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Chapter 1
Introduction

Cells are wonderfully complex microcosms and also the building blocks that allow living or-
ganisms to reproduce and survive. Ultimately, the cellular machinery supports the evolution
of species of different organisms. Cells divide and grow by actively changing shape, thus allow-
ing organisms to thrive. These shape changes are supported by the cytoskeleton, a mechanical
scaffold of filamentous proteins in the cytoplasm. The actin cortex is the principal cytoskele-
tal component which provides cells with the drive for active shape changes. It consists of actin
filaments and myosin II motor filaments which form a network with contractile properties.
Myosin motors generate forces that propagate through the network structure and locally re-
model it so as to fulfill functions as diverse as cell division or cellular rearrangement in tissues.
This thesis aims at understanding how contractility on a molecular scale leads to cell-scale ac-
tive behavior. To this end, a bottom-up quantitative approach is used based on the assembly
of a minimal model of the actin cortex. This approach allows for a systematic study of the
physical phenomena that contribute, in concert with biochemical regulatory networks, to cell
contractility and opens the way for modeling of such out-of-equilibrium materials. Addition-
ally, minimal model systems of the membrane-actin cortex interaction provide insights in the
effect of confinement on the structure of the cortex. In this chapter I introduce the cell as the
basic unit of life and describe how it is able to carry out contractility-driven functions. I focus
on the actin cortex, the cell component which drives changes in cellular shape leading both
to intracellular pattern formation and to rearrangements at the tissue/body level. Finally, I
briefly review biophysical experimental studies and theories on the structure and dynamics of
the actin cortex and provide an outline of the thesis.



1. Introduction

1.1 The cell: life in a nutshell

Life on Earth relies on an essential building block called the cell. This basic func-
tional unit represents the beginning of the life cycle for most organisms, with the
rare exception of entities such as viruses. The latter are difficult to place on a de-
fined position on the axis of living versus non-living matter. The cell represents the
smallest minimal operational component for life to be maintained. Some organisms,
such as bacteria or unicellular eukaryotes, are in fact restricted to a single cell as a
form of body during their entire life. However, as the amount of genetic information
increases so does the possibility to explore more complex developmental programs
and to translate them into highly structured bodies. As this happens communication
and cooperation between cells becomes relevant. The epitome of such cellular co-
operation is the complexity found in higher eukaryotes such as animals and plants.
These multicellular organisms embody a number of different types of tissues where
cells execute different functions and operate as part of specialized organs.

This intricate complexity has long been a powerful source of curiosity to the sci-
entific community. Amidst complex body forms we have learned to recognize, cate-
gorize and reproduce the patterns that living beings, ourselves included, display. Or-
gans, tissues and cells are the motifs that organize along various sorts of axes of sym-
metry to give rise to fully formed and functional bodies. Perhaps the most beautiful
snapshots of such patterns and symmetries have been captured in the 19th century
by the hand of German naturalist and comparative zoology professor Ernst Haeckel
(Fig. 1.1). With much detail but at the same time allowing room for his own artistic
creativity he produced numerous aquarelles, later turned to lithographs, of animals,
plants and microbes emphasizing their underlying body plan symmetries [1]. His
nature-inspired illustrations remain an intuitive summary of the extreme diversity
and staggering degrees of complexity that emerge in living organisms. In this man-
ner, he captured the patterns emerging from the continuous and dynamic interaction
of genetics and the environment. These are the interactions that lead to the organi-
zation of single cells and of cells into complex organisms.

Common to all these organisms are their basic cellular mechanisms and type of
cellular structures. Irrespective of the obvious differences in complexity and speci-
ficity of functions, all cells are essentially compartments carrying genetic informa-
tion. While in prokaryotes like bacteria this information is not separated into any
sub-compartments inside the cell body, eukaryotes contain a nucleus, bounded by
an internal membrane that separates the genetic information from the rest of the
cell medium, the cytoplasm (Fig. 1.2). Both prokaryotic and eukaryotic cells have a
boundary with the external environment called the plasma membrane. This bound-
ary confines cellular components but it allows exchanges with the surroundings or
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1. Introduction

with neighboring cells in a tissue. Furthermore, cells perform functions that are at
the basis of the growth and reproduction of living organisms, which include cell divi-
sion, cell locomotion, and tissue morphogenesis.

A B C
Bacteral cell Plant cell Animal cell
Flagella /\
Y LVacuoIe
Chromosome
| F-actin
Cell wall Microtubule
Membrane
Nucleus
Cell wall Membrane

Figure 1.2: Schematic drawing of different cells. A. Prokaryotic cell of an Escherichia coli
bacterium. B. Plant cell. C. Animal cell.

1.2 The cell as an active and dynamic material

The descriptive works of many naturalists, including Haeckel’s [1] have generated
an immense wealth of information and helped us understand the anatomy of living
organisms. These works have also paved the way for the birth of genetics, as well as
for Darwin’s studies on evolution. However, with the discovery of Brownian motion
[2] and Einstein’s work describing its implication for the statistical physics of matter
[3] coupled with the dawn of molecular biology describing the structure and function
of cellular components, cells began to be perceived as more than simple static small
bag of things.

Many biophysical techniques and microscopic technologies were developed to
explore the structure and dynamics of the living cell, which as any other soft material
is constantly subject to thermal fluctuations, but simultaneously operates outside the
laws of thermodynamical equilibrium [4]. In cells, fluctuations emerge as a result not
only of random thermal motion, but also as a consequence of active processes. These
include material exchanges across the cellular membrane that require chemical en-
ergy to counteract unfavorable diffusion gradients. Other examples of active cellular
processes are those where the cell must drastically change shape like division, loco-
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1.2 The cell as an active and dynamic material

motion and morphogenetic movements leading to tissue organization. This thesis
focuses on identifying the origin of the latter contractile processes. These are under-
taken by the cytoskeleton, a scaffold of proteins that confers mechanical integrity to
cells while also enabling their changes in shape.

1.2.1 The cytoskeleton and the actin cortex

The cytoskeleton is composed of a set of semiflexible biopolymers with different me-
chanical properties and functions (Fig. 1.3A top). These biopolymers can be char-
acterized by their resistance to bend under the influence of thermal fluctuations.
Their bending rigidity determines the length scale over which their backbones re-
main straight when thermally fluctuating, known as the persistence length (Fig. 1.3A
bottom). Microtubules are filaments that are rather stiff on the length scale of the
cell, with a persistence length of millimeters [5] (Fig. 1.3B). Among other functions
microtubules are responsible for the mechanical integrity of most living eukaryotic
cells (except in plants in which a cellulose wall confers mechanical support) [6]. The
actin cortex in its turn is composed of filaments that form a network that can ac-
tively contract and thus enables the cell to change its shape. This network comes
into action when newly duplicated cells separate during division or at the leading
edge of a crawling cell. Actin filaments (F-actin) are orders of magnitude more flex-
ible than microtubules and have a 17 um persistence length [5] (Fig. 1.3C). Finally,
intermediate filaments are tissue specific biopolymers with an alpha-helical central
rod conserved domain, with no known enzymatic activity and whose subunits belong
to a heterogeneous group of proteins. A rather well conserved intermediate filament
is lamin, which organizes into a meshwork that lines the inner side of the nuclear
membrane (Fig. 1.3D) [7]. Intermediate filaments are the cytoskeletal filaments most
sensitive to thermal motion, with a persistence length as small as 0.5 — 1 um [8].

Actin-based structures display a diversity of architectures that reflect their dif-
ferent functions. These structures are composed of actin filaments, polar semiflex-
ible biopolymers that assemble actively from globular actin monomers in an ATP-
dependent manner (the structure and F-actin assembly dynamics are described in
detail in chapter 2). The actin cortex is a randomly organized network of F-actin that
exists as a thin layer underneath the cell membrane and provides mechanical stabil-
ity (Fig. 1.3A). Additionally, actin-filled membrane protrusions form in cells that must
move or probe their surroundings [9]. For example, the lamellipodium that emerges
at the front of a migrating cell is a quasi-2D sheet of polymerizing filaments of actin
that push the membrane in the direction of motion [10, 11]. Thin membrane protru-
sions filled with actin known as filopodia act as mechanochemical probes for the cell
surroundings [12].
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Figure 1.3: A. Top Schematic drawing of the cell cytoskeleton and its main components.
On the right Schematic drawing of the persistence length of polymers in response to ther-
mal fluctuations. The persistence length [, quantifies the decay length of the correlation be-
tween tangent vectors  to points s and s” along the polymer contour length . Bottom Zoom
in on each of the main filamentous components: B. Microtubules, polar polymers of tubu-
lin monomers with a plus or growing end and a slower growing minus end. These are stiff
polymers of the length scale of the cell with a millimeter persistence length [,. C. Interme-
diate filaments forming the nuclear lamina. D. Filamentous actin (F-actin) polymerized into
a polar filament from globular actin monomers (F-actin forms a double helice of globular
monomers, here simplified to one strand for representation purposes). On the scale of the
cell F-actin is rather flexible with a persistence length on the order of micrometers.




1.2 The cell as an active and dynamic material

The organization of actin in these structures is extensively regulated by a myriad
of actin binding proteins which include filament crosslinkers, filament-nucleating
enzymes and motor proteins like myosins [13]. Actin crosslinkers like fascin or fil-
amin organize the network structure into either bundled or isotropic networks [14].
Nucleators of actin like the ARP 2/3 complex lead to the formation of branched net-
works in vitro [15] and have been reported to organize the actin in the lamellipodium
of migrating fish keratocytes into branches [11]. While gelsolin and cofilin restrict
filament polymerization, profilin favors it [13]. Finally, myosins represent a multi-
functional group of actin binding motors with different functions that are divided
into 15 classes [16].

Myosin motor functions are organism- and tissue-specific and include the trans-
port of cargo material by myosin V [17] and the mechanical connection of actin bun-
dles in the ear stereocilia of vertebrates by myosin I [17]. The first myosin to be de-
scribed was myosin II, a dimer with a N-terminal head domain and C-terminal tail
domain [16] (the structure of myosin molecules is described in detail in chapter 2).
The myosin II head domain binds directly to F-actin and it exerts a power stroke as it
moves towards the plus-end of actin and consumes ATP. The tail domains of myosin
IT attach to each other to form bipolar structures with heads pointing outwards called
myosin thick filaments. The latter, extensively described in skeletal muscle cells, are
an assembly of hundreds of motors able to slide antiparallel actin filaments of the
sarcomere (Fig. 1.4A) towards each other as they walk to the actin plus end. This re-
sults in an effective contraction of the sarcomere [18]. In non-muscle cells, myosin
II minifilaments are composed of only up to tens of motors molecules and they are
responsible for a myriad of processes that result in an active change of cell shape [19].

1.2.2 Myosin-II dependent contractile processes in the actin
cytoskeleton

The tension generated by myosin Il motor filaments is the driving force of contractile
processes both at the cell and at the tissue level (Fig. 1.4B). During cell division actin
organizes into a ring-like structure at the center of the dividing cell. Myosin minifil-
aments colocalize with this actin structure [20] and produce a force able to constrict
the cell and divide it into two daughter cells each carrying their genetic information
in the chromosomes (Fig. 1.5A). Another example of myosin contractility takes place
in the cortex during cell locomotion. While at the leading edge of the migrating cell
actin polymerization propels the cell forward as the filaments grow against the mem-
brane, at the back myosin filaments contract the network so as to detach the rear end
of the cell from the substrate and propel it in the same direction of movement (Fig.

7



1. Introduction

A
Z-line Titin CapZ
+ +
ISP L L LLLLLLLLLLLLLLL \
ISP eI L (LT LLLLLLLLLLLLL
‘3))))))))))))) > >4 (((((((((((7(((((5(
B Myosin Il filament Actin filanient
:"’,:‘..,W: Fow s ey
o n —p +
\ CCEEs &
) LY, CCeceact
y i
] )
A ) 12200
*«3%::} 4 . 1” )))’))‘_)
'y ‘m» sy 7 ,

Figure 1.4: Schematics of contractility generated by myosin II assemblies. A. Schematic of
a sarcomere, the muscle fiber contractile unit. In physiological conditions, myosin molecules
assemble tail to tail into bipolar structures with heads pointing outwards (myosin filaments)
and thus become effectively processive. At each instant they have a number of their heads
attached to actin filaments and as they walk to their barbed or plus end (plus sign) they con-
tract the symmetrical parts of the sarcomere towards each other. B. In isotropic networks like
the actin cortex, myosin filaments slide actin filaments past each other in the network and
generate contractile tension when the actin filaments are crosslinked to each other.
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1.5B).
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Figure 1.5: Schematic drawings of different contractile phenomena driven by actin-myosin.
A. Myosin II motors generate force that leads to contractile ring constriction and ultimately
results in cell separation during cytokinesis. B. Cell locomotion is driven at the lamellipodium
by polymerizing forces of F-actin assembling, and the back of the cell the cortex is contracted

Actin cable

by myosin filaments so as to carry the rear of the cell in the same direction of motion. C.
During germ band extension actin-myosin cables form along the antero-posterior interfaces
between neighboring cells. Later these collapse due to actin contractility into a vertex which
leads to the formation of rosettes of cells that are responsible for the net extension of the
germ band and elongation of the embryo body. D. Morphogenetic events during embryo
development are driven by the constriction of a supracellular actin cable that is pulled upon
by myosin II.

Actin-myosin has also been reported to regulate various contractile processes
in developing tissues [21]. Among these morphogenesis-related phenomena is the
movement of the germ layers in early embryos. During elongation of the body axis (a
few hours after eggs are layed) in Drosophila melanogaster (fruit fly) early embryos,
a tissue called the germ band (Fig. 1.5C, top) narrows along the dorso-ventral axis
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1. Introduction

of the embryo (vertical axis in the schematic, bottom left in Fig. 1.5 C) while it elon-
gates along the antero-posterior axis (horizontal axis in the schematic, bottom left in
Fig. 1.5C) [22]. This is a myosin motor-driven process where actin and myosin form
cables along the antero-posterior axis of neighboring cells that also contract along it
[23, 24]. This leads to the rearrangement of interfaces of neighboring cells, culminat-
ing in formation of a vertex and organization of cells into rosettes (bottom right, Fig.
1.5C) [25]. The latter are the functional units that drive the extension of the embryo
germ band along the antero-posterior axis to generate body elongation [25]. After the
embryo has undergone body elongation, cells of the amnioserosa on the dorsal sur-
face of the embryo decrease the gap between the cephalic region and the dorsal part
of the body [26]. This is a process coordinated by the formation of a supracellular
actin-myosin ring-like structure that contracts to close the gap on the amnioserosa
(Fig. 1.5D) [26].

1.3 Cellular microrheology reflects the out-of-
equilibrium behavior of the cytoskeleton

During the past two decades, several studies sought to study in vivo the origin of the
mechanical properties of the cell [27, 28, 29, 30, 31]. To this end many microrheolog-
ical approaches have been developed so as to probe different cellular compartments
such as the actin cortex or the microtubule- and intermediate filament-rich center of
the cytoplasm. These methods are based on the time-resolved tracking of the spatial
coordinates of particles applied to the surface of [27, 28, 32], inserted in [30, 33, 34]
or endogenous to the cell [31, 35, 36]. The variations in particle positions reflect the
fluctuations of the probed structure, which in turn are tightly connected to its me-
chanical properties.

The cell is a viscoelastic material whose mechanical properties are in great part
defined by the susceptibility of its cytoskeletal filaments to fluctuate. Like any other
semiflexible polymer, cytoskeletal biopolymers are prone to thermally fluctuate. How-
ever, recent work on the microrheology of different types of cells has shown that such
cells exhibit a clear departure from thermal (equilibrium) behavior [30, 37, 38]. This
deviation is attributed to active phenomena in the cytoplasm such as the transport
of cellular material by microtubule binding motors [33, 35] or the contractile fluctu-
ations induced by myosin motors in the actin cortex [34, 38, 39]. However, it is not
straightforward to disentangle the contribution of thermal and non-random out-of-
equilibrium fluctuations to the mechanical properties of the cell in vivo. For that
purpose bottom-up biophysics has focused on the investigation of minimal models
of cellular components that mimic in vivo behavior [40].

10
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1.4 Minimal model systems to decipher the origins
of cytoskeletal non-thermal dynamics

Cellular complexity is simultaneously the source of many interesting physical puz-
zles as well as an obstacle to understanding them. To overcome the barrier of com-
plexity and yet to form a complete understanding of cells, minimal model systems
mimicking specific cellular components have been devised. These pave the way
for an integrated thorough study of cells. Many biophysicists have focused on the
structure and dynamics of the actin cytoskeleton using such bottom-up approaches
[15, 41, 42, 43, 44, 45, 46]. The minimal model principle provides tools to study the
single molecule interactions of cytoskeletal filaments and associated binding motors
[47], but also tools to understand how collections of motor molecules interacting with
actin filaments can lead to meso-scale active network behavior. Studies of bulk actin
networks have been largely used as minimal model systems. Originally, such systems
have been used mostly as a a basis to understand the underlying mechanical proper-
ties of actin networks [44, 41, 43, 46, 45], and more recently several studies moved on
to the out-of-equilibrium behavior of actin networks containing active myosin mo-
tors (chapter 4, [48, 49, 50, 51].

1.4.1 Invitroreconstituted actin networks

The mechanical properties of actin networks confer to cells the ability to swiftly adapt
their shape to perform different functions. Many researchers have focused efforts on
understanding what underlying factors tune actin structure and mechanics. Such
work includes a vast number of experiments on how crosslinkers of actin lead to net-
work strain stiffening at high strains [52, 53] or how they tune structure [54]. Other
studies investigated the influence of actin density on structure [41, 55, 56, 57] and
dynamics [44] of the network. These studies were based on assays using bulk actin
networks, whose composition and structure was modulated by the controlled addi-
tion of crosslinkers. Complementary to this, research on active actin-myosin gels has
focused on understanding how the myosin II motor remodels the network structure
and mechanical properties by generating internal stresses [49, 58, 59, 60] and identi-
fying the underlying dynamics of these out-of-equilibrium materials [48, 49, 50, 51]
(Fig. 1.6A). Nonetheless, a clear connection between the emergence of patterns and
its relation with active local contractile fluctuations remains to be elucidated.

In contrast with bulk approaches which focus on presupposed continuum, isotropic
and boundary-insensitive actin gels, confinement studies investigate the influence of
container size and boundaries on the network structure and dynamics by polymer-
izing actin networks inside vesicles [61] or liposomes [62] (Fig. 1.6B). These works

11
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Figure 1.6: Minimal models to study structure and dynamics of actin networks. A.
Schematic drawing of an active bulk composite actin network. Actin filaments are crosslinked
and pulled upon (in crosslinked networks) by myosin filaments which modulate the network
structure and mechanics. B. The effect of the cell membrane on actin organization has been
studied in soft confinement (using artificial liposomes or vesicles).

have reported the spontaneous formation of a thin cortical actin shell on the inside
of these spherical soft containers [61]. This arrangement results from alignment of
the filament with the boundary to minimize their bending energy whenever their
contour length is comparable to the container diameter [63]. In soft confinement,
however, a systematic variation of container size is not easy. In addition to systemati-
cally studying the effect of container size, it would be interesting to also test the effect
of geometries other than spherical so as to assess the influence of the confining cel-
lular shape on cytoskeletal biopolymers.

1.4.2 Active gel models

Active materials have captivated the interest of physicists as they at once provide a
means to elucidate the mechanics and dynamics of living materials and exhibit thus
far underexplored out-of-equilibrium physical phenomena. The structure of active
gels has been intensively investigated with in vitro minimal systems [63, 59, 60, 64,
65, 66], and several hydrodynamic theories have been able to describe pattern for-
mation of 2D actively assembled topologies assuming that the gel is a homogenous
continuum [64, 67, 68, 69]. These coarse-grained mesoscale models of active polar
gels successfully predict patterns of self-organization in systems of small motor ag-
gregates that sort polar rigid-like filaments. Microtubules and their kinesin motors
are a system well understood under these assumptions of medium continuity and
filament polarity essential for pattern formation [64, 69].

Actin and myosin are a different system, since actin filaments are rather flexi-

12



1.5 Scope of this thesis

ble polymers (persistence length ~ 15 ym [5]) compared to microtubules (persistence
length ~ 1 mm [5]) and since myosin motors assemble in large bipolar clusters con-
taining up to hundreds of molecules. Microscopic theories, inspired by theories de-
veloped for microtubule-kinesin systems, suggested that the collective myosin motor
dynamics lead to a network stiffening at high frequencies while facilitating soften-
ing at zero frequencies [70]. Other theoretical work of active actin-myosin networks
focused on the actual microscopic implications of motor-generated stresses on ac-
tive networks dynamics [71, 72, 73]. These theories too assume that the actin gel is
a continuum and describe force centers as dipoles randomly distributed within the
isotropic network. They are able to capture the experimentally observed actin net-
work stiffening that emerges from the out-of-equilibrium motor-induced contractile
fluctuations [50, 51]. A clear cut connection between pattern formation and dynam-
ics and how force distribution and fluctuations influence network remodeling is still
lacking. This thesis addresses this interesting puzzle.

1.5 Scope of this thesis

In this thesis, I present experimental research on the structure and dynamics of actin
networks under the influence of myosin motors or spatial confinement. I use an in
vitro approach where I study minimal model systems composed of purified actin and
myosin. To test the influence of myosin on actin organization and dynamics, I use
confocal microscopy and particle tracking microrheology on bulk networks. To test
the influence of confinement on actin organization, I polymerize actin in cell-sized
hardwall microchambers.

In chapter 2, 1 introduce the methods used to reconstitute actin-myosin networks
in vitro. The processes of protein purification and fluorescent labeling are described
in detail. Moreover, the experimental techniques used to characterize the mechan-
ical properties of actin filaments and networks are introduced, and I describe the
characterization of the structure and self-assembly of myosin into bipolar filaments.

In chapter 3,1 study out-of-equilibrium self-organization in actin networks driven
by myosin motor activity, using fluorescence confocal microscopy. I demonstrate
that myosin causes actin network coarsening in a multi-stage condensation process.
The motors initially self-organize into myosin clusters, which then condense adja-
cent actin into dense shells. Interestingly, these foci-like patterns closely resemble
in vivo structures observed in various organisms and cell stages, which are involved
in myosin-dependent developmental processes and cell division and migration. We
propose a new physical mechanism that explains how coarsening and permanent
coalescence can emerge in weakly crosslinked actin networks based on the fact that
actin filaments have an asymmetric force-extension behavior.
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1. Introduction

In chapter 4, 1 investigate the consequences of motor activity for dynamics in
actin networks. A microrheological approach is used to study non-equilibrium fluc-
tuations caused by myosin contractile activity. | embedded micro-sized probe spheres
in actin-myosin networks and measured their displacements with bright field mi-
croscopy. I find markedly non-thermal particle trajectories, with periods of nondi-
rected (random) motion interspersed with episodes of active, directed motion. We
develop an automated segmentation analysis of particle trajectories to quantify the
spatiotemporal frequency of this directed motion. We demonstrate that the frequency
of directed motion is highest in early stages of sample aging, when the sample is
still coarsening due to motor-driven coalescence, as reported in chapter 3. From
ensemble averaged analysis, we retrieve signatures of out-of-equilibrium dynamics
activity, such as a diffusive-like mean squared displacement and an enhanced non-
Gaussianity of the displacement distribution functions. We have evidence of infre-
quent correlated motions of multiple particles, which occur only in early stages of
sample aging. This work indicates that physical models of nonequilibrium dynamics
in active gels should take into account the time-dependent, heterogeneous network
structure.

Finally, in chapter 5, 1 investigate how steric confinement, which mimics cell bound-
aries, influences the spatial organization of dense solutions of actin filaments. I poly-
merized fluorescently labeled actin networks inside hardwall microchambers with
inert surfaces, manufactured with photolithographic techniques. I demonstrate that
the actin filaments spontaneously organize into bundle-like structures above a thresh-
old concentration. These bundles align with the longest axis of anisometric cham-
bers and with the diagonal in isometric (square or circular) chambers. We propose
that bundling occurs due to the concerted effect of quasi-2D confinement of the
longest filaments in the polydisperse length distribution, and depletion interactions
induced by the shortest filaments. This mechanism differs from the isotropic-to-
nematic transition previously observed in bulk networks, which occurs at much higher
actin concentrations. We propose that the steady-state orientation of the bundles re-
sults from a competing liquid-crystalline ordering in the chamber center and align-
ment along the boundaries. This ordering effect of confinement might influence or-
ganization of the in vivo actin cytoskeleton, especially in confining spaces such as
the plant cell cortex or thin membrane protrusions, in conjunction with biochemical
regulation and actin-membrane adhesion.

14



References

[1] Ann Weissman. Ernst haeckel: Art forms in nature. 2006.

(2]

(3]

(9]

(10]

R. Brown. A brief account of microscopical observations made in the months
of june, july and august, 1827, on the particles contained in the pollen of plants;
and on the general existence of active molecules in organic and inorganic bod-
ies. Phil. Mag., 4:161-173, 1828.

A. Einstein. ber die von der molekulartheoretischen theorie der wrme
geforderten bewegung von in ruhenden flssigkeiten suspendierten teilchen.
Ann. d. Phys, 332(17):549-560, 1905.

C. Brangwynne, G. Koenderink, E MacKintosh, and D. Weitz. Intracellular trans-
port by active diffusion. Trends in Cell Biology, 19(9):423-427, 2009.

E Gittes, B. Mickey, J. Nettleton, and ] Howard. Flexural rigidity of microtubules
and actin filaments measured from thermal fluctuations in shape. J. Cell Biol.,
120(4):923 934, 1993.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and P. Walter. Molecular
Biology of the Cell. Garland Science, New York, 5th edition, 2008.

H. Herrmann and U. Aebi. Intermediate filaments: molecular structure, assem-
bly mechanism, and integration into functionally distinct intracellular scaffolds.
Annu. Rev. Biochem., 73(1):749-789, 2011.

L. Kreplak and D. Fudge. Biomechanical properties of intermediate filaments:
from tissues to single filaments and back. BioEssays, 29(1):26-35, 2007.

R. Furukawa, M. Fechheimer, and K. Jeon. The structure, function, and assembly
of actin filament bundles. In A Survey of Cell Biology, volume 175, pages 29-90.
Academic Press, 1997.

J. Small, M. Herzog, and K. Anderson. Actin filament organization in the fish
keratocyte lamellipodium. J. Cell Biol., 129(5):1275 -1286, 1995.

15



REFERENCES

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

16

A. Verkhovsky, O. Chaga, S. Schaub, T. Svitkina, J. Meister, and G. Borisy. Orienta-
tional order of the lamellipodial actin network as demonstrated in living motile
cells. Molecular Biology of the Cell, 14(11):4667-4675, 2003.

P. Mattila and P. Lappalainen. Filopodia: molecular architecture and cellular
functions. Nat. Rev. Mol. Cell Biol., 9(6):446-454, 2008.

C. Dos Remedios, D. Chhabra, M. Kekic, I. Dedova, M. Tsubakihara, D. Berry, and
N. Nosworthy. Actin binding proteins: regulation of cytoskeletal microfilaments.
Physiol. Rev., 83(2):433 —473, 2003.

O. Lieleg, M. Claessens, and A. Bausch. Structure and dynamics of cross-linked
actin networks. Soft Matter, 6(2):218-225, 2010.

R. Mullins, J. Heuser, and T. Pollard. The interaction of arp2/3 complex with
actin: nucleation, high affinity pointed end capping, and formation of branch-
ing networks of filaments. Proc. Natl. Acad. Sci. USA, 95(11):6181 -6186, 1998.

JR Sellers. Myosins: a diverse superfamily. Biochim. Biophys. Acta., 1496(1):3-22,
2000.

R. Tuxworth and M. Titus. Unconventional myosins: anchors in the membrane
traffic relay. Traffic, 1(1):11-18, 2000.

H. Huxley. Electron microscope studies on the structure of natural and synthetic
protein filaments from striated muscle. J. Mol. Biol., 7:281-308, 1963.

E Korn and J. Hammer. Myosins of nonmuscle cells. Annu. Rev. Biophys. Biophys.
Chem., 17:23-45, 1988.

D.N. Robinson and J.A. Spudich. Mechanics and regulation of cytokinesis. Curr.
Opin. Cell Biol., 16:182-188, 2004.

A. Martin. Pulsation and stabilization: contractile forces that underlie morpho-
genesis. Dev. Biol., 341:114-125, 2010.

K. Irvine and E. Wieschaus. Cell intercalation during Drosophila germband
extension and its regulation by pair-rule segmentation genes. Development,
120(4):827 -841, 1994.

R. Fernandez-Gonzalez, S. Simoes, J. Roper, S. Eaton, and J. Zallen. Myosin II
dynamics are regulated by tension in intercalating cells. Dev. Cell, 17(5):736-
743, 2009.



REFERENCES

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

M. Rauzi, P. Verant, T. Lecuit, and P. Lenne. Nature and anisotropy of cortical
forces orienting drosophila tissue morphogenesis. Nat. Cell Biol., 10(12):1401-
1410, 2008.

J. Blankenship, S. Backovic, J. Sanny, O. Weitz, and J. Zallen. Multicellular rosette
formation links PlanarCellPolarity to tissue morphogenesis. Dev. Cell, 11(4):459-
470, 2006.

S. Noselli. Drosophila, actin and videotape - new insights in wound healing. Nat.
Cell Biol., 4(11):E251-E253, 2002.

N. Wang, J. Butler, and D. Ingber. Mechanotransduction across the cell surface
and through the cytoskeleton. Science, 260(5111):1124 -1127, 1993.

B Fabry, G. Maksym, J. Butler, M. Glogauer, D. Navajas, and J. Fredberg. Scaling
the microrheology of living cells. Phys. Rev. Lett., 87(14):148102, 2001.

S. Hu, J. Chen, B. Fabry, Y. Numaguchi, A. Gouldstone, D. Ingber, J. Fredberg,
J. Butler, and N. Wang. Intracellular stress tomography reveals stress focusing
and structural anisotropy in cytoskeleton of living cells. Am. J. Physiol. Cell Phys-
iol., 285:C1082-C1090, 2003.

A. Caspi, R. Granek, and M. Elbaum. Enhanced diffusion in active intracellular
transport. Phys. Rev. Lett., 85(26):5655-5658, 2000.

A. Lau, B. Hoffmann, A. Davies, JC. Crocker, and T. Lubensky. Microrheol-
ogy, stress fluctuations, and active behavior of living cells. Phys. Rev. Lett.,
91(19):198101-4, 2003.

B. Fabry, G. Maksym, J. Butler, M. Glogauer, D. Navajas, N. Taback, E. Millet, and
J. Fredberg. Time scale and other invariants of integrative mechanical behavior
in living cells. Phys. Rev. E, 68(4):041914, 2003.

D. Arcizet, B. Meier, E. Sackmann, J. Raedler, and D. Heinrich. Temporal analysis
of active and passive transport in living cells. Phys. Rev. Lett., 101(24):248103-4,
2008.

C. Hale, S. Sun, and D. Wirtz. Resolving the role of actoymyosin contractility in
cell microrheology. PLoS One, 4(9):e7054, 2009.

D. Robert, T. Nguyen, E Gallet, and C. Wilhelm. In vivo determination of fluc-
tuating forces during endosome trafficking using a combination of active and
passive microrheology. PLoS One, 5(4):e10046, 2009.

17



REFERENCES

(36]

(37]

(38]

(39]

(40]

(41]

[42]

[43]

(44]

[45]

[46]

(47]

(48]

18

A. Snezhko, K. Barlan, I. Aranson, and V. Gelfand. Statistics of active transport in
Xenopus melanophores cells. Biophys. J., 99(10):3216-3223, 2010.

C. Brangwynne, E MacKintosh, and D. Weitz. Force fluctuations and poly-
merization dynamics of intracellular microtubules. Proc. Natl. Acad. Sci. USA,
104(41):16128 -16133, 2007.

E Gallet, D. Arcizet, P. Bohec, and A. Richert. Power spectrum of out-of-
equilibrium forces in living cells: amplitude and frequency dependence. Soft
Matter, 5(15):2947-2953, 2009.

M. Balland, A. Richert, and E Gallet. The dissipative contribution of myosin II
in the cytoskeleton dynamics of myoblasts. Eur. Biophys. J., 34(3):255-261-261,
2005.

D. Fletcher and R. Mullins. Cell mechanics and the cytoskeleton. Nature,
463(7280):485-492, 2010.

J. Kaes, H. Strey, J. Tang, D. Finger, R. Ezzell, E. Sackmann, and P. Janmey. F-
actin, a model polymer for semiflexible chains in dilute, semidilute, and liquid
crystalline solutions. Biophys. J., 70(2):609-625, 1996.

P. Janmey, S. Lind, H. Yin, and T. Stossel. Effects of semi-dilute actin solutions on
the mobility of fibrin protofibrils during clot formation. Biochim. Biophys. Acta,
841(2):151-158, 1985.

M. Gardel, M. Valentine, J. Crocker, A. Bausch, and D. Weitz. Microrheology of
entangled F-Actin solutions. Phys. Rev. Lett., 91(15):158302-5, 2003.

I. Wong, M. Gardel, D. Reichman, E. Weeks, M. Valentine, A. Bausch, and
D. Weitz. Anomalous diffusion probes microstructure dynamics of entangled
f-actin networks. Phys. Rev. Lett., 92(17):178101-4, 2004.

J. Tang and Paul A. Janmey. The polyelectrolyte nature of f-actin and the mech-
anism of actin bundle formation. J. Biol. Chem., 271(15):8556 —8563, 1996.

P. Janmey, S. Hvidt, J. Kés, D. Lerche, A. Maggs, E. Sackmann, M. Schliwa, and
T. Stossel. The mechanical properties of actin gels. elastic modulus and filament
motions. J. Biol. Chem., 269(51):32503-32513, 1994.

J. Finer, R. Simmons, and J. Spudich. Single myosin molecule mechanics: pi-
conewton forces and nanometre steps. Nature, 368(10):113-119, 1994.

C. Brangwynne, G. Koenderink, E Mackintosh, and D. Weitz. Nonequilib-
rium microtubule fluctuations in a model cytoskeleton. Phys. Rev. Lett.,
100(11):118104, 2008.



REFERENCES

(49]

(50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

(60]

(61]

GH Koenderink, Z Dogic, F Nakamura, PM Bendix, FC MacKintosh, JH Hartwig,
TP Stossel, and DA Weitz. An active biopolymer network controlled by molecu-
lar motors. Proc. Natl. Acad. Sci. U.S.A., 106(36):15192-7, 2009.

D. Mizuno, C. Tardin, C. Schmidt, and E MacKintosh. Nonequilibrium mechan-
ics of active cytoskeletal networks. Science, 315(5810):370-373, 2007.

T. Toyota, D. Head, C. Schmidt, and D. Mizuno. Non-Gaussian athermal fluctu-
ations in active gels. Soft Matter, 7(7):3234-3239, 2011.

M. Norstrom and M. Gardel. Shear thickening of f-actin networks crosslinked
with non-muscle myosin IIB. Soft Matter, 7(7):3228-3233, 2011.

M. Gardel, J. Shin, E MacKintosh, L. Mahadevan, P Matsudaira, and D. Weitz.
Elastic behavior of cross-linked and bundled actin networks. Science,
304(5675):1301 -1305, 2004.

O. Lieleg, K. Schmoller, M. Claessens, and A. Bausch. Cytoskeletal polymer net-
works: viscoelastic properties are determined by the microscopic interaction
potential of cross-links. Biophys. J., 96(11):4725-4732, 2009.

R. Furukawa, R. Kundra, and M. Fechheimer. Formation of liquid crystals from
actin filaments. Biochemistry, 32(46):12346-12352, 1993.

B. Gentry, D. Smith, and J. Kds. Buckling-induced zebra stripe patterns in ne-
matic f-actin. Phys. Rev. E, 79:031916-27, 2009.

J. Viamontes, P. Oakes, and J. Tang. Isotropic to nematic liquid crystalline phase
transition of F-Actin varies from continuous to first order. Phys. Rev. Lett.,
97(11):118103-4, 2006.

E Backouche, L. Haviv, D. Groswasser, and A. Bernheim-Groswasser. Active gels:
dynamics of patterning and self-organization. Phys Biol., 3(4):264-273, 2006.

David M. Smith, Falko Ziebert, David Humphrey, Cynthia Duggan, Matthias
Steinbeck, Walter Zimmermann, and Josef A. Kas. Molecular motor-induced
instabilities and crosslinkers determine biopolymer organization. Biophys. J.,
93:4445 - 4452, 2007.

S. Kohler, V. Schaller, and A. Bausch. Structure formation in active networks.
Nat. Mater., 10(6):462-468, 2011.

L. Limozin, M. Barmann, and E. Sackmann. On the organization of self-
assembled actin networks in giant vesicles. Eur. Phys. J. E, 10(4):319-330, 2003.

19



REFERENCES

[62]

(63]

(64]

[65]

[66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

20

M. Claessens, R. Tharmann, K. Kroy, and A. Bausch. Microstructure and vis-
coelasticity of confined semiflexible polymer networks. Nat. Phys., 2(3):186-189,
2006.

M. Lagomarsino, C. Tanase, J. Vos, A. Emons, B. Mulder, and M. Dogterom. Mi-
crotubule organization in Three-Dimensional confined geometries: Evaluating
the role of elasticity through a combined in vitro and modeling approach. Bio-
phys. J., 92(3):1046-1057, 2007.

E Nédélec, T. Surrey, A. Maggs, and S. Leibler. Self-organization of microtubules
and motors. Nature, 389(6648):305-308, 1997.

T. Surrey, E Nédélec, S. Leibler, and E. Karsenti. Physical properties determining
self-organization of motors and microtubules. Science, 292(5519):1167-71, 2001.

C. Hentrich and T. Surrey. Microtubule organization by the antagonistic mitotic
motors kinesin-5 and kinesin-14. J. Cell Biol., 189(3):465-480, 2010.

K. Kruse, J. Joanny, E Julicher, J. Prost, and K. Sekimoto. Asters, vortices, and
rotating spirals in active gels of polar filaments. Phys. Rev. Lett., 92(7):078101,
2004.

JF Joanny, F Julicher, K Kruse, and ] Prost. Hydrodynamic theory for multi-
component active polar gels. New. J. Physics, 9:422, 2007.

N. Nédélec, T. Surrey, and A. Maggs. Dynamic concentration of motors in mi-
crotubule arrays. Phys. Rev. Lett., 86(14):3192-3195, 2001.

T. Liverpool, M. Marchetti, J. Joanny, and J. Prost. Mechanical response of active
gels. Europhy. Lett., 85(1), 2009.

E MacKintosh and A. Levine. Nonequilibrium mechanics and dynamics of
motor-activated gels. Phys. Rev. Lett., 100(1):018104, 2008.

D. Head and D. Mizuno. Nonlocal fluctuation correlations in active gels. Phys.
Rev. E, 81(4):041910-11, 2010.

A. Levine and E MacKintosh. The mechanics and fluctuation spectrum of active
gels. J. Phys. Chem. B, 113(12):3820-3830, 2009.



Chapter 2

In vitro reconstitution of
actin-myosin networks

Contractile forces generated in the actin-myosin cytoskeleton contribute to cellular phenomena
such as cell migration and cell division. In this thesis, we use an in vitro bottom-up approach
to elucidate how actin and myosin interact to give rise to network-scale contractile behavior.
We circumvent the complexity associated with the native contractile machinery by assembling
a minimal model system of purified skeletal muscle actin and myosin II. In this chapter we
describe the purification and reconstitution of actin and myosin filaments, and characterize
the viscoelastic and structural properties of actin networks and the assembly and structure of
synthetic myosin thick filaments.
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2. In vitro reconstitution of actin-myosin networks

2.1 Introduction

Living cells are complex systems composed of many different functional modules.
One approach to study how these modules function and how their integration pro-
duces global cellular behavior is to reconstitute in vitro model systems in which cell
complexity is stripped down to its bare minimum. Such minimal models have been
successfully used to study mechanical and dynamical properties of the cytoskeleton,
the protein scaffold that gives cells shape and mechanical stability, but also func-
tional and mechanical plasticity [1],[2]. In this thesis we follow this approach with the
goal to clarify 1) how molecular interactions between myosin motors and actin fila-
ments lead to emergent contractile behavior at the network scale and 2) how simple
physical constraints like confinement influence actin self-organization. Passive actin
networks and the effect of different types of crosslinking proteins on their rheologi-
cal and structural properties have been studied in depth using in vitro reconstitution
and microscopy and rheological methods [3]. Studies of active networks containing
myosin motors are more scarce. Myosin II is a molecular motor protein with two
motor domains (or heads) and a long tail which mediates oligomerization to form
bipolar filaments. In vitro experiments have used myosin in three different forms:
the one-headed subfragment S1, the two-headed subfragment heavy meromyosin
(HMM), and synthetic filaments assembled from whole (uncleaved) myosin II.

The subfragments S1 and HMM can be prepared from myosin by digestion with
enzymes that cleave at specific positions in the protein [4] . Since the sub-fragments
lack the tail domain that is responsible for myosin oligomerization, they are solu-
ble independent of the buffer conditions. This makes it easier to handle these pro-
teins in vitro. However, since invididual motor heads have a rather low duty ratio
of only 2% at mM ATP concentrations, the subfragments cannot walk processively
along actin filaments [5]. S1 fragments were shown to affect the rheology of actin
networks at high frequency [6]. HMM was shown to have minimal effects on the rhe-
ology and network structure at high ATP, but as the HMM consumes the available ATP
and generates ADD, it becomes processive and the motors can collectively slide actin
filaments [7]. At zero ATP (rigor conditions), HMM acts as a transient crosslinker [8].
Interestingly, HMM fragments can collectively contract or even extend actin filament
bundles pushed close to a surface by methylcellulose [9]. Bipolar myosin filaments
are more processive than myosin subfragments. Classical studies of superprecipita-
tion showed macroscopic contraction of actin networks driven by skeletal muscle or
smooth muscle myosin II [10, 11, 12]. More recent experiments demonstrated that
macroscopic contraction by myosin filaments requires network crosslinking [11, 12].
However, actin bundles are contracted even in the absence of crosslinks [13]. In un-
crosslinked networks, myosin filaments can cause network fluidization by sliding
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2.2 Preparation and characterization of F-actin

actin filaments past one another [14]. In bundled networks, myosin filaments can
create patterns of bundles or asters [15, 16].

A clear relation between microscopic motor activity and network-level changes
in structure is still lacking. In this thesis we reconstitute a minimal system of actin fil-
aments and skeletal muscle myosin II motors that exhibits contractile activity, and
study structural and dynamic properties on the network scale. To study how cell
boundaries may influence the organization of the actin cytoskeleton, we created a
minimal model comprised of actin-filled microwells. Such in vitro assays enable a
tight control over the molecular composition and complexity of the system. Addi-
tionally, photolithographic microfabrication techniques provided us a means to sys-
tematically vary the geometry and size of confining environments.

In this chapter we describe the reconstitution and characterization of actin and
myosin filaments. Section 2.2 describes the purification and reconstitution of actin,
and the characterization of the filament length distribution and network microstruc-
ture and rheology. Section 2.3 describes the preparation of myosin and the character-
ization of myosin thick filament assembly and morphology.

2.2 Preparation and characterization of F-actin

Actin filaments are right-handed double-helices composed of globular monomers
(G-actin) [17]. Actin filaments constitute up to 20% of the protein of striated muscle
cells [17, 18] and are also the principal protein component of non-muscle cells [19].
In this thesis we use G-actin from rabbit psoas muscle (upper leg), a commonly used
G-actin source [20]. In solution at low ionic strength, actin is monomeric. However,
at neutral or slightly acidic pH, high ionic strength (KCI concentration 50 mM) and
elevated temperature, G-actin spontaneously self-assembles into filaments (F-actin)
[17]. This assembly is an active polymerization process as it requires ATP hydroly-
sis. ATP-bound G-actin monomers have a high affinity for the barbed or growing end
of actin filaments. This end is also commonly denoted as the plus end (Fig. 2.1A,
right-hand side, dark red). As monomers are added to the filament, ATP slowly hy-
drolyzes so that the pointed (or minus) end is enriched in ADP-G-actin, which even-
tually dissociates from the filament (Fig. 2.1A left-hand side, white monomers with
red outline). Although ADP-G-Actin does have a non-negligible association rate to
the pointed end of actin filaments, its dissociation is predominant. This results in
constant growth at the barbed end and constant shortening at the pointed end, a
phenomenon known as treadmilling. In steady-state conditions, actin filaments have
a constant length. The length distribution of actin filaments is exponential [21] and
can be shifted to smaller lengths by adding the actin-binding protein gelsolin (see
details in section 2.2.2).
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Figure 2.1: Fig 2.1 In vitro assembly of actin networks. A. Schematic drawing of F-
actin self-assembly. ATP-bound actin monomers (dark red, right-hand side) assemble
at the barbed or plus end (+), while ADP-bound actin (white monomers, left-hand side)
detach from the pointed or minus (-) end. ATP-bound actin monomers (red) undergo
ATP hydrolysis, releasing inorganic phosphate (Pi) (thin red arrows). Inset Ribbon dia-
gram of a G-actin monomer in the ADP state (RCSB Protein Database structure nr. 1J6Z,
http://www.rcsb.org/pdb/home/home.do). B. Confocal micrograph of fluorescently labeled
filaments embedded inside a three-dimensional unlabeled actin network. The filaments are
gently curved, reflecting their semiflexibility, characterized by a thermal persistence length
of ~ 15 pm. Scale bar 10 um. C. Length distribution for 3711 filaments. The first bin is an un-
derestimation of the actual frequency of short filaments due to image resolution limitations.
The red line represents an exponential fit to the data. The average length is 6 ym.
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2.2 Preparation and characterization of F-actin

2.2.1 Actin purification

Monomeric (G-) actin was purified from rabbit psoas skeletal muscle without col-
umn purification [20]. The purification proceeds in two phases, first the preparation
of acetone powder and then actin extraction. In the first phase, minced muscle tis-
sue is treated with a concentrated KClI solution (0.3 M) to remove myosin II, which
can be extracted in parallel (see section 2.3). The minced muscle undergoes a series
of steps of rinsing first with NaHCO3 (50 mM) to increase the pH to 8-8.5 and then
with distilled water. Several steps of dehydration with acetone at 4°C' are performed,
using in total 5 L of acetone per 500 g of muscle tissue. The final dry fibrous mate-
rial is dried overnight in a fume hood and the powder is stored at —80°C'. Typically,
~ 30g acetone powder is obtained from ~ 500 g meat. In the second phase, actin
is extracted by stirring the acetone powder in a low ionic strength chilled G-buffer
(2mM Tris-HCI, 0.2mM NasATP, 0.2mM CaCls, 0.2 mM dithiothreitol (DTT), 0.5 mM
NaN3s, pH 8.0) for 30 minutes, using 20 mL buffer per gram of acetone powder. After-
wards, the solution is filtered to remove solid material and centrifuged to clear the
actin-rich supernatant. G-actin is polymerized and incubated in a concentrated KClI
solution (0.6 M) to remove tropomyosin, a protein which regulates actin-myosin in-
teractions in muscle [22]. Actin is next depolymerised at low temperature in G-buffer
by an overnight dialysis against G-buffer. The final actin concentration is determined
by measuring light absorption at 290 nm using an extinction coefficient of 1.1 cm? /mg
[20]. Typically about 50 mg actin is recovered from 10 g of acetone powder. G-actin
is snap-frozen in liquid nitrogen and stored at —80°C' in G-buffer (2mM Tris-HCI,
0.2 mM NasATP, 0.2 mM CaCls, 0.2 mM dithiothreitol (DTT), 0.5 mM NaN3s, pH 8.0). All
the data reported in this thesis were obtained with one batch of G-actin. Accord-
ing to SDS-PAGE (Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis) re-
sults, this batch was practically free of contaminants (Fig. 2.2, actin band outlined in
red). G-actin labeled with biotin was purchased from Cytoskeleton (Tebu Bio), and
G-actin labeled with the fluorescent dye Alexa488 or Alexa568 was purchased from
Invitrogen.

2.2.2 Actin polymerization and length distribution

G-actin was assembled into filaments by mixing G-actin with ice chilled buffer to final
concentrations of 50 mM KCl, 2 mM MgCl,, 0.1 mM MgATP, 1 mM dithiothreitol (DTT)
and 25 mM Imidazole (pH 7.4). G-actin was always added last, and assembly was
initiated by incubating the mixture at room temperature. To determine the length
distribution of the actin filaments, we embedded a low density of fluorescently la-
beled actin filaments (pre-polymerized at a concentration of 1 mg/mL) in unlabeled
networks of 1 mg/mL actin (Fig. 2.1B). The lengths were measured for 3711 filaments
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Figure 2.2: Purified skeletal myosin II and actin are largely free of contaminants. The SDS-
PAGE gel stained with Coomassie Blue reveals for myosin the myosin heavy chains (MHC,
green box), myosin light chains (MLC, blue box), and some residual actin. For actin, there is
an actin band (A, red box), and small bands corresponding to low molecular weight contam-
inants (black arrow). 30 ug of protein per lane were loaded. M is the marker lane.

from confocal micrographs using the NeuronJ plugin of Image]
(http://rsbweb.nih.gov/ij/). The length distribution was approximately exponential,
consistent with prior reports [21, 23]. The average length was 6 um (Fig. 2.1C). To al-
ter the average length, gelsolin was included in the mixture. Gelsolin caps the barbed
end of actin filaments, thereby preventing addition of ATP-bound G-actin and conse-
quent filament growth [24]. The average length of F-actin in the presence of gelsolin
is inversely proportional to the gelsolin to actin molar ratio, RGA. Given that actin
filaments have 370 monomers per 1 m length, the average length L= (1/370 Rz A) (as-
suming that gelsolin is fully active) [21].

2.2.3 Microstructure of actin networks

In this thesis we study organization and dynamics of actin networks in a concen-
tration regime where the filaments are sterically entangled. Entanglements set in
above a threshold concentration commonly denoted as the overlap concentration.
For rigid rods, this threshold can be estimated as the point where the volumes swept
by freely rotating filaments start to contact. Thus, the threshold number density is
approximately equal to 1/L=3 [25, 26]. For actin filaments with an average length of
6 um, the overlap density is expected to be around 5 x 1072 chains/um?, which cor-
responds to a volume fraction of 4 x 10~% and weight concentration of 0.01 mg/mL.
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2.2 Preparation and characterization of F-actin

An overlap concentration in this range was experimentally confirmed by confocal
microscopy imaging [27]. The dynamics of filaments in an entangled network are
described by the so-called tube model (Fig. 2.3A). Each filament is confined to a vir-
tual tube formed by the surrounding filaments. This tube has a diameter D, and a
length L.. The entanglement (or deflection) length L. is the characteristic distance
between points of contact of the test filament with the tube wall [28]. The filaments
are free to slide longitudinally in the tube, but transverse motion is severely ham-
pered by contacts with other chains. Entangled systems still have a large enough free
volume to favor an isotropic distribution of rod orientations, which maximizes the
orientational entropy. However, when the filament density is increased further, the
free volume is reduced and the filaments tend to align, which leads to a transition
from the isotropic to a nematic state (I-N) [29]. For filaments with an average length
of 6 um, this liquid crystalline transition occurs around 5 mg/mL. This phenomenon
is explored in chapter 5. The entanglement points in entangled F-actin networks can
be crosslinked by incorporating biotin-labeled actin monomers into the actin fila-
ments, which can be crosslinked by the protein streptavidin. We polymerized actin
with varying proportions of biotinylated actin monomers and used a constant 1:25
streptavidin:actin molar ratio. Crosslinks prevent filament reptation and stress relax-
ation, and provide elastic resistance against pulling forces exerted by myosin motors.
This favors build-up of contractile stress [30, 31].

To characterize the microstructure of the networks, we performed confocal mi-
croscopy on fluorescently labeled 1 mg/mL actin samples. Networks were assembled
at pH 7.4 in 25 mM imidazole-HCI, 50 mM KCl, 0.1 mM MgATP, 2 mM MgCl,, 1.25 mM
creatine phosphate (CP), 26 units/mL creatine kinase (CK), and 1 mM DTT. Filaments
were fluorescently labeled by co-assembling G-actin with 5 mole% Alexa488-labeled
G-actin. To prevent photobleaching, we added 2 mM Trolox [32]. Confocal microscopy
revealed that networks were overall homogenous and isotropic for all crosslinking
conditions (Fig. 2.4). We could not distinguish single filaments in the confocal im-
ages. The mesh size of the networks is around 300 nm [33], which is smaller than the
diffraction limit. An additional factor that decreases the spatial resolution is the ther-
mal undulations of the actin filaments.

2.2.4 Viscoelastic properties of actin networks

Entangled actin networks are viscoelastic due to steric constraints on stress relax-
ation. The entanglement points, with a spacing L., limit transverse motion of the
filaments within a tube of diameter D.. L. and D, are related by a scaling relation,

Le occ DXPLY3,
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Figure 2.3: Viscoelastic properties of actin networks probed by macroscopic rheometry. A.
The linear viscoelasticity of entangled networks of semiflexible filaments such as F-actin can
be described by the tube model. Schematic drawing of a single polymer chain confined to
a virtual tube with diameter D., which is defined by entanglement points with surrounding
filaments which are spaced apart by a distance L.. B. Top panel Actin networks were formed
in situ in a rheometer (left-hand side) between a steel bottom plate and a cone (inset, right-
hand side). Green arrows represent the shear strain applied by rotating the cone. Bottom
panel Typical oscillatory-strain measurement (data courtesy of Izabela Piechocka). By oscil-
lating the top plate, a sinusoidal strain + (black line) is applied, and the resulting sinusoidal
stress o (red line) is measured. Data are normalized by the maximum stress and strain in
the cycle. C. Polymerization curve of passive actin network (no myosin) at 1 mg/mlL at 25°C,
showing the elastic and viscous shear modulus probed with a small oscillatory shear with
a strain amplitude of 0.5%. The curves are averages over 4 independent experiments using
CP20-1 and PP20 geometries. D. Plot of the frequency dependent storage and loss modulus of
1 mg/mL actin networks without crosslinking (black triangles, N=6) and with weak crosslink-
ing (red squares, N=2, 1:1000 biotin-actin:actin ratio).
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Figure 2.4: Fluorescence micrographs of passive actin networks (no myosin) with different
crosslink (biotin-actin) densities. Crosslinking does not change the overall network structure
up to a biotin-actin concentration of 0.12 10 uM (at an actin concentration of 23.8 uM). Above
this concentration, the network structure looks somewhat coarser, but no distinct aligned or
ordered patterns are visible. Scale bar, 10 pm.

which involves the filament persistence length, L, [34]. Depending on the time scale
on which the system is probed, the network response is either elastic or viscous. An
imposed stress can only relax once the filaments have reptated out of their tube. This
time scale 7p (reptation time) is strongly length-dependent, according to [26]:

D = L2/7r2,

For typical actin filament lengths, 7p takes values of minutes to hours [33]. Actin
networks are elastic when probed on time scales shorter than 7p, and are viscous on
longer time scales. We measured the viscoelastic properties of actin solutions using
a stress-controlled rotational rheometer (Anton Paar MCR501, Graz, Austria). The
networks were formed in situ (Fig. 2.4B) between a steel bottom plate and a steel
cone (CP20-1) or plate (PP20) with diameter of 20 mm. The plate temperature was set
to 25°C using a Peltier system. The bottom plate is immobile, and the top plate can
be rotated to apply an oscillatory stress. The instrument uses feedback to control the
strain. We probed the viscoelastic properties of actin networks by applying a small
oscillatory strain ~(¢) of amplitude ~, and frequency w:

~(t) = 7o sin tw.
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2. In vitro reconstitution of actin-myosin networks

The shear modulus G*(w) follows from the stress response o,
o(t) = opsintw + 0 = y(t)G*(w),

where § represents the phase difference between the applied strain and the measured
stress [35]. The shear modulus is a complex quantity with an in-phase, elastic com-
ponent G’ and an out-of-phase, viscous component, G

G (W) = G (w) +iG (w).

Network formation was monitored by applying an oscillatory shear stress at a fre-
quency of 0.5 Hz using a strain amplitude of 0.5%, which is small enough not to per-
turb the network. Actin solutions were initially liquid but upon warming to 25°C
immediately became elastic as a result of actin polymerization. Within 30 minutes,
the elastic and viscous moduli reached constant values. The fully formed networks
were more elastic than viscous, and had an elastic modulus of 0.4-0.6 Pa at 0.5 Hz
(N=4) (Fig. 2.5A), consistent with prior reports (30, 36) [30, 31, 32, 33, 34, 35, 36].
The standard deviation was rather large because the measured torque was close to
the 10 nN/m sensitivity limit of the instrument. To characterize the frequency depen-
dence of the shear moduli of the fully formed network, we applied a sinusoidal strain
with a small strain amplitude of 5% to remain in the linear elastic regime, and a fre-
quency that was decreased from 3.6 to 0.2rad/s. The shear moduli were only weakly
dependent on the frequency of oscillation (black triangles, Fig. 2.5B). There was no
evidence of terminal relaxation at low frequencies, as G’ always remained larger than
G" within the range of frequencies probed. The loss tangent

tand = G /G,

was 0.3, indicating that the actin networks are only weakly elastic. This is consis-
tent with values previously reported for actin networks of 1 mg/mL [36]. Crosslinking
with 1:1000 biotin and 1:25 streptavidin caused a small increase of the elastic and
viscous moduli, and made the elastic modulus frequency-independent (red squares,
Fig. 2.5B).

2.3 Preparation and characterization of skeletal
muscle myosin I1

Myosin Il is the molecular motor responsible for cell contractility, which is crucial for
processes such as cell division and locomotion. To exert contractile forces, myosin II
assembles into bipolar filaments which can pull actin filaments towards one another.
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Figure 2.5: Viscoelastic properties of actin networks probed by macroscopic rheometry -
II.A. Polymerization curve of passive actin network (no myosin) at 1 mg/mL at 25°C, showing
the elastic and viscous shear modulus probed with a small oscillatory shear with a strain am-
plitude of 0.5%. The curves are averages over 4 independent experiments using CP20-1 and
PP20 geometries. B. Plot of the frequency dependent storage and loss modulus of 1 mg/mL
actin networks without crosslinking (black triangles, N=6) and with weak crosslinking (red
squares, N=2, 1:1000 biotin-actin:actin ratio).
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2. In vitro reconstitution of actin-myosin networks

To systematically study how forces generated by myosin motor filaments influence
the structure and dynamics of actin networks, we used myosin II purified from rabbit
skeletal muscle.

Myosin II is a double headed molecular motor consisting of 6 subunits. Each
molecule is composed of 2 heavy (HC) chains and 4 light chains (LC) (Fig. 2.6A) [37].
The two HC can be divided into head and tail domains, which are connected at the
neck region. The tail domains form a rod-like coiled-coil structure with a length of
~ 150nm. The globular head or motor domain contains binding sites for ATP and
F-actin. This allows the head to exert a power stroke and walk towards the plus end
of an actin filament (Fig. 2.6B). Each HC is associated with one regulatory (Fig. 2.6A,
orange), and one essential (Fig. 2.6A, blue) LC. The phosphorylation state of the reg-
ulatory LC (rLC) controls the activity of the motor domain in smooth muscle and
non-muscle cells (37). In skeletal muscle cells, myosin II is constitutively active and
is therefore not controlled directly by the rLC. Both light chains mechanically stiffen
the neck region, which functions as a lever arm during the power stroke [37].

Purified skeletal muscle myosin II in solutions of high salt (KCl) concentration
is monomeric (each molecule is a heterohexamer, for practical purposes we refer to
subunits of myosin filaments as monomers), but when the salt concentration is de-
creased towards physiological conditions (below 0.2 M KCI the myosin tail domains
associate to form myosin thick filaments [38, 39, 40] (Fig. 2.4C). The proposed model
of assembly involves the formation of a myosin dimer, which nucleates small bipolar
structures [41, 42, 43]. It is unlikely that these bipolar structures, commonly named
minifilaments [44], associate together to form thick filaments [38]. Instead it is likely
that filaments grow by addition of dimers, which has been reported to be a rather fast
event [45]. These synthetic filaments are structurally similar to native skeletal muscle
thick filaments. Both display a bipolar tapered or spindle-like structure with a central
bare zone [38].

In vitro filament assembly is influenced by several factors besides ionic strength.
Filaments formed at low pH are longer than those formed in alkaline buffers [38]. C-
protein, a myosin crosslinker that connects thick filaments to the M-line of sarcom-
eres in skeletal muscle also influences filamentogenesis [39]. Filament length distri-
butions obtained in the presence of C-protein are narrower and the average length is
shorter than for pure myosin II. The assembly procedure also affects the length dis-
tribution. Fast dilution from high to low KCI concentration leads to rather short fila-
ments (1 pm) [38, 39] that form in a time scale of minutes [38] and whose size reaches
a steady state on the time scale of hours [46]. Synthetic myosin filaments formed
slowly by dialysis, over periods of several hours, have a constant length once the de-
sired ionic strength is reached and are longer by a factor of 6 than those prepared
by fast assembly [39]. Synthetic myosin filaments resemble native thick filaments the
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Figure 2.6: Self-assembly of myosin filaments. A. Myosin II is a hexameric protein com-
posed of two heavy chains (green) and four light chains (two regulatory light chains, in or-
ange, and two essential light chains, in blue). The heavy chains coil around each other to form
the tail domain. The head domain contains two motor domains which bind ATP and F-actin.
Inset Ribbon diagram of myosin II complexed with the inhibitor tribromodichloropseudilin
(RCSB Protein Database structure nr. 2X0O8 http://www.rcsb.org/pdb/home/home.do). B.
Diagram of salt-dependent in vitro assembly of myosin into bipolar filaments (light chains
are not displayed). Myosin remains monomeric above 300 mM KCl, but assembles tail-to-tail
into filaments of increasing size as the KCI concentration is lowered. Filaments formed at low
(50 mM) KClI are known as synthetic thick filaments and are composed of hundreds of myosin
molecules (~ 100 under our conditions). The myosin tails form a central bare zone, and the
myosin heads point outwards. At KCl concentrations of ~ 100-200 mM, myosin forms smaller
filaments composed of tens of molecules, named minifilaments.
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2. In vitro reconstitution of actin-myosin networks

closest when assembly is achieved by fast dilution at pH 6.5-7 to a KCI concentra-
tion between 100-200 mM. These buffer conditions are similar to in vivo conditions
[38]. In our assays we assembled filaments at 50 mM KCl and pH 7.4, which yields fil-
aments with lengths on the order of a micrometer (conditions of assembly described
in detail in section 2.3.3).

2.3.1 Mpyosin purification

Myosin II was purified from rabbit psoas skeletal muscle. Myosin II is obtained as
a by-product of the first step of the actin purification procedure described in sec-
tion 2.2.1. Myosin is extracted with a chilled high molarity potassium chloride buffer
(0.3M KCl, 150 mM KH2POy, 20 mM EDTA, 5 mM MgCls, 1 mM ATP, pH 6.5) for 15-20
minutes from the minced muscle (47). The extraction reaction is halted by adding
cold distilled water and letting the protein precipitate at 4°C for a minimum of 3
hours. After removal of the supernatant, the white precipitate is pelleted and re-
suspended in a high salt buffer (1 M KCI, 600 mM KHyPO4, 10 mM EDTA, 1 mM DTT,
pH 6.5). The myosin is further purified by several dialysis steps against buffers with
decreasing molarities of potassium chloride (but always above 0.3 M, to avoid fila-
ment assembly), interspersed with one additional precipitation in water [47]. The
final product is stored at —20°C' in a high salt buffer with glycerol (0.6 M KCI, 25 mM
KH3PO4, 10 mM EDTA, 1 mM DTT, pH 6.5, 50% w/w glycerol). Activity was preserved
for atleast 48 months. In contrast, we found that storage of snap-frozen myosin with-
out glycerol at —80°C' caused degradation of motor activity, as evident from motility
assays with heavy meromyosin [48]. Fresh myosin solutions were prepared by dial-
ysis against AB300 buffer (300 mM KCl, 4 mM MgCl,, 1 mM DTT, 25 mM Imidazole,
pH 7.4). The protein concentration was determined by absorption measurements at
280 nm using an extinction coefficient of 0.53 cm? /mg [47].

Fluorescent labeling of myosin with DyLight NHS Ester 488 or 594 (Perbio) was
performed according to a protocol adapted from [49]. This labeling preserves the re-
versible assembly of myosin into synthetic filaments and its actin-activated MgAT-
Pase activity. All procedures were performed at 4°C. Myosin was first assembled
into synthetic filaments by a 2 hour dialysis against a low-salt buffer (10 mM Hepes,
50mM KCl, 0.2 mM EGTA, 2mM MgATP, 2mM MgCl,, pH 7.0). To the clear top layer
of the dialyzed myosin, a 20-fold molar excess of the fluorescent dye (from a 10 mM
stock in dimethylsulfoxide) was slowly added. After incubation on ice and in the dark
for 1 hour, the labeling reaction was stopped by addition of 20 mM D-Lysine. Unre-
acted dye was removed by dialyzing the myosin solution for at least 3 hours against a
buffer containing 10 mM Hepes, 50 mM KCI and 0.2 mM EGTA, pH 7.0. After addition
of 10 mM MgCl,, the fluorescent myosin filaments were pelleted by centrifugation for
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2.3 Preparation and characterization of skeletal muscle myosin II

10 min at 8000 g. The myosin pellet was resuspended in a minimal volume of high-
salt buffer favoring filament disassembly (0.6 M KCI, 50 mM KHsPO,4 and 1 mM DTT,
pH 7.5) and the solution was dialyzed against the same buffer overnight. Aggregates
were removed by centrifugation (10 min at 8000 g). The labeling stoichiometry varied
between 1.7 and 2.7 dye molecules per myosin molecule, as deduced from the ratio
between the absorbance at 280 nm and at the wavelength where the dye has its max-
imal absorbance. The labeled myosin was stored at —20°C' in monomeric form in a
high salt buffer with glycerol (0.6 M KCl, 50 mM KH2PO,4 and 1 mMDTT, pH 7.5, 50%
glycerol).

2.3.2 Characterization of myosin filament assembly by ana-
lytical ultracentrifugation

We used analytical ultracentrifugation (AUC) to measure the molecular weight of
myosin II in monomer and filament form. Molecules in a solution submitted to a
centrifugal force will migrate in their container a distance dr over a time dt, at a ve-
locity u. The sedimentation velocity is inversely proportional to the centrifugal field,
02r, where ) is the angular velocity of the centrifuge rotor and r is the radial position
of the particle in the centrifugal field. The ratio between the velocity of the particle
and the centrifugal field is known as the sedimentation coefficient s and given by the

Svedberg equation
_dr/dt
02
where s is commonly expressed in Svedbergs (S), where 1S is 1 x 10713 seconds. Par-

,[50]

ticle sedimentation can be monitored by measuring the concentration profile along
the radial direction of the centrifuge cell. Analytical ultracentrifuges are equipped
with an optical detection system which scans the absorbance profile of centrifuge
cells with an optically transparent window as a function of time (Fig. 2.7A, schemat-
ics), yielding sedimentation profiles as in figure 2.6A (monomeric myosin at 300 mM
KCl) and Fig. 2.7B (filaments at 150 mM KCI). Each yellow and blue line represents
one complete scan along the radius of the cell. To determine the sedimentation co-
efficient, data sets are modeled by the Lamm equation

ox(rt) _ 16 [ ox(nt)

50 5 r 5 —3(227"2)((7“,75) , [50]

which is a transport equation describing the concentration distribution §y of sedi-
menting particles with diffusion coefficient D as a function of time ¢ and radial posi-
tion r.

The sedimentation constant provides information about the shape and size of
the centrifuged particles. For rod-like particles such as myosin filaments, the aspect
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Figure 2.7: Characterization of myosin assembly state by analytical ultracentrifugation.
The myosin concentration was 2 uM and sedimentations profiles were obtained at 20°C. A.
Sedimentation profiles of myosin monomers (in a 300 mM KCI solution) plotted with Ultra-
Scan software. Each yellow or blue profile represents one complete absorbance scan along
the centrifuge cell. Schematics Top view of centrifuge cell; the red boundary represents the
sedimentation front of the sedimenting particles. The black arrow represents the direction of
the centrifugal force and r is the radial position. B. Sedimentation profiles of myosin minifil-
aments (assembled in a 150 mM KCl solution). Red lines represents fits to find the baseline
concentration and the plateau concentration necessary to estimate the sedimentation coef-
ficient following the Van Holde-Weischet method.
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ratio (length/diameter ratio) can in principle be determined by measuring the sed-
imentation coefficient extrapolated to infinite dilution [51]. However, this was not
attempted in this thesis.

At the Van 't Hoff Laboratory (Debye Institute, University of Utrecht), we mea-
sured sedimentation coefficients on a Beckmann Coulter Optima XLA with ab-
sorbance optics using a wavelength of 280nm and a An-60Ti rotor thermostatted
at 20°C. Centrifugal forces applied were between 32256 x g and 290304 x g, where
9.81m/s%. The measurements were restricted to myosin concentrations above 0.9 mL,
because otherwise the absorbance signal was too low. In future, this may perhaps
be improved by labeling myosin with a fluorescent dye giving an absorbance in the
visible. Data were analyzed with UltraScan, an AUC software package which esti-
mates sedimentation constants for populations of particles of different sizes using
the Van Holde-Weischet method (http://www.ultrascan.uthscsa.edu). We obtained
a sedimentation coefficient for myosin in a solution of 300 mM KCl of 5.7 S, in close
agreement with prior values of 5.1-5.2 S in buffers of the same pH and ionic strength
(38). Moreover, there was only one sedimenting species, indicating that the myosin
stock solution is homogeneous and contains only myosin monomers. For a myosin
solution incubated for 3 minutes in the presence of 150 mM KClI, two distinct particle
populations were detected, namely a monomeric fraction (62.2%) with a sedimenta-
tion coefficient of 3.9 S and a fraction of minifilaments (28.9%) with a sedimentation
coefficient of 155S. The sedimentation coefficient of the minifilaments is compara-
ble to values reported at KCI concentrations of 100 and 200 mM KCI [38].

2.3.3 Characterization of myosin filament morphology by
Atomic Force Microscopy

To determine the morphology and size of the synthetic myosin thick filaments as-
sembled in vitro, we performed atomic force microscopy (AFM). We assembled fil-
aments by fast dilution of myosin in a 300 mM KCI buffer into a buffer of 25 mM
imidazole-HCl (pH 7.4), 0.1 mM MgATP, 2mM MgCly, 1mM DTT, 1.25mM creatine
phosphate (CP), 26 units/mL creatine kinase (CK), and varying KCl concentration (50,
70, 100 or 150 mM). After 1 minute assembly, filaments were deposited on freshly
cleaved Muscovite Mica V4 (Electron Microscopy Sciences,Washington) spincoated
with an adhesive layer of nitrocellulose (Collodion, Sigma Aldrich, Germany). Buffer
was shaken off; washing to remove salts was not necessary thanks to the hydropho-
bic nature of the nitrocellulose surface. Filaments were dried in air. Imaging was per-
formed on a Veeco Dimension 3100 AFM (Veeco, New York, USA) in tapping mode on
dry samples with MPP-12100-10 tips, which have a 8 nm nominal radius and a spring
constant of 5 N/m (Veeco, New York, USA). Three-dimensional images were created
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from height images with Gwyddion1 software (http://gwyddion.net/).The myosin fil-
aments appeared as spindle-shaped rods with tapered ends (Fig. 2.8A-D). This mor-
phology is consistent with other reports [38, 52]. The filaments were spindle shaped
for all KCl concentrations. Previously, filaments formed in a 25 mM Tris-HCI buffer
of pH 7.5 containing 100 mM KCIl were reported to exhibit lateral projections and
to resemble twigs [38]. We did not observe such structures, which could be related
to the difference in buffer (imidazole versus Tris) or the presence of 2mM Mg?* in
our buffer. Mg?* has been reported to promote the assembly process [53].Filament
lengths were measured on 27-83 filaments per condition using WSxM software [54]
and Gwydion (http://gwyddion.net/).

First, a profile was drawn along the filament backbone, following its curvature.
The end points of the filament were defined as the points on the profile which have a
height equal to the background height. At each KCl concentration, the filaments were
rather polydisperse in length (Fig. 2.8E). However, the average length showed a de-
crease with increasing KCI concentration, consistent with previous reports [38, 39].
The filaments had an average length of 0.85 ym when formed at 50 mM KCl, and
0.63 pm when formed at 150 mM KCl. The filament diameter was estimated from
the height in AFM topography images, for 20 filaments per condition. We observed
heights on the order of 2-5 um (Fig. 2.8F). This is smaller than the 5-10 ym heights
reported elsewhere [52], potentially due to a collapse of the filaments when they are
dried on the surface. To test this possibility, the myosin filaments will need to be
imaged in liquid, which preserves the native state of the filaments, and perhaps will
need to be fixed with glutaraldehyde, to avoid collapse. The height profiles do not
show clear evidence of a bare zone in the center of the filaments. This is consistent
with earlier electron microscopy observations of filaments formed at pH 7.5, where
also no clear bare zone was observed [38].
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Figure 2.8: Characterization of myosin filament morphology and size by atomic force mi-
croscopy. A-D. Micrographs of synthetic myosin filaments assembled in vitro at different
KClI concentrations ranging from 50 to 150 mM KCI. Top panels Height images with gray scale
representing the height in nanometers. Scale bars 500nm. Botfom panels Corresponding
3D-rendering. E. Filament length distribution for different KCl concentrations. Table Corre-
sponding length statistics. E Filament height distributions for different KCl concentrations
with N=20 per condition. Table Corresponding height statistics.
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Chapter 3

Active multistage coarsening of
actin networks driven by myosin
motors

In cells, many vital processes involve myosin-driven motility that actively remodels the actin cy-
toskeleton and changes cell shape. In this chapter we study how the collective action of myosin
motors organizes actin filaments into contractile structures in a simplified model system devoid
of biochemical regulation. We show that this self-organization occurs through an active multi-
stage coarsening process. First, motors form dense foci by moving along the actin network struc-
ture followed by coalescence. Then the foci accumulate actin filaments in a shell around them.
These actomyosin condensates eventually cluster due to motor-driven coalescence. We propose
that the physical origin of this multistage aggregation is the highly asymmetric load response
of actin filaments: they can support large tensions but buckle easily under piconewton com-
pressive loads. Since the motor-generated forces well exceed this threshold, buckling is induced
on the connected actin network which resists motor-driven filament sliding. We show how this
buckling can give rise to the accumulation of actin shells around myosin foci and subsequent
coalescence of foci into superaggregates. This new physical mechanism provides an explana-
tion for the formation and contractile dynamics of disordered condensed actomyosin states
observed in vivo.

Based on manuscript Marina Soares e Silva, Martin Depken, Bjorn Stuhrmann, Marijn Korsten, Fred C. MacKintosh
and Gijsje H. Koenderink. Active multistage coarsening of actin networks driven by myosin motors. 2011 PNAS 108
(23) Doi: 10.1073/pnas.1016616108. Martin devised and described the model in this chapter.

All videos referred to in the text can be viewed at: http://www.pnas.org/content/early/2011/05/12/1016616108
/suppl/DCSupplemental (Video captions in Appendix 6.3.)
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3.1 Introduction

Cells undergo dramatic changes in shape and internal organization during vital pro-
cesses such as migration and division. These changes involve remodeling of the cy-
toskeleton partly driven by collective physical interactions between molecular mo-
tors and cytoskeletal filaments. The motors use adenosine triphosphate (ATP) as fuel
and hydrolyze it to actively generate forces and move along filaments [1]. Multi-
headed motors or complexes of motors may crosslink neighboring filaments and
generate relative motion between them. Kinesin and dynein motors interact with mi-
crotubules to form the mitotic spindle, which is responsible for chromosome segre-
gation [2]. Myosin motors interact with filamentous actin (F-actin) to form complex
arrays such as the contractile ring driving cell division [3, 4] and contractile networks
that drive cell migration [4] and polarizing cortical flows [5, 6].

To identify the biophysical processes underlying cytoskeletal organization, many
in vitro model systems of purified motors and filaments that lack biochemical regu-
lation have been recently developed. It is known that kinesins can organize micro-
tubules into polarity sorted asters, as well as vortex or bundle states [7, 8,9, 10]. These
structures resemble physiological arrays such as the mitotic spindle [11]. In contrast
to microtubules, purified F-actin does not form well-defined structures when mo-
tors are added. Actin-myosin II solutions remain disordered at high levels of ATP
[12, 13, 14] and generate dense condensates which appear internally unstructured if
the ATP level is lowered or when the actin filaments are crosslinked [15, 16, 17, 18].
Interestingly, similar dense condensates appear in cells during myosin-driven shape
changes of the actin cytoskeleton. Formation of the contractile ring in dividing fi-
broblasts [19] and C. elegans embryos [20] both involve large scale flows and coales-
cence of dense actomyosin condensates. Similarly, the lamellipodium of migrating
cells displays dense myosin aggregates [21, 22]. Wounded cells display similar phe-
nomena, with accumulation of myosin foci at the wound border and fusion of these
foci into a tight ring capable of constriction [23]. Collective shape changes in ep-
ithelial cell layers also seem to be driven by the transient formation of myosin spots
which subsequently fuse [24, 25, 26, 27].

The physical mechanism of self-organization in the actin-myosin cytoskeleton
remains unknown. There are several theoretical models describing pattern formation
in motor-filament systems [7, 28]. These models predict the emergence of ordered
aster, vortex, and bundle architectures due to polarity sorting which relies on unidi-
rectional motion of motors along the filaments they connect. Such patterns are also
predicted from symmetry considerations, resulting in general hydrodynamic theo-
ries of active polar gels [29, 30, 31]. These patterns are consistent with experimen-
tal observations in microtubule-kinesin mixtures ([7, 8]), but are different from the
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disordered condensed states seen in actin-myosin mixtures. Microscopic theories
model the filaments as rigid and the motors as small, highly processive clusters. Mi-
crotubules are indeed rigid and nearly rodlike [32], and their associated motors tend
to be highly processive [1], explaining the success of the proposed models in eluci-
dating experimental observations. Unlike kinesins, most myosins are not processive
and must act together in large macromolecular assemblies of several tens to hun-
dreds of molecules [33]. In addition to the difference in motor processivity, F-actin
is 1000-fold less rigid than microtubules and is known to buckle under compressive
loads of fractions of a piconewton [32, 32]. In densely crosslinked networks, these mi-
croscopic features suggest that the collective organization of myosin and actin into
force-generating cellular machines is not driven by polarity sorting but by a different
organizing mechanism.

Here we use a model system of purified actin and myosin to uncover the physical
mechanism by which myosin motors organize F-actin into contractile structures. We
demonstrate that myosin actively drives a multistage coarsening process that brings
actin filaments into disorganized condensates that resemble structures seen in vivo.
We suggest a new microscopic mechanism that can explain this multistage process
in terms of buckling of the actin network under the random internal forces generated
by motors in such an isotropic structure. This mechanism is fundamentally different
from polarity sorting mechanisms operating in microtubule/kinesin systems [7, 8].
Furthermore, this mechanism depends crucially on the open meshwork structure of
actin networks, which is not well captured by continuum mechanical modeling that
is frequently applied in active gel theories at larger scales [34, 35, 36].

3.2 Material and Methods

3.2.1 Actomyosin network reconstitution

Myosin synthetic filaments were formed at room temperature by dilution of myosin
IT in 25 mM imidazole buffer (pH 7.4) with 300 mM KCI to 70 mM KCI. To this end,
myosin stock solution in 25 mM imidazole, 4 mM MgCl,, pH 7.4 containing 300 mM
KClI was mixed on ice with all buffer components, resulting in a final KCl concentra-
tion of 70 mM KCl. Myosin filaments were formed for 5 minutes at room temperature.
Actin-myosin networks were prepared in assembly buffer with final concentrations of
25 mM imidazole-HCI, 0.1 mM MgATP, 50 mM KCl, 0.1 mM MgATP, 2 mM MgCly, 1 mM
DTT, and pH 7.4. To prevent photobleaching, we added 2 mM Trolox [37], and to pre-
vent ATP depletion, we included a regeneration mixture containing 1.25 mM creatine
phosphate (Roche Diagnostics, Almere, the Netherlands) and 26 units/mL creatine
kinase (Roche Diagnostics, Almere, the Netherlands) [14, 16]. The actin network was
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fluorescently labeled by mixing Alexa488-labeled G-actin and unlabeled actin in a
1:20 molar ratio. We inserted a controlled number of crosslink points into the actin
filaments by co-polymerizing biotinylated G-actin with unlabeled G-actin in a molar
ratio of 1:1000. The number of available crosslink points per actin filament is about
2, based on an average filament length of 6 um and assuming that crosslink points oc-
cur in equally probable random placement along the filaments. Excess streptavidin
(streptavidin:actin molar ratio of 1:25) was included to form crosslinks between the
biotinylated actin filaments. The molar ratio between myosin and actin was varied
between 1:300 and 1:50. For all samples myosin was mixed with all buffers first, al-
lowing the formation of synthetic filaments at room temperature. Finally, G-actin
was added and the sample was quickly transferred to a flow cell composed of a glass
slide and coverslip separated by a 25 um FEP spacer (Fluorinated Ethylene Propylene
Copolymer, Goodfellow) and closed with silicone grease (Baysilone, GE Bayer). The
flow cell surface was passivated beforehand with 0.1 mg/mL k-casein diluted in as-
sembly to avoid non-specific interactions with the networks. The final structure of
the patterns was unaffected when myosin monomers were added last to the polymer-
izing actin. However, this mixing sequence slowed the process of active coalescence
down. Actin polymerization did not seem to affect the self-organization process: a
fully formed actin network was present before any spatial inhomogeneities in actin or
myosin density appeared. Rheology experiments suggested that network formation
was complete within about 30 minutes (see Fig. 2.5A in chapter 2). As a further test
that actin polymerization has no influence on self-organization, we mixed myosin fil-
aments with preformed actin filaments, and indeed found the same final contracted
states (Fig. 3.2). Details on protein purification and labeling and AFM imaging of
myosin filaments are given in chapter 2.

3.2.2 Fluorescence microscopy

Samples were imaged within 5 minutes after mixing with a spinning disk confocal
microscope (CSU22, Yokogawa Electric Corp.) on a DMIRB Leica inverted micro-
scope. The sample was excited with 561 nm laser light (Melles Griot) or 488 nm laser
light (Coherent Inc.). Images were recorded with a cooled EM-CCD camera (C9100,
Hamamatsu Photonics) using an exposure time of 50-100 ms. Image stacks were ob-
tained by scanning through the z-direction in steps of 100 nm with a piezo-driven
100x (1.3 NA) oil immersion objective (PL Fluotar Leica).
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no crosslinks 1:1000 1:400 1:200

>

Crosslinker:Actin ratio

Figure 3.1: Passive actin network formation. A. Fluorescence micrographs of passive actin
networks (no myosin) with different crosslinker (biotin-actin) densities. Crosslinking does
not change the overall network structure up to a concentration of 0.12 M (at an actin concen-
tration of 23.8 M). Above this threshold, the network structure looks somewhat coarser, but
no distinct aligned or ordered patterns are visible. Actin was polymerized in the presence of
50 mM KCl, 2M MgCl, and 100 gm MgATP. Scale bar 10 pm.
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Figure 3.2: Active pattern formation in actomyosin networks is not affected by actin dy-
namics. A. Stabilizing actin filaments does not alter the multistage coarsening process.
i Fluorescent micrograph of a network of labeled actin and unlabeled myosin filaments
(myosin:actin ratio is 1:200) 35 min after polymerization in the presence of phalloidin (phal-
loidin:actin molar ratio is 1:1). Image shows example of a ring-like actin structure with a size
of about 5 um. The crosslinker:actin ratio is 1:1000. Scale bar is 5 um. ii Fluorescent mi-
crograph of control network without phalloidin. B. Mixing preformed actin filaments with
myosin filaments does not alter the multistage coarsening process. i Fluorescent micrograph
of a network of labeled actin filaments and myosin filaments (myosin:actin ratio is 1:200) 25
min after mixing. Image shows example of an actin/myosin condensate with a size of ap-
proximately 4 pm. Scale bar, 5 um. Inset Example of a condensate 45 min after mixing. The
crosslinker:actin ratio is 1:1000. #iFluorescent micrograph of control network 25 min after
mixing of preformed myosin filaments with monomeric actin. Inset Example of a conden-
sate 45 min after mixing.
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3.2.3 Image analysis

To determine the size of actin condensates, we binarized 8-bit images in Image ]
(http://rsbweb.nih.gov/ij/) and measured the major radius of each feature using the
"Measure” command. Data are shown as averages S.D. Kymographs were made with
the Kymograph plugin for Image J by J. Rietdorf (FMI Basel, Switzerland) and A. Seitz
(EMBL, Heidelberg, Germany).

3.3 Results

To examine how actin filament reorganization emerges from the collective activity
of molecular motors, we reconstituted a minimal model system from purified pro-
teins. F-actin was polymerized from monomers at a 1 mg/mL concentration to form
homogeneous networks with no preferred filament orientation or polarity. To gen-
erate active internal stresses, we added skeletal muscle myosin II. Myosin II has two
identical head domains with binding sites for actin filaments and ATP, and a coiled-
coil tail domain [1]. Individual myosin motors are nonprocessive: they release im-
mediately after taking one step towards the plus end of an actin filament. However,
multiple myosins can assemble tail-to-tail into bipolar filaments with motor heads at
each end (in green, Fig. 3.3D) [38]. Such assemblies have an increased collective duty
cycle, allowing them to transiently crosslink actin filaments (in red, Fig. 3.3D).

Moreover, their bipolar geometry enables myosin heads to pull actin filaments of
opposite orientations towards each other, as shown by the arrows. We used myosin
filaments with an average length of 0.69 ym (Fig. 3.3E) or 100 myosin motors [39].
This size is larger than the size of myosin minifilaments in nonmuscle cells, which
have 10-30 motors [21, 22]. A test with minifilaments of 16 skeletal muscle myosins
showed little effect on actin filament reorganization (Fig. 3.4A-C). However, we ex-
pect that minifilaments of nonmuscle myosin, in particular myosin IIB, will be more
processive since this myosin has a higher duty ratio than its muscle counterpart (Ap-
pendix 6.1, Table Al).

Active self-organization was initiated by polymerizing actin in the presence of
preformed myosin filaments and 100 xM ATP. Motor activity was kept constant by
an enzymatic ATP regeneration system [16]. To enable observation of the network
structure by microscopy, we fluorescently labeled actin and myosin. Within two min-
utes after mixing, actin was polymerized into a homogeneous network (red in Fig.
3.3A1). The myosin filaments were initially homogeneously dispersed in the network
(green dots indicated by arrow). However, after about 5 minutes, the myosin was
redistributed into bright foci (green in Fig. 3.3A ii). The F-actin network was still ho-
mogeneous (Fig. 3.3A iii). After about 30 minutes, the myosin foci were surrounded
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Figure 3.3: Actin-myosin networks self-organize through a three-stage coalescence pro-
cess. A. i Fluorescence micrograph of an active network, taken 2 minutes after initiating
actin polymerization in the presence of myosin bipolar filaments (1:200 myosin:actin). The
actin network is homogenous and isotropic (red) and randomly crosslinked by active motors
(green). ii After 6 minutes, the motors accumulate in larger structures (scale bar 10 ym). #ii
The actin network is still homogeneous in this stage. Scale bar 5 um . iv In Stage 1 the actin
network is homogeneous (pink) and contains small myosin foci (green) which move along
the actin network (black arrow). B. i After 30 minutes, the actin network is organized in thin
shells (red) around myosin foci (green). ii High-resolution image of an actomyosin conden-
sate shows that actin filaments form a ring-like set of patches (red arrow) with actin filaments
radiating out (white arrow). Scale bar 5 um. #ii In Stage 2, myosin foci are surrounded by thin
actin shells and small foci move towards larger immobile foci (arrows). C. i After 45 minutes,
actomyosin condensates are packed in large superstructures. ii High-resolution image of a
superstructure, showing merged actin ring-like structures. Scale bar 10 ym. iii In Stage 3, su-
peraggregates form by contractile coarsening (black arrows). D. Network activity results from
bipolar myosin filaments (green) sliding actin filaments (red) of opposite orientation towards
one another (arrows). E. AFM image of a myosin filament. Scale bar 0.5 pm.
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Little or no organization

Actin rings

C Aggregates

Figure 3.4: Myosin processivity affects in vitro actin active organization. A-C. Minifila-
ments of skeletal myosin II assembled at 150 mM KCI are seldom able to reorganize actin
networks. A. Fluorescent micrographs of active networks i,ii with labeled actin and doubly
labeled iii with actin in red and myosin in green. In the presence of myosin II minifilaments,
networks often remain overall homogenous without evidence of active foci formation. B.
Fluorescent micrographs of active networks with labeled actin. Rings rarely emerge in actin
networks in the presence of minifilaments. C. Fluorescent micrographs of active networks i,ii
with labeled actin and doubly labeled iii with actin in red and myosin in green. Often, disor-
dered aggregates appear in the network. Scale bar, 5 um. All fields of view are the same size
except figure Cii, where the scale bar is 10 pm.
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by actin rings (red in Fig 3.3B i). These rings are reminiscent of actin rings observed
in the presence of skeletal myosin minifilaments and the actin bundler fascin [40].
However, high-resolution images of the rings with only actin fluorescently labeled
(to avoid spectral crosstalk with myosin) revealed that they were not composed of a
continuous band of actin filaments, but rather of a collection of compact actin aggre-
gates with a size below 1 ym (Fig. 3.3B ii, red arrow). The rings were surrounded by
a diffuse halo of actin filaments which radiated outward (Fig. 3.3B ii, white arrow).
Three-dimensional image stacks further revealed that, rather than forming flat rings,
actin deposited in a shell all around the myosin foci (Video S1 and Fig. 3.5A). These
actin-myosin condensates were initially isolated structures within the actin network,
but after 30-45 minutes we observed larger structures that appeared to be aggregates
of actomyosin condensates (Fig. 3.3C i). High-resolution images showed that each
aggregate consisted of a few hollow actin rings stuck together (Fig. 3.3C ii). Three-
dimensional image stacks showed that these actin rings were again not flat, but that
actin formed shells around the myosin foci (Video S2). Each aggregate contained
several myosin foci with actin intercalated between them (Fig. 3.5B), suggesting that
they result from coalescence of multiple actomyosin condensates.

These observations suggest that myosin motors drive coalescence of actin into
disordered aggregates through a multistage process. To elucidate the transition path-
way between these stages, we studied the dynamics of the myosin motors and the
actin network in each stage by time-lapse imaging.

In the first stage, the myosin filaments were homogeneously distributed in the
network. We tracked the filaments over time and found that they were strikingly mo-
bile (Fig. 3.6A and Video S3). Many filaments moved by a sequence of straight runs,
punctuated by abrupt changes in direction. The long run lengths indicate the motors
were not simply diffusing in solution, but moved on the F-actin network. Occasion-
ally, two neighboring myosin filaments came together and fused into a small myosin
focus (Fig. 3.6B and Video S4). Upon meeting, small foci sometimes coalesced fur-
ther into larger myosin foci (Fig. 3.6C and Video S5). Once the myosin foci reached
a size similar to the average pore size (300 nm), they no longer moved since their mo-
tion was presumably hindered by the actin mesh. Nonetheless, they could still grow
by coalescence with smaller mobile aggregates.

Initially, myosin foci formation did not drastically reshape the actin network
(sketched in Fig. 3.3A iv). However, once myosin foci became immobile, they were
able to capture actin from the surrounding network (Videos S6 and S7). Such events
account for the deposition of dense actin patches on the surface of the myosin foci
(sketched in Fig. 3.3B iii). The condensation of actin into shells around myosin foci
was typically complete within 30 minutes. Yet, the networks continued to display
striking manifestations of contractile activity. Often, two neighboring actomyosin
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Figure 3.5: Stack of confocal microscopy x-y slices of fluorescently labeled actin-myosin
condensates (myosin in green and actin in red). Scale bars, 5 um. A. Sequence of xy-slices of
an actomyosin condensate at 1:200 motor:actin ratio. Myosin is in the center, and an actin
shell surrounds it. B. Sequence of xy-slices of a superaggregate composed of several acto-
myosin condensates at 1:50 motor:actin ratio. Each myosin focus within the condensate is
surrounded by a shell of actin.
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Figure 3.6: Dynamics of actin/myosin coalescence. A. Trajectories of myosin filaments
moving on an actin network (1:200 myosin:actin; 3 minutes after sample preparation). Red
and green traces represent two filaments that coalesce after an active walk. Scale bar 5 ym. B.
Time-lapse image sequence of coalescing myosin filaments corresponding to the green and
red traces (see arrows). Scale bar 5 um. C. Time-lapse image sequence of two fusing myosin
foci. Scale bar 5 um. D. Time-lapse image sequence of two actomyosin condensates (red
arrows, actin labeled) undergoing a contractile fluctuation (1:200 motors). Scale bar, 10 pm.
E. Kymograph constructed along red dashed line in D. E Time-lapse image sequence of two
actomyosin aggregates that coalesce and accumulate actin between them (red arrow, 1:50
myosin:actin). Scale bar, 10 yum. G. Kymograph constructed along red dashed line in E
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condensates were suddenly pulled towards one another and then recoiled. An ex-
ample of such a contractile fluctuation event is displayed in Fig. 3.6D (see Video S8
and Fig. 3.7A, top panel). Usually we observed only one recoil, but sometimes recoils
occurred twice (Video S9 and Fig. 3.7A bottom panel) or even three times (Video S10
and Fig. 3.7B).

Kymographs show that the actin condensates approach and recoil at velocities of
~ 0.3 um/s (Fig. 3.6E). The myosin foci apparently build up tension over a processiv-
ity time window of several tens of seconds, until they unbind from the F-actin leading
to an abrupt release of the built-up elastic stress. These observations are consistent
with prior indirect observations of contractile network fluctuations based on motions
of embedded probe particles [16, 41]. Especially at larger motor densities, contrac-
tion often resulted in permanent coalescence, likely reflecting the dissipation of elas-
tic stresses before the motors disengage. An example of such a coalescence event
is displayed in figure 3.6F where two myosin foci (green) approach each other (Fig.
3.6G) and compact the actin (red) between them (Video S11). Surprisingly, myosin
foci were able to attract each other over distances of up to 25 um, about 5 times the
average length of the actin filaments. This observation suggests that the actin net-
work between myosin foci is sufficiently connected by myosin crosslinks to mediate
long-range force transmission. Since the network is disordered on this scale (tens to
hundreds of mesh sizes), it is unlikely that filament polarity is the main origin of the
directed motion. In a few cases, we observed cable-like actin structures between ac-
tomyosin foci which shortened over time (see Video S12). Contractile coalescence
continued until the resulting clusters were too far apart to interact (sketched in Fig.
3.3Ciii). This final state was typically reached within 100 minutes.

The extent of aggregation strongly depended on motor density. Higher motor
densities increased the probability of irreversible coalescence. At a myosin:actin ra-
tio of 1:200, only half of the contractile events (N=55) resulted in permanent coales-
cence, whereas at a myosin:actin ratio of 1:50 most events (N=29) resulted in perma-
nent coalescence (Fig. 3.7C). Accordingly, the final steady state at low motor density
showed small isolated foci (1:300 and 1:200 in Fig. 3.8A), whereas high motor den-
sities resulted in large superaggregates (1:50 in Fig. 3.8A). To quantify this enhanced
tendency for coalescence at high motor densities, we measured the overall size of
actin aggregates in steady state. The average size increased from 1.8 ;m at low (1:300)
myosin:actin ratio to 5.3 ym at high (1:50) myosin:actin ratio (Fig. 3.8B and Appendix
6.1. Table 2). As shown in the insets, this larger size was caused by an increased
number of myosin foci at the aggregate core, while the thickness of the actin shell
remained constant.

The increasing tendency for coarsening with rising motor density is probably
the combined outcome of a larger contractile driving force and larger connectivity
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Figure 3.7: Myosin concentration influences the dynamics of actin network contractility.
A-B. Snapshots of actomyosin condensates (labeled actin only) with corresponding kymo-
graphs of contractile fluctuation events. White lines indicate contracting period (c) and black
lines indicate relaxation/recoil (r). Scale bars, 5 um. A. Top: Two ring-like actin structures
move towards each other and relax. Total kymograph duration 612 s. Bottom: Two small actin
structures move towards each other and relax two consecutive times. Total kymograph du-
ration 133 s. The crosslinker:actin ratio is 1:1000 and the myosin:actin ratio is 1:200. B. Two
large actin structures slowly move towards each other and then relax three consecutive times.
Total kymograph duration 154 s. The crosslinker:actin ratio is 1:1000 and the myosin:actin ra-
tio is 1:50. C. Statistics of permanent coalescence versus contractile fluctuation events of

actomyosin condensates in actin-myosin networks as a function of myosin:actin molar ratio.
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Figure 3.8: Active coarsening is promoted by increased motor and crosslink density. A.
Steady-state actin patterns observed in active networks containing varying concentrations of
myosin motors and biotin-streptavidin crosslinks. Scale bar, 10 yum. B. The average size of
actomyosin condensates increases with increasing motor density (1:400 biotin:actin). Inset:
Confocal images show that this size increase results from an increased degree of coalescence.
Scale bars 5 um. C. i The average speed of foci movement depends non-monotonically on
crosslink density (actin:myosin ratio 1:50). Open squares represent individual data points;
open diamonds represent the average speed for each crosslinker density. ii The crosslinker
density-dependence of the size of actomyosin condensates mirrors that of the contraction
speed. All error bars represent standard deviations of the mean.
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due to motor crosslinking. We assessed the effect of network connectivity on con-
tractility by adding passive crosslinkers. F-actin was doped with varying amounts
of biotin-actin and crosslinked with streptavidin at a fixed streptavidin:actin ratio
(1:25). Biotin-streptavidin crosslinks are near-permanent, generating elastic behav-
ior on time scales that are long compared to the lifetime of myosin-actin attach-
ments. We used low crosslink densities to ensure a homogeneous actin network
structure (Fig. 3.1A) and prevent macroscopic contraction (15, 17). In the presence
of crosslinkers, actin again formed patches around myosin foci, and the resulting
actomyosin condensates coalesced. However, coalescence occurred at much lower
motor density (myosin:actin ratio 1:200) than in the absence of crosslinkers (1:50)
(Fig. 3.8A). This confirms our hypothesis that increased network connectivity pro-
motes contractile coarsening. Interestingly, adding crosslinks also influenced the co-
alescence dynamics. In the absence of crosslinks, merging foci had velocities of ~
0.10 um/s (Fig. 3.8C i and Appendix 6.1, Table 2). Crosslinking substantially increased
the velocity, to a maximum of ~ 0.6 um/s at a biotin:actin ratio of 1:1000. However,
at high crosslinker densities (1:200) the velocity fell back to 0.03 ym/s. The size of the
actomyosin condensates showed a reverse dependence on crosslinking, with small-
est sizes where the coalescence speed was highest (Fig. 3.8C ii and Appendix 6.1,
Table 2). We expect that increasing network connectivity leads to a trade-off between
a higher velocity as a greater fraction of filaments is connected to others, and a de-
creased velocity as the passive stress opposing the active contraction increases. In the
most crosslinked networks, the foci were connected by bundle-like actin structures
(green arrow in last panel of Fig. 3.8A). While these structures probably facilitate con-
traction, they are likely connected to the background actin network, thus impeding
coalescence.

3.4 Discussion

Based upon fluorescence microscopy of active actin/myosin networks, we conclude
that myosin drives the formation of disordered actomyosin condensates through a
multistage coarsening process. Actin filaments are compacted into dense clouds
around large myosin foci and these actomyosin condensates then contract into larger
superaggregates. The resulting structures are intrinsically three-dimensional (3D), in
strong contrast to the more two-dimensional (2D) aggregates reported previously,
such as rings formed in fascin-bundled actomyosin systems [40] and vortices formed
in actomyosin networks on surfaces [42]. Although planar ring structures might re-
late to the vortex-like states predicted by active gel theories [29, 31, 43], such features
are intrinsically 2D patterns and are topologically not possible in 3D [44]. Thus, the
non-planar, shell-like, structures we observe must form by another mechanism.
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In most active gel theories, the driving force for self-organization comes from
small, processive motors or motor clusters. By contrast, we find that large motor
assemblies drive the active remodeling in this actin/myosin system. Myosin mo-
tor filaments spontaneously form foci, beginning from a uniform distribution in an
isotropic actin network. Motors and small motor foci perform random walks on the
network: they bind to actin filaments, move along and switch between them, coa-
lescing as they meet (Stage 1, Fig. 3.9A). The apparent, large-scale diffusion constant
D of this process should be D ~ vl ~ 1m/s?. Here v is the typical speed of myosin
aggregates (1 ym/s) and [ is the typical run length between direction changes(=1 pm,
Fig. 3.6E), which we assume to be somewhat larger than the mesh size. Since we ex-
pect the internal dynamics of the myosin load cycle to be rate limiting, D should be
insensitive to aggregate size. As the foci grow to a size comparable to the mesh size
of the network, however, their motion will be impeded by elastic interactions with
the network. The accumulation of motor filaments into foci occurs without signifi-
cant concurrent F-actin transport. This differs from self-organization in mixtures of
microtubules and kinesin oligomers, where the motors accumulate into foci as they
focus microtubules into radial arrays [8, 9].

Figure 3.9 Once the myosin foci reach a certain size, they initiate Stage 2 of the as-
sembly process by drawing actin in. Due to the random directions of actin filaments
in an isotropic network, the net force exerted by a myosin focus (Fig. 3.9B, IMF or
immobilized myosin focus) should grow as N'/2, where N is the number of actin
filaments it interacts with. Eventually, the net force should be sufficient to overcome
elastic constraints and perform dissipative work remodelling the local network struc-
ture. Collectively, the myosin heads projecting from each focus can exert either an
expansive or a compressive force on the surrounding network of actin filaments. We
propose that stochastic alternations between expansion and compression will have
the net effect of pulling in actin towards a myosin focus (Fig. 3.9B). The physical argu-
ment is that actin filaments have a highly asymmetric response to axial loading: they
strongly resist stretching but not compression. Under compression, an actin segment
of length L readily buckles at a critical force f. ~ m>KpT1l,/L? where the persistence
length [, ~ 17 um [32]. For a segment of micrometer length or longer, this force is less
than 1 pN [45]. The internal forces generated by a single myosin filament already well
exceed this buckling threshold [16, 34]. Thus, a net expansive force over a patch of
actin connected to a myosin focus will be strongly opposed by the high stretch mod-
ulus of the actin filaments within the patch. By contrast, a net compressive force will
buckle the actin filaments, drawing actin in. This mechanical asymmetry is neces-
sary and sufficient for actin to accumulate, as detailed in the Appendix 6.2. Bridging
of buckled structures by (transient) myosin crosslinking to other actin filaments will
further enhance this accumulation (Fig. 3.9B, IMF surrounded by crumpled actin, A).
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Figure 3.9: Proposed multistage mechanism of myosin-driven self-organization of actin
networks. A. Stage 1: Myosin filaments or aggregates thereof, move actively on the actin
network and coalesce upon meeting. B. Stage 2: An immobilized myosin focus (IMF) ac-
cumulates a cloud of actin patches in a stochastic sequence of expansive steps (resulting in
marginal extension) and contractile steps (resulting in buckling, made permanent by sub-
sequent bridging). The myosin foci have a large interaction surface with the surrounding
actin via the protruding myosin heads. Compressive forces exerted by the focus cause the
actin to buckle at the surface and form a crumpled actin structure (A). C. Stage 3: Two ac-
tomyosin aggregates (MA, in green) interact isotropically with the background actin network
(shaded red) and will move together by interacting via a connected cluster of actin filaments
(represented by a red line). This contraction involves net extension of the connecting actin
structure, which brings the foci together, followed by net contraction, which pushes in slack
due to buckling. Slack needs to be pulled out before the foci can move closer together.
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In the final stage of the coalescence process (Stage 3), actomyosin condensates
coalesce into large superaggregates. We propose that if two myosin foci happen to
exert forces on the same connected cluster of actin filaments, they will eventually co-
alesce, again due to the asymmetric load response of actin filaments. If the net forces
of the two foci happen to stretch the connecting actin structure, its resistance to ex-
tension will force the foci together (panel ii in Fig Fig. 3.9C). If the net forces of the
two foci instead happen to compress the connecting actin structure, it will buckle and
push in slack between the two foci rather than bearing the load and pushing them
apart (panel iii in Fig Fig. 3.9C). Before the random forces can pull the aggregates
together again (panel v in Fig. 3.9C), any material buckled during prior compressive
loads must be pulled out (panel iv in Fig. 3.9C). Only when the connecting structure
is taut can it exert significant forces on the foci. Then the myosin foci will tend to be
driven toward each other. Instead of the coherent, unidirectional motion normally
associated with motor transport, this model predicts that foci will move in an inco-
herent, intermittent fashion (see Appendix 6.2 and Video S13). The time-dependent
motion of coalescing foci is consistent with this prediction (Fig. 6.1, in Appendix 6.2).

The physical mechanism for actomyosin self-organization outlined above differs
substantially from prior models of self-organization in active gels. The nonlinear
buckling events that are crucial in our mechanism cannot be captured by linear hy-
drodynamic theories[29, 30, 31, 43]and hitherto have not been part of microscopic
theories [29, 46] or simulations [7, 28, 43]. Both hydrodynamic and microscopic the-
ories were inspired by experiments in microtubule/kinesin systems [7, 8, 10]. These
systems differ from actin/myosin systems in at least two aspects. First, microtubules
have a persistence length of several millimeters [32] and are therefore less easily
buckled by motor-driven forces. We expect that bundling F-actin should bring the
system closer to microtubule systems. Indeed some experimental work points to
this: in actomyosin systems bundled by fascin, the final steady states are networks
of asters reminiscent of microtubules organized by kinesins [40]. In vivo, actin asters
with dense clusters of myosin at their center were observed in fibroblasts stimulated
to contract with cytochalasin D [47]. Such asters had a uniform polarity with actin
plus-ends pointing inwards, as expected in case of polarity sorting by plus-end di-
rected motors. Second, force centers in active microtubule gels were small, proces-
sive motor clusters interacting mostly with microtubule pairs, whereas the force cen-
ters in active actin gels are large myosin aggregates interacting with many actin fila-
ments. At a large scale, these force centers can be modeled as force dipoles in a con-
tinuum (visco)elastic background. However, on the micrometer scale on which actin
reorganizes in our experiments, it is unlikely that continuum elasticity represents a
realistic description, especially in view of the asymmetric, nonlinear response of the
individual filaments. Thus, a more microscopic model is needed (Appendix 6.2).
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Our work suggests that mechanisms of self-organization in motor-filament sys-
tems are not strictly universal, but depend on the biophysical characteristics of both
filaments and motors. This non-universality is biologically relevant: the physiologi-
cal function of microtubule arrays differs from that of actin arrays. Microtubules form
well-focused mitotic spindle poles, to accomplish high-fidelity separation of the du-
plicated chromosomes [2]. In contrast, actomyosin aggregates appear in cells from
diverse tissues and organisms as transient structures that coalesce into larger arrays
that exert contractile forces. Examples include the formation of contractile rings driv-
ing cytokinesis [3, 4] and wound healing [23], and the formation of contractile net-
works driving deformation of epithelial cell layers in developing embryos [24, 25] and
polarizing cortical flows [5, 6]. Our findings suggest that the formation and subse-
quent colescence of myosin foci in vivo [26] can emerge spontaneously from physical
interactions between actin filaments and motors. However, Rho-mediated signaling
events certainly contribute to the localized assembly and activation of myosin along-
side with purely biophysical effects by changing myosin’s phosphorylation state [48].
Localized Rho zones for instance lead to localized assembly of active myosin foci in
the cleavage furrow [20, 49] and in wound borders [23]. Interestingly, the size of the
actomyosin condensates in vitro is comparable to the size of condensates observed
in vivo (Appendix 6.1, Table 3). It will be interesting to test the activity of purified
non-muscle myosins in our assay. Muscle and non-muscle myosins differ in duty ra-
tio, sliding velocity, and filament size (Appendix 6.1, Table 1). Non-muscle myosin IIB
is substantially more processive than muscle myosin II, which should suppress the
dissolution of actomyosin condensates and enhance the late stages of coalescence.
Nonmuscle myosins also have a substantially smaller sliding velocity than muscle
myosin II, which should reduce the coalescence rate.

Even though our reconstituted assay mimics self-organized structures and dy-
namics of actomyosin in cells, there is an important difference. Our in vitro struc-
tures are irreversible once assembled, whereas cellular structures dissolve and re-
form on time scales of minutes. The low (0.1 mM) ATP level in the in vitro assay com-
pared to the typical mM ATP level in nonmuscle cells may contribute to the enhanced
stability of the structures. This low level was a prerequisite for active coarsening by
skeletal muscle myosin II. At mM ATP concentrations, we did not observe active con-
tractility (Fig.3.10) in line with prior studies [12, 13]. We attribute this ATP depen-
dence to the low duty ratio of skeletal muscle myosin II. With excess ATP, the duty
ratio is only 4%, but lowering the ATP concentration to 100 M increases the duty ratio
about fourfold [12, 13, 50].

In addition to the different ATP level, multiple factors that cause dynamic remod-
eling in cells are absent in our assay. Disassembly will likely require actin depoly-
merization and monomer recycling. The actin filaments in our experiments were
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>
[ATP]

Figure 3.10: ATP concentration modulates pattern formation in active actin-myosin net-
works. Fluorescence micrographs of actomyosin networks (actin in red and myosin in green)
taken at different ATP concentrations. At levels of 60-100 uM ATP, myosin is sufficiently pro-
cessive to cause the formation of actomyosin condensates. In contrast, the actin network
remains homogeneous and the myosin filaments remain homogeneously dispersed in the
network at mM ATP concentrations, indicating that myosin is not sufficiently processive
to cause network reorganization. Scale bar, 5 ym. Samples from panels A-D. contain 1:200
myosin:actin and the crosslinker:actin ratio is 1:1000.
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not stabilized and were, thus, in a state of constant treadmilling. Nonetheless, this
treadmilling process is very slow [51] and stabilization of actin with phalloidin in-
deed did not change the self-organization process (Fig.3.2A). However, cells contain
protein factors which accelerate depolymerization or sever F-actin. It will be interest-
ing to incorporate some of these regulators in our assay [52]. Another contribution
to fast pattern renewal in cells may be the transient nature of physiological actin-
crosslinking proteins. Notably, a recent in vitro study of actin networks bundled with
fascin showed that myosin could spontaneously disassemble contractile structures
[40]. There may be an interplay between myosin force production and force-induced
dissociation of crosslink proteins which controls the lifetime of cellular contractile
structures [53, 54]. Finally, assembly of cellular actomyosin condensates into ordered
structures such as contractile rings depends not only on myosin contractility but also
on forces produced by actin disassembly [23, 55].

3.5 Conclusion

We have shown that myosin motors organize actin filaments into contracted states
through a multistage aggregation process. We propose a new physical mechanism
that can account for this process based on motor-induced buckling in connected
actin structures. The fact that the reconstituted system is able to mimic cellular self-
organized states and their contractile dynamics suggests that physical interactions
contribute to the regulation of cell and tissue morphogenesis.

3.6 Outlook

Stripping cellular systems of their complexity creates multiple possibilities of explor-
ing how their different components contribute to a specific cell process. In this thesis
I have explored how motor protein density modulates both structure and dynamics
of active actin networks (chapters 3 and 4). In chapter 3, 1 also addressed the ques-
tion how crosslinking of actin filaments affects network reorganization by motors. I
used artificial biotin-streptavidin crosslinks, which are rigid and nearly irreversible.
I showed that increasing the density of crosslinks per actin filament promotes con-
tractile coarsening of actin-myosin networks up to a characteristic crosslinker:actin
molar ratio of 1:400 (see Fig. 3.8). Up to this crosslinker concentration, the networks
are in aregime of rather weak and isotropic crosslinking. Above this ratio, the network
undergoes macroscopic contraction, a phenomenon previously observed in similar
in vitro systems [15, 17]. Figure 3.11 shows confocal images of actin-myosin net-
works in the regime of high crosslink density. Above 1:400 crosslinks:actin, the actin
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network reorganizes at a global scale, reflecting the enhanced network connectivity.
This massive reorganization can take as little time as 5 minutes in networks with high
motor (1:50 myosin:actin) and crosslink (1:20-1:200 biotin:actin) densities. In highly
connected actin gels, the network irreversibly coarsens to very dense clusters of ir-
regular shell-like structures (ring-like in the displayed confocal z-slices). Studies of
active networks of actin filaments bundled by the physiological actin-binding pro-
tein fascin revealed myosin-driven formation of asters, 2D-rings and swirls of actin
[40, 56]. Contrary to biotin-streptavidin, fascin forms unipolar actin bundles [57],
and it is conceivable that the resulting bundle polarity is a determinant of the appar-
ently reversible assembly of such structures.

The above described in vitro model system hints at how cells may regulate their
actin cytoskeletal structures relying on different types of crosslinkers. Crosslinkers
with distinct functions have been reported to locate to specific structures in vivo:
some actin crosslinkers like a-actinin isotropically crosslink actin in transient struc-
tures like the contractile ring [58], while fascin localizes to more stable bundle-like
structures in filopodia, bristles and stereocilia [57]. To understand which factors pro-
mote active large scale contraction of actin networks, it would be useful to test in
vitro the effect of different physiological crosslinkers that are potentially involved in
transient actin structure formation. I predict that such assembly will sensitively de-
pend on a proper balance of motor activity and crosslinker density, where the motors
themselves also affect network connectivity.

There are also additional factors that may influence network connectivity and
thereby contractility, namely actin-binding proteins that regulate the length of F-
actin. The longer the filaments, the more likely they are to sterically hinder or entan-
gle with each other [59], thus increasing network connectivity. Several actin-binding
proteins directly control F-actin length. Gelsolin, an actin capping protein limits the
length of actin filaments by capping their plus ends [60]. In preliminary in vitro as-
says, I tested the effect of reducing filament length on pattern formation in active
actin-myosin networks. Adding gelsolin in a molar ratio of 1:740 to G-actin causes re-
duces reduction in average filament length from 6 to 2 ym. This length reduction had
a dramatic effect on pattern formation (Fig. 3.12). Instead of undergoing a multistep
coarsening process, the networks displayed a rather homogenous structure through-
out the ~ 1.5 hours of the assay. Small threadlike aggregates of myosin (shown in
green) are distributed randomly throughout the actin network (shown in red). In ad-
dition to this, there were no obvious contractile fluctuations in the network (data not
shown). Cells could make use of actin length regulators such as gelsolin as a strategy
to dynamically regulate the formation of transient contractile structures. It would be
interesting to systematically test the effect of the length of F-actin on organization
of active networks to assess which is the minimum connectivity required for force

69



3. Active multistage coarsening of actin networks driven by myosin motors

> _ Macroscopic contraction v
@

1:50 —

10

1:200 —

actin rat

1:300

Motor

T T T
1:1000 1:400 1:200
Crosslinker:actin ratio

Figure 3.11: The active formation of actin patterns is modulated by the densities of motors and crosslinkers relative to the actin concentration.
Confocal micrographs of the phase space for actin networks (with a fixed concentration of 1 mg/mL) with increasing amounts of crosslinkers
(biotin-actin : actin molar ratio) and myosin motors (myosin : actin molar ratio). Scale bar is 10 pm.
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100 min

Figure 3.12: Decreasing the length of actin filaments reduces the extent of active network
coarsening. Confocal micrographs of the time evolution of actin (red) and myosin (green)
networks assembled in the presence of 1:740 gelsolin:actin (giving an average actin filament
length of ~ 2 um). The actin concentration is 1 mg/mlL, the myosin:actin ratio is 1:200 and
the crosslinker:actin ratio is 1:1000. Scale bar is 5 pm.
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propagation and therefore contractility of the network.
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Chapter 4

Dynamics of active actin-myosin
networks probed by video particle
tracking

We probe the spatiotemporal characteristics of myosin-dependent dynamics in actin-myosin
networks by video tracking of embedded probe particles. We observed clear signatures of the
non-equilibrium contractile activity of the motors in the form of bouts of sudden, directed mo-
tion of the probes that were usually followed by relaxation. To quantify the frequency of these
active events, we developed an automated segmentation algorithm to distinguish periods of
active, directed motion from periods of random motion. We found that directed motion occurs
mainly during the first 30 minutes after sample preparation, whereas later it becomes infre-
quent. This age-dependence is reflected in the ensemble averaged dynamics, which show large
mean square displacements and non-Gaussian displacement distributions in the first 30 min-
utes, whereas after 30 minutes the ensemble averaged dynamics resembles that of passive (no
myosin) samples. The time-dependence of the active dynamics matches the time-dependence
of motor-driven coarsening of the actin network, which we observed with confocal fluorescence
microscopy. Detailed analysis of active translocation and relaxation events of probe particles by
kymographs indicated that network coarsening is accompanied by large (up to 25 pm) displace-
ments of beads and plastic network deformation. After 30 minutes, there were only sporadic,
and small, contractile fluctuations, likely because the motors were mostly concentrated in clus-
ters and depleted from the intervening network. It will be interesting to extend existing theories
of active gel dynamics to account for the time-dependent and spatially inhomogeneous struc-
ture of actin-myosin gels and to explore implications of this coupling between structure and
dynamics for microrheology in cells.

Based on manuscripts under preparation by Marina Soares e Silva*, Bjorn Stuhrmann*, Fred C. MacKintosh, Gijsje
H. Koenderink. Bjorn designed and performed the automated analysis protocol. *Shared 1st author.
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4.1 Introduction

Living cells are viscoelastic materials that are out of thermodynamic equilibrium as
aresult of dissipative processes in the cytoplasm fueled by metabolic energy [1]. The
cytoskeleton is constantly remodeled by active (de-)polymerization of filamentous
actin (F-actin) and microtubules (MTs), and by motor proteins that slide these fila-
ments or that move cargo across them [2]. These processes lead to active transport
of cellular components that add up to the ubiquitous thermal fluctuations that all
cellular components are subject to.

Several studies have sought to quantify, through microrheological approaches,
how these active processes influence dynamics of probe particle inside the cytoplasm
or on the exterior cell surface. The cytoplasm can be probed using endogenous par-
ticles such as endosomes, melanosomes or lipid granules [3, 4, 5], or by tracking ex-
ogenous probes imported by microinjection or phagocytosis [6, 7, 8]. Microspheres
attached on the cell surface can be physically coupled to the intracellular actin cy-
toskeleton via transmembrane integrin receptors [9, 10, 11]. There are two com-
plementary microrheology methods. Active microrheology probes the viscoelastic
properties of the cell by directly measuring the displacement of probe particles in
response to a force applied with optical or magnetic tweezers [12, 13, 14, 15, 16].
Instead, passive microrheology probes the spontaneous displacements of beads in
the absence of an external force [17, 18, 19]. In thermal equilibrium, beads are sub-
ject only to thermal fluctuations, so passive microrheology measures the same ma-
terial response function as active microrheology, as stipulated by the fluctuation-
dissipation theorem (FD) of statistical physics [20]. The FD theorem is a general-
ization of Einstein’s description of Brownian motion of probe particles in a viscous
liquid [21]. In a liquid, the viscosity can be extracted from the bead fluctuations us-
ing Stokes law, while in a viscoelastic fluid, the complex shear modulus can be ex-
tracted using a generalized Stokes law [7, 17, 22]. If there is a discrepancy between
the response function measured by active microrheology and passive microrheology;,
this is strong evidence of non-equilibrium activity. Several studies in cells combining
passive and active microrheology indeed present evidence that intracellular activity
leads to a violation of the FD theorem, in particular at low frequency [5].

While there is clear evidence of non-equilibrium dynamics in cells [5, 10, 12,
13, 14, 16, 23], the exact microscopic origin of this phenomenon is difficult to dis-
entangle. The complex molecular composition and architecture of cells renders it
difficult to identify the molecules or processes responsible for out-of-equilibrium
fluctuations. To circumvent this complexity, several studies have focused instead
on minimal model systems reconstituted from purified cytoskeletal components, in
particular actin and myosin II. It was shown that single-headed myosin II subfrag-
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ments (known as S1) can increase the effective temperature of an actin network [24].
Myosin II filaments, which are more processive than S1 subfragments, were shown
to cause contractile fluctuations in actin networks, which lead to a violation of the
FD theorem at low frequencies [25] and to diffusive-like motion of spherical probes
and short-length scale bending of embedded microtubules [26]. Another signature
of non-equilibrium activity that has been reported is non-Gaussianity in the distri-
bution of displacements (or Van Hove correlation functions) of spherical and rod-
shaped particles [26]. Particles inside a network that is in thermal equilibrium and
has a homogeneous structure are expected to display Gaussian Van Hove correlation
functions [19]. Non-Gaussianity can arise from temporal or spatial heterogeneities
[19], or from non thermal activity [26]. In crosslinked networks, motor activity may
cause sustained build-up of tension, which can lead to substantial network stiffen-
ing [14]. To account for these experimental observations, theoretical models have
been proposed that model the motors as force dipoles in a homogeneous, contin-
uum elastic medium [27, 28, 29]. These models predict violations of the FD theorem
at frequencies below the characteristic frequency of motor detachment. The physi-
cal picture is that the motors gradually build up tension when they attach to F-actin,
followed by sudden detachment and passive relaxation of the built-up stress.

Recent studies of motor-driven organization of actin networks in vitro have re-
vealed that motors substantially affect the spatial structure of these networks. In
entangled solutions of actin, the motors form large clusters which locally condense
the actin network into disordered shell-like structures (see chapter 3, and references
[30, 31]). Crosslinking with biotin-streptavidin accelates coarsening, and leads to
larger condensed structures. Bundling of actin with fascin generates different types
of collective reorganization, involving clusters of actin bundles [32] and networks of
asters or vortices [31, 32, 33]. The consequences of this time-dependent restructuring
of actin networks for the dynamics of probe particles in these networks have, to the
best of our knowledge, not yet been addressed in experimental or theoretical studies.

In this chapter, we use an in vitro model system of weakly crosslinked actin-
myosin networks to characterize non-equilibrium network dynamics by microrhe-
ology and to relate these dynamics to the time-dependent remodeling of the net-
works by myosin contractile activity. We examined active networks in two limits of
motor density, which differ in the extent of motor-driven remodeling. At high mo-
tor density (1:65 myosin:actin ratio), the motors cause massive network coarsening
(Fig. 4.1, high density, scheme), whereas at low motor density (1:200 myosin:actin
ratio), the networks also coarsen, but slower and at smaller length scales (Fig. 4.1,
low density, scheme). We focus the microrheology analysis on the low motor density
regime, where the probe particles are homogeneously distributed and can be used
for spatiotemporal mapping of network dynamics. We identify signatures of non-
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equilibrium activity in the ensemble averaged dynamics of the particles. To investi-
gate the microscopic origin of this activity, we moreover examine the single particle
trajectories. We propose a new algorithm to segment trajectories into episodes of ac-
tive, directed motion and random (undirected) motion, and use this to quantify the
spatiotemporal frequency of activity and to identify collective particle motion. More-
over, we perform kymograph analysis of the trajectories to quantify the time scales,
displacements, and velocities associated with active, directed particle motion.

4.2 Materials and Methods

4.2.1 Particle surface passivation

For particle tracking experiments we used polystyrene microspheres
(lotfGK0470701B, G.Kisker, Steinfurt, Germany), with a diameter of 2 m. This
diameter was optimal for tracking active dynamics in actin networks of 1 mg/mL.
Smaller microspheres (1 ym) were clustered by motor-driven network condensation,
even at low motor density (myosin:actin ratio of 1:200). In contrast, larger particles
(5 um) were insensitive to active network rearrangements induced by motor activity,
not showing perceptible displacements (<3 events in a movie with a total duration
of 75 minutes, N=30 particles in the field of view). To prevent protein adsorption to
the probe particles, the particle surface was passivated by adsorption of PLL-PEG
(PLL(20)-g[3.5]-PEG, SuSos, Switzerland), using 1.98 x 10~®*mg PLL-PEG per m?
of particle surface. The positively charged PLL block adsorbs to the negatively
charged microsphere surface, while the PEG block forms a brush layer that presents
a steric barrier against protein adsorption. Particles from a stock solution (30 uL
of suspension of 2.5% solid fraction) were first sonicated to break up any clusters,
pelleted by centrifugation for 5 minutes at 13.2krpm, and resuspended in 300 uL
water containing 0.25mg/mL PLL-PEG. The microspheres were incubated for 30
minutes in the tube while constantly rotating on a wheel at 10 rpm to prevent particle
sedimentation. The solution was subsequently centrifuged for 5 minutes at 8.9 krpm
and the supernatant was removed. The particles were finally resuspended in 60 L of
25 mM imidazole-HCI (pH 7.4).

4.2.2 Actomyosin network reconstitution

Myosin synthetic filaments were pre-formed by fast dilution of unlabeled or
DyLight594-labeled myosin II. To this end, myosin stock solution in 25 mM imidazole,
4 mM MgCly, pH 7.4 containing 300 mM KCl was mixed on ice with all buffer compo-
nents, resulting in a final KCI concentration of 70 mM KCl. Myosin filaments were
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formed for 5 minutes at room temperature. Actin-myosin networks were prepared in
assembly buffer with final concentrations of 25 mM imidazole-HCI, 0.1 mM MgATPB,
50mM KCI, 0.1 mM MgATP, 2mM MgCly, 1 mM DTT, and pH 7.4. To prevent photo-
bleaching, we added 2 mM Trolox [34], and to prevent ATP depletion, we included a
regeneration mixture containing 1.25 mM creatine phosphate and 26 units/mL crea-
tine kinase (both from Roche Diagnostics, Almere, the Netherlands) [25, 35]. PLL-
PEG-passivated polystyrene microspheres were added to actomyosin samples in a
volume ratio of 1 to 2.

The actin concentration was 23.8 uM (1.0 mg/mL) in all experiments. The actin
network was fluorescently labeled by mixing Alexa488-labeled G-actin and unlabeled
actin in a 1:20 molar ratio. We controlled the number crosslink points per actin fil-
ament by co-polymerizing biotinylated G-actin with unlabeled G-actin in a molar
ratio of 1:1000. The average number of available crosslink points per actin filament is
about 2, based on an average filament length of 6 ym and assuming that crosslink
points occur in equally probable random placement along the filaments. Excess
streptavidin (streptavidin:actin molar ratio of 1:25) was included to form crosslinks
between the biotinylated actin filaments. The molar ratio between myosin and actin
was either 1:200 (low motor density regime) or 1:65 (high motor density regime).

Actomyosin network formation was initiated by adding monomeric G-actin and
transferring the samples to glass flow cells and warming to room temperature.
The flow cells were assembled with a standard microscope slide and 2 glass spac-
ers (150 um height), cut from £1 coverslips (Menzel, Braunschweig, Germany) and
brushed with a thick layer of optical adhesive Norland #81 (Edmund Optics, York,
UK), and finally topped with a 24 x 24 mm #1 coverslip (Menzel, Braunschweig, Ger-
many). The optical adhesive was cured under a 8-Watt EA-180 UV lamp (365 nm
wavelength, Distrilab BV, Leusden, the Netherlands) for 20 minutes. The flow cell
surface was passivated with 0.1 mg/mL k-casein diluted in assembly buffer to avoid
non-specific interactions with the networks. The chambers were sealed with silicone
grease to prevent solvent evaporation.

4.2.3 Image acquisition

The particles embedded in the actin-myosin networks were imaged in brightfield on
aTi-Eclipse Nikon inverted microscope with a Nikon 40x oil immersion objective lens
(numerical aperture 1.0), making sure that optimal Khler illumination was achieved.
For video tracking the following recording protocol was implemented: movies of
27000 frames were recorded at 5 frames per second starting within 2 minutes after
initiation of actin polymerization, using a Photometrics Coolsnap HQ2 digital CCD
camera (Photometrics, Tucson AZ, USA) controlled by NIS Elements AR 3.0 software
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(Nikon Instruments Europe BV, Amsterdam, the Netherlands). The field of view was
either 352x520 pixels (half of the camera chip area) or 704x1040 pixels (full size of the
camera chip). The 12-bit frames were either not binned in space for smaller fields
of view (pixel size 0.16 xm) or 2x binned for the larger fields of view so as to reduce
the recorded file size (pixel size 0.32 um). Binning did not influence the accuracy of
particle tracking, which was subpixel and on the order of order 10 nm, as checked by
tracking beads immobilized on a coverslip. The exposure time was always 1 ms. Raw
data was stored as .nd2 files (NIS Elements format) and later converted to 16-bit tiff
files for image processing. We imaged particles in the middle of the flow cell, to avoid
any influence from the walls.

4.2.4 Particle tracking

Video particle tracking was performed using BeadTracker tracking software written
in Cf (Microsoft .Net Framework 4.0, Redmond, U.S.A.) by Marco Seynen of the Soft-
ware Engineering department at AMOLE The tracking algorithm was based on exist-
ing algorithms written originally in IDL (Interactive Data Language, ITT VIS, U.S.A.)
by J. Crocker and D. Grier [36]. The software was able to swiftly analyze large data sets
(>10000 frames or > 15 Gb). The new software has two principal advantages over the
original IDL version. First, it can handle larger datasets, since it loads and processes
1 frame at a time instead of loading all frames at once. Second, it is faster because it
calculates boxcar and Gaussian filters during image processing steps (details below)
on a graphics-card using CUDA (NVIDIA Corporation, Santa Clara, USA) and using
C-sharp (or C#, a third-generation language, 3GL), which is faster than IDL (a fourth
generation language, 4GL).

BeadTracker offers an interactive user interface that uploads each movie frame
individually and shows detection results immediately when parameters are changed.
Particle tracking can be performed either on the full field of view or on a selected
region of interest. Furthermore, BeadTracker has several additional post-tracking
functions in addition to the original tracking algorithm. These functions include the
option to connect particle coordinates with selected pixel and frame ranges and the
option to correct missing particle coordinates. The latter correction can be executed
either by filling missing positions with the last detected position of a segment of a
trajectory, or by interpolating the position between the last frame of a segment and
the first frame of the following one. Other functions are fast data navigation and in-
spection, including the ability to directly overlay trajectories on the corresponding
raw data, and screening raw images frame by frame accompanied by a dynamic po-
sition marker along the trajectory. Also featured is zooming in and out on raw data
and trajectories, as well as removal of tracks that have defects caused, for instance,
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by particles moving out of focus.

The particle tracking algorithm devised by Crocker and Grier [36] comprises sev-
eral steps. It is optimized for small and relatively well separated spherical particles.
The first step consists of a background removal operation using a filter that is a con-
volution kernel of the original image A, (x,y), with a boxcar average over a region of

2w + 1 pixels:
1 . .
Aw(z,y) = mzz = —Ap(z+1i,y+7),

2452

1 . :
Axyn(z,y) = EE% = —Ayp(x+i,y+je P |

where w is an integer larger than a single sphere’s apparent radius (in pixels) and Bisa
normalization factor [36]. The boxcar average in Eq. (1) removes background contrast
gradients, while the Gaussian surface in Eq. (2) reduces random noise due to digiti-
zation, which typically has a correlation length \,, ~ 1 pixel [36]. In the BeadTracker
interface, LP (low pass, Gaussian filter) and HP (high pass, boxcar filter) parameters
control the noise removal, and a TH (threshold) parameter controls the thresholding
step (Fig. 4.2A red box).

€ 1 1 .
€y mo - J

where my is the integrated brightness of the sphere’s image, and the refined location
is (z,y) = (x + €y + €y) [36]. The particle detection step (Fig. 4.2A blue box) in
BeadTracker uses as parameters Min (minimum particle size, which is 2-5 pixels de-
pending on the binning of the image and resulting apparent particle size) and Max
(maximum particle size, which is 5-11 pixels, also depending on the binning), Ratio
(representing the percentage of roundness of a particle, where a perfect sphere has a
Ratio of 100%, while elongated elliptical particles have a Ratio up to 150%) and COM
(center of mass, particles which have a center of mass that is off by more than 30-50%
from the real center of mass after position refinement will also not be detected).

The final step in the tracking procedure consists of connecting coordinates into
linked trajectories by evaluating criteria of proximity in space and time for each po-
sition detected [36]. The BeadTracker parameters to connect particle positions (Fig.
4.2B green box) include Len, which determines the number of frames a particle is al-
lowed to be absent, and Space which is the maximum distance allowed between con-
secutive particle coordinates. Here, Min (not to be confused with the parameter Min
for minimum particle size) is the minimal length of consecutive frames for a trajec-
tory to be accepted for the output file. The final particle trajectories were dedrifted by
subtracting the average displacement of all beads between two frames. We retrieved
a total of 965 trajectories for movie 1, 273 for movie 2, 593 for movie 3, and 246 for
movie 4.
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4. Dynamics of active actin-myosin networks probed by video particle
tracking

4.2.5 Automated microrheological analysis of active net-
works

To identify periods of directed active motion in single particle trajectories (Fig. 4.3A),
we computed instantaneous particle velocity components vz, n) and vy,n) from
particle tracking data as a function of time

Velocity components were smoothed with a moving average filter with a win-
dow size of 3s, which spaces data equally on either side of a time point of interest.
Smoothed velocity components, (v, ,); and (v, ), were transformed into particle
translocation direction changes, Aé,, (Fig. 4.3B), using the relation

<U_n>>t <Un+1>t
NG, = 4.1
1@ 1Tt @D

v . o . .
where (7)), = ( (V) ) is the direction of the window-averaged velocity vector at
Vy,n )t

frame number n. The differential angle, Ad,, , measures the straightness (or direc-
tional persistence) of particle motion. It is large if a particle exhibits random fluc-
tuations and it is small if a particle moves in a directed fashion. Time spans with
A#,, smaller than a threshold angle A#f;;, thus represent events of directed particle
translocation, which we term segments (Fig. 4.3C). We only considered segments
with a duration exceeding 8 s and which involved particle displacements larger than
0.5 um. These criteria were selected to prevent overly sensitive and hence erroneous
detection. We confirmed that zero segments were detected for particles embedded
in a passive control network devoid of myosin motors.

4,2.6 Statistics

Averages and standard deviations (error bars) reported in the bottom panels of Fig.
4.7 and 4.10-4.13 were calculated using the raw data shown in the corresponding top
panels. Statistical tests were performed in Origin 8 using students T-tests or ANOVA
tests.

4.3 Results

In this chapter we present a study of the dynamics of active actin networks with a
constant actin concentration (1 mg/mlL) and crosslink density (0.1 mole% biotinylated
actin), and a constant ATP concentration of 0.1 mM which ensures processivity of the
motors. We tested two different myosin:actin molar ratios, namely 1:200 and 1:65.
Myosin was assembled into synthetic filaments with a mean length of 0.85 um, cor-
responding to 100 myosin molecules per filament (see chapter 2). We probed the
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Figure 4.3: Detection of events of active directed tracer motion in single particle trajecto-
ries. A. Bright field micrograph of a polystyrene bead embedded in an actin-myosin gel, with
particle track overlaid in blue (non-directed motion) and green/red (directed motions). B.
Definition of the differential angle, n, which is the change in direction of particle motion be-
tween two subsequent frames of a movie. C. Thresholding of the differential angle to retrieve
time spans of directed motion, which are termed segments.
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4. Dynamics of active actin-myosin networks probed by video particle
tracking

network dynamics by embedding spherical probe particles, whose positions can be
automatically tracked with sub-pixel accuracy. The particles had a diameter of 2 ym,
much larger than the average network mesh size, which is 300 nm [37].

4.3.1 Microscopic structure of actively coarsening actin-
myosin networks

To relate the origin of active fluctuations in the network to the underlying micro-
scopic structure, we performed confocal microscopy on fluorescently labeled actin-
myosin networks. We observed that different motor densities yield strikingly differ-
ent structural regimes. At low motor density (1:200 myosin:actin ratio), the samples
started off as homogenous networks of actin filaments (Fig. 4.1A, panel i, in red) with
randomly distributed myosin filaments (in green). However, the networks coarsened
within 20-60 minutes after assembly, forming dense foci of myosin surrounded by
actin shells (Fig. 4.1A, panel ii, myosin in green, actin in red). Within 90 minutes,
these foci were condensed into clusters with maximum sizes of 10-20 um (Fig. 4.1A,
scheme and panel iii).

At high motor density (1:65 myosin:actin ratio), the networks coarsened much
faster and on a larger scale. Within 2-5 minutes of sample preparation, there were
already myosin foci surrounded by actin (Fig. 4.1B panels i-iv), and already after
15 minutes these foci were clustered together (Fig 4.1B panels v-vi). At later stages
(30 minutes), the networks became highly inhomogeneous with dense regions of ac-
tomyosin that were at least 30 ym in size (Fig. 4.1B, scheme and panels vii-x). In
this stage, contractility was no longer observed. In chapter 3 we propose a physical
mechanism to explain this motor-driven network coarsening, based on buckling of
the actin filaments under the forces applied by the myosin foci.

4.3.2 Macroscopic mechanical properties of active actin-
myosin networks

To characterize the bulk mechanical properties of the active networks, we performed
macroscopic rheology using a CP20-1 cone and plate geometry (see chapter 2).
Weakly crosslinked passive networks (no myosin, 1:1000 biotin-actin:actin) had a
small elastic modulus of only 0.4 Pa (Fig. 4.4A, black closed stars). The elastic mod-
ulus was frequency-independent, and larger than the viscous modulus (black open
stars) by about a factor of 5. This indicates that the network behaves as a weak vis-
coelastic solid. The elastic modulus of the crosslinked network (blue open triangle
in Fig. 4.4B i labeled No motor) was comparable to that of the corresponding un-
crosslinked networks (black open circle in Fig. 4.4B i labeled No motors). This indi-
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cates that the actin is only weakly crosslinked by biotin-streptavidin, in accordance
with the low density of biotinylated actin used.

A B
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Pigure 4.4: Rheology of active actin networks. A. Dependence of elastic modulus G, and
viscous modulus G”, on frequency, w, at varying motor density, with 1:1000 crosslinks. B. i
G’ and ii loss tangent at w=1 rad/s, as a function of motor density and crosslinking. Orange
inverted triangle represents active sample in the presence of 1 mM (+) blebbistatin (Merck
Chemicals, Nottingham, UK).

To test whether myosin itself can act as a crosslinker, we measured the influence
of myosin on the stiffness of uncrosslinked actin solutions (black circles in Fig. 4.4Bi).
Myosin increased the stiffness by only a factor of 1.5 at a myosin:actin ratio of 1:65.
This rather small increase suggests that the motors act as weak, transient crosslink-
ers (as expected in the presence of 0.1 mM ATP, where the attachment lifetime per
head is ~ 50 ms (38)). Moreover, this observation suggests that there is no signifi-
cant contamination with myosin dead heads. For comparison, double-headed heavy
meromyosin subfragments at zero ATP, which enforces rigor conditions, caused a
much larger, ten-fold increase in G’ at a comparable myosin and actin concentration
[38].

We next tested the influence of myosin on the rheology of biotin-streptavidin
crosslinked actin networks. The motors increased the elastic and viscous modulus
two-fold over that of the passive network, as shown in Fig. 4.4A for myosin:actin ra-
tios of 1:65 (blue squares) and 1:200 (orange triangles). Fig. 4.4Bi summarizes the
elastic moduli of samples with different motor densities (blue triangles), again show-
ing little effect of the motors. The frequency dependence of the shear moduli was not
noticeably affected by the presence of myosin (Fig. 4.4A). The networks all behaved
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tracking

as weak viscoelastic solids with a loss tangent on the order of ~ 0.2, independent of
crosslinking or motor density (Fig 4.4B bottom). The rather modest effect of myosin
on network stiffness is somewhat surprising in light of the significant network rear-
rangement seen by confocal microscopy, especially at high motor density. Recent
simulations of active networks suggest that motors may cause substantial stiffen-
ing of actin networks by pulling out thermal slack or bends of actin filaments [39].
However, it is conceivable that the network structure is not sufficiently connected to
obtain a macroscopically measurable effect on the elasticity. Also, it is possible that
depletion of actin from the network to form dense condensates counteracts an in-
crease in the modulus of the network due to increased tension. We note that prior
studies of biotin-streptavidin crosslinked actin networks also report minimal stiffen-
ing by myosin II at > M ATP levels [25, 35].

Finally, to test whether stiffening by myosin was dependent on motor activity, we
measured the shear moduli of an actin-myosin network in the presence of the myosin
ATPase inhibitor, blebbistatin [40]. Blebbistatin did not significantly change the stiff-
ness (Fig. 4.4B i, inverted orange triangle) nor the loss tangent (Fig. 4.4B ii, inverted
orange triangle). This indicates that there is no appreciable stiffening connected to
motor activity. We conclude that crosslinking and contractile activity of the motors
only minimally affects the bulk viscoelastic properties of the networks.

4.3.3 Particle trajectories in active networks

Probe particles in active networks having a low motor density were homogeneously
distributed throughout the network (Fig. 4.5A). This is consistent with the confocal
microscopy observations showing that these networks coarsen only on small length
scales, below 10 — 20 pm. This homogeneous distribution is ideal for multiple particle
tracking. By contrast, probe particles in networks having a high motor density were
recruited into large particle clusters (Fig. 4.5B), which likely correspond to the large
actomyosin aggregates depicted in Fig. 4.1 vii-x. The particles clustered within 5
minutes, comparable to the formation time of large actin-myosin clusters observed
by confocal microscopy. This clustering hampers multiple particle tracking. For this
reason, we focus in the remainder of this chapter on the low motor density regime,
where the probe particles can be used to spatially map dynamics in the network by
multiple particle tracking.

To confirm the absence of non-specific interactions between the passivated
probes and the actin and myosin filaments, we performed confocal microscopy on
fluorescently labeled networks at low motor density. Actin/myosin foci formed (Fig.
4.5B, white arrows), but even at 2 hours after assembly, there was no accumulation of
either myosin (green) or actin (red) on the surface of the particles (Fig. 4.5B, particles
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Low motor density High motor density

Figure 4.5: Structure of fluorescently labeled actin-myosin networks crosslinked using
0.1 mole% biotinylated actin, with embedded passivated polystyrene particles. A. Bright field
image of the network at low motor density (1:200 motors:actin). Particles are homogeneously
distributed. Scale bar is 20 um. B. Confocal micrograph of homogenously distributed probes
in networks at low motor density (1:200 motors:actin) after 2 hours of sample preparation.
White dashed circle indicates the position of an unlabeled probe particle (which shows up
as a dark circular hole). Scale bar is 10 um. C. Bright field micrograph showing clustering of
probe particles in a network at high motor density (1:65 motors:actin). Scale bar is 20 pm.
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are visible as dark circular holes in the red actin background; example inside white
dashed circle). This confirms that the surface of the particles is nonadhesive and that
the particles are therefore suitable reporters of the network dynamics.

We recorded videos with a total duration of 90 minutes starting within 2 minutes
after sample preparation using sampling rates of 5 frames per second. We tracked
particle positions in four independently prepared samples, yielding a total of N=2077
trajectories. Any spurious trajectories, such as the example inset in figure 4.6A, were
manually removed from the final set of tracks. Trajectories of probe particles in a pas-
sive control network in the absence of myosin motors looked like compact, isotropic
clouds, as exemplified in Fig. 4.6A. This trajectory is typical of probe particles trapped
in an elastic network which confines thermal particle excursions. In comparison,
trajectories of unconfined particles suspended in the solvent were much wider (Fig.
4.6B). There was no evidence of any particle hopping between network pores, as ex-
pected given that the particle size exceeds the mesh size [18]. The trajectories of parti-
cles in active actin-myosin networks were qualitatively different from the trajectories
in passive networks. We observed two classes of trajectories in active samples. The
first class looked similar to trajectories in passive networks, confined and rather com-
pact (Fig. 4.6C). However, the second class of trajectories showed small fluctuations
interspersed with sudden large and clearly directed walks, departing from a given
position and often returning back, sometimes repeatedly, and in different directions
(Fig. 4.6D, blue arrows).

4.3.4 Automated segmentation of active particle trajectories

Since the confocal microscopy analysis showed that the actin-myosin networks ac-
tively coarsened during the first 30-60 minutes after preparation, we tested whether
the dynamics of the probe particles was dependent on sample age. To this end,
we performed automated segmentation of trajectories to distinguish active, directed
motion from smaller amplitude, random fluctuations. Note that random fluctuations
can be thermal in origin, but can also originate from motor-driven active fluctuations
[25, 41]. We selected directed trajectory segments by evaluating temporal changes in
the angle of the direction of particle movement between consecutive frames (see sec-
tion 4.2.5). The maximum accepted angle change between frames was £45°. We fur-
thermore only accepted segments which involved displacements larger than 0.5 um
and had durations of at least 8s.

Based on these criteria, we used the algorithm to quantify the frequency of events
of directed motion as a function of sample age. We divided the entire movie of 90
minutes into 18 bins of 5 minutes each. The number of active segments decreased
significantly with sample age, from N=1489 in the first 0-5 minutes after sample
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Figure 4.6: Probe particle trajectories reflect the dynamics of the embedding material. A.
Example trajectory of a microsphere (2 ym diameter) embedded in a passive actin network
at 1 mg/mL crosslinked with 0.1 mole% biotin-actin and a 1:25 streptavidin