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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 ADP, 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 (KCl 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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2. In vitro reconstitution of actin-myosin networks

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 ∼ 15µm. Scale bar 10µm. 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 6µm.
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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 KCl 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,

∼ 30 g 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

(2 mM Tris-HCl, 0.2 mM Na2ATP, 0.2 mM CaCl2, 0.2 mM dithiothreitol (DTT), 0.5 mM

NaN3, 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 KCl

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 cm2/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 (2 mM Tris-HCl,

0.2 mM Na2ATP, 0.2 mM CaCl2, 0.2 mM dithiothreitol (DTT), 0.5 mM NaN3, 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 MgCl2, 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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2. In vitro reconstitution of actin-myosin networks

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). 30µg of protein per lane were loaded. M is the marker lane.

from confocal micrographs using the NeuronJ plugin of ImageJ

(http://rsbweb.nih.gov/ij/). The length distribution was approximately exponential,

consistent with prior reports [21, 23]. The average length was 6µm (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 RGA) (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

6µm, the overlap density is expected to be around 5 × 10−3 chains/µm3, which cor-

responds to a volume fraction of 4 × 10−6 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 De and a

length Le. The entanglement (or deflection) length Le 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 6µm, 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-HCl, 50 mM KCl, 0.1 mM MgATP, 2 mM MgCl2, 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 Le, limit transverse motion of the

filaments within a tube of diameter De. Le and De are related by a scaling relation,

Le ∝ D2/3
e L1/3

p ,
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2. In vitro reconstitution of actin-myosin networks

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 De, which is defined by entanglement points with surrounding

filaments which are spaced apart by a distance Le. 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 γ (black line) is applied, and the resulting sinusoidal

stress σ (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/mL 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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2.2 Preparation and characterization of F-actin

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 10µM (at an actin concentration of 23.8µM). Above

this concentration, the network structure looks somewhat coarser, but no distinct aligned or

ordered patterns are visible. Scale bar, 10µm.

which involves the filament persistence length, Lp [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 τD (reptation time) is strongly length-dependent, according to [26]:

τD = L2/π2,

For typical actin filament lengths, τD takes values of minutes to hours [33]. Actin

networks are elastic when probed on time scales shorter than τD, 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 γ(t) of amplitude γ0 and frequency ω:

γ(t) = γ0 sin tω.
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2. In vitro reconstitution of actin-myosin networks

The shear modulus G∗(ω) follows from the stress response σ,

σ(t) = σ0 sin tω + δ = γ(t)G∗(ω),

where δ 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∗(ω) = G
′
(ω) + iG

′′
(ω).

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 0.2 rad/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, asG′ always remained larger than

G′′ within the range of frequencies probed. The loss tangent

tan δ = 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 II

Myosin II 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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2.3 Preparation and characterization of skeletal muscle myosin II

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

∼ 150 nm. 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 KCl 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 KCl concentration leads to rather short fila-

ments (1µm) [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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2.3 Preparation and characterization of skeletal muscle myosin II

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. 2XO8 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 KCl concentration is lowered. Filaments formed at low

(50 mM) KCl 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 KCl 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 Myosin 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

(0.3 M KCl, 150 mM KH2PO4, 20 mM EDTA, 5 mM MgCl2, 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 KCl, 600 mM KH2PO4, 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 KCl, 25 mM

KH2PO4, 10 mM EDTA, 1 mM DTT, pH 6.5, 50% w/w glycerol). Activity was preserved

for at least 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 MgCl2, 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 cm2/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,

50 mM KCl, 0.2 mM EGTA, 2 mM MgATP, 2 mM MgCl2, 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 KCl and 0.2 mM EGTA, pH 7.0. After addition

of 10 mM MgCl2, 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 KCl, 50 mM KH2PO4 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 KH2PO4 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,

Ω2r, where Ω 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

s =
dr/dt

Ω2r
, [50]

where s is commonly expressed in Svedbergs (S), where 1 S is 1 × 10−13 seconds. Par-

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 KCl). 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

δχ(r, t)

δt
=

1

r

δ

δr

[
rD

δχ(r, t)

δr
− sΩ2r2χ(r, t)

]
, [50]

which is a transport equation describing the concentration distribution δχ of sedi-

menting particles with diffusion coefficient D as a function of time t 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 2µM and sedimentations profiles were obtained at 20◦C. A.
Sedimentation profiles of myosin monomers (in a 300 mM KCl 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 280 nm and a An-60Ti rotor thermostatted

at 20◦C. Centrifugal forces applied were between 32256 × g and 290304 × g, where

9.81 m/s2. 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 KCl, 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 155 S. The sedimentation coefficient of the minifilaments is compara-

ble to values reported at KCl concentrations of 100 and 200 mM KCl [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 KCl buffer into a buffer of 25 mM

imidazole-HCl (pH 7.4), 0.1 mM MgATP, 2 mM MgCl2, 1 mM DTT, 1.25 mM 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-HCl buffer

of pH 7.5 containing 100 mM KCl 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 2 mM Mg2+ in

our buffer. Mg2+ 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 KCl concentration, consistent with previous reports [38, 39].

The filaments had an average length of 0.85µm when formed at 50 mM KCl, and

0.63µm 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 2-5µm (Fig. 2.8F). This is smaller than the 5-10µm 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

KCl concentrations ranging from 50 to 150 mM KCl. Top panels Height images with gray scale

representing the height in nanometers. Scale bars 500 nm. Bottom panels Corresponding

3D-rendering. E. Filament length distribution for different KCl concentrations. Table Corre-

sponding length statistics. F. Filament height distributions for different KCl concentrations

with N=20 per condition. Table Corresponding height statistics.
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