pf ormation and Popening in Eq.A.7 was calculated for N = 1.

A.1.3 Model fit to experimental volume trace

We fit the master equations A.20 and A.21 to a representative experimental volume trace for
0.96 osmol [122] and physiological packing fraction of 0.5%, at this experimental conditions.
The fitted trace was used to demonstrate the cluster aggregation-disaggregation dynamics as
shown in Fig. 3.20a.

Fig. A.3 Model fit (black) to a representative experimental volume trace (green) at
0.96 Osmol hypoosmotic shock and ρ=0.5%. The figure was made by collaborator Smitha
Hegde.

A.1.4 Dynamics of β during hypoosmotic shock

The figure below demonstrates the dynamics of the effective probability of opening, β ,
(see Eq. A.7) upon hypoosmotic shock, when the channels in the model are clustered and
dispersed. Effective probability of opening β in the clustered model shows an earlier drop in
channel opening attributing to re-aggregation of channel clusters during volume recovery.
This early closing of channels results in lesser volume overshoot while compared to the
dispersed model (Fig. 3.20b).
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Fig. A.4 Comparison of dynamics of the effective probability of opening, β , between a
clustered model (black line) and dispersed model(red line) during a 0.96 Osmol hypoosmotic
shock and 0.5% channel packing. The figure was made by collaborator Smitha Hegde.

A.1.5 Analysis of trade-offs different amounts of clustering pose on cell
pressure and volume regulation

To illustrate the effects of increasing amount of clusters (higher than that predicted by coarse-
grained model) on cell volume response (Fig 3.20b), interaction energy between the channels
in Eq. A.18 is increased by increasing the scaled constants a and b up to 20 times. The figure
below shows the maximum tension on the cell membrane at maximum volume expansion,
plotted against the minimum cell volume (∆Vn,min) during volume recovery. At a lower
amount of channel clustering, the cells benefit by reducing the volume overshoot without
much increasing the maximum tension upon a hyperosmotic shock. At higher amount of
clustering, the benefit of further reducing ∆Vn,min is traded off by the burden on cells due
to increased cell membrane tension, risking cell lysis. This illustrates that the interchannel
interactions have been likely optimized to give the optimal amount of clustering.
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Fig. A.5 Effect of increased amount of clustering on the cell tension and overshoot
upon a hypoosmotic shock. Maximum tension on the cell membrane at maximum volume
expansion is plotted against difference in volume overshot below the initial volume (∆Vn,min).
The osmotic shock is 0.96 Osmol and packing fraction is set to 0.5%. The figure was made
by collaborator Smitha Hegde.
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