
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Muscle contraction on the molecular level. Actin-myosin interaction studied in an
in vitro motility assay

Hamelink, W.

Publication date
1999

Link to publication

Citation for published version (APA):
Hamelink, W. (1999). Muscle contraction on the molecular level. Actin-myosin interaction
studied in an in vitro motility assay. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/muscle-contraction-on-the-molecular-level-actinmyosin-interaction-studied-in-an-in-vitro-motility-assay(76a585f8-cd44-4363-adbc-4f8bd223edf8).html


6 

Development of a method to apply magnetic 

force to bead-tailed actin filaments in an in vitro 

motility assay 
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Chapter 6 

ABSTRACT 

The in vitro motility assay presents an opportunity to study the mechanics of small 

numbers of actomyosin interactions, without disturbance from other proteins or structural 

inhomogeneities (fibre). This chapter describes an in vitro motility assay in which the 

actomyosin interactions can be loaded in order to measure force-velocity relations at the 

molecular level. Magnetic beads are attached to an actin filament that moves due to its 

interactions with myosin attached to the bottom of a cover slip An adjustable magnetic 

force is applied to these beads by an electromagnet. Its effectiveness is tested in a few 

experiments showing the ability of slowing down an actin filament to arrest by gradual 

increase of the load. 
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HISTORY 

The in vitro motility assay presents an opportunity to study mechanics of small 

numbers of actin-myosin interactions, in order to resolve the question how the ATPase 

reaction is coupled to the mechanical reaction during force generation. Several techniques 

to measure or apply force in an in vitro system have been developed over the last ten 

years. Initially force-applying techniques were developed for movement of myosin over 

actin filament arrays. This highly organised actin can be retrieved from algae, like 

Nitellopsis obtusa, further denoted as Nitella. The auxotonic force-velocity relationship 

and the concomitant relation between work and initial force has been obtained from 

measurement of the motion of a myosin-coated glass needle along well organised actin 

filament arrays of the giant internodal cell of Nitella [Chaen et al, 1989; Oiwa et al, 

1991]. Steady-state force-velocity relationships under positive or negative loads have 

been determined from the steady movement of myosin-coated polystyrene beads along 

actin arrays (also from Nitella), under the influence of a constant centrifugal force [Oiwa 

et al, 1990]. An alternative method to apply force was achieved by control of the motion 

of myosin-coated magnetic beads along Nitella actin arrays by variation of the strength of 

a magnetic field, i.e. by variation of the distance between the assay and a permanent 

magnet [Tregear et al, 1992, 1993]. The centrifugal method can not be used in high-

numerical aperture oil immersion microscopy, which is required for viewing single actin 

filaments in an in vitro motility assay, e.g. Kron et al. [1991]. 

More recently, methods have been developed to study the motion of single actin 

filaments along a myosin-coated surface. In these assays, an optical trap can be used to 

manipulate actin filaments attached to spherical particles with a diameter of several 

hundred nanometres [Simmons et al, 1993; Svoboda et al, 1993]. Using this method, 

force exerted on actin filaments by single myosin subfragment 1 and heavy meromyosin 

molecules has been measured [Finer et al, 1994; Miyata et al, 1994; Mo Hoy et al, 1995; 

Guilford et al, 1997; Kitamura et al, 1999]. To measure actual force-velocity 

relationships, glass needles attached to actin filaments, have been used [Kishino and 

Yanagida, 1988]. However, these glass needles have to be calibrated individually each 

time. 
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Chapter 6 

AIM OF THE STUDY 

We have attempted to develop an alternative method to apply force to single actin 

filaments, which could overcome some of the difficulties mentioned above. We report 

here our experience of controlling the motion, by means of adjusting force, of a magnetic 

bead-tailed actin filament over myosin heads by varying the strength of an adjustable 

magnetic field. 

Bead and bead-tailed actin preparations 

Preparation of the proteins was done as described in former chapters. 

The beads tested were tosyl-activated and streptavidin-coated dynabeads, both 

from Dynal (Oslo, Norway). 

Tosyl-activated beads were coated with BSA, N-ethylmaleimide-treated HMM 

(HMM-NEM) or with gelsolin. For force calibration of the electromagnet tosyl-activated 

beads coated with bovine serum albumin (BSA) were used. HMM-NEM and gelsolin 

were used to establish a covalent binding of the tail end of actin filaments to the beads. 

HMM-NEM has the ability to bind actin irreversibly, which means that ATP does 

not release HMM-NEM from actin. HMM can be treated with NEM during the procedure 

of the chymotryptic digestion of myosin to HMM, as described in previous chapters, with 

the modifications described by Warrick et al. [1993]. Coating of the tosyl-activated beads 

with BSA or HMM-NEM was done according to Dynal with some modifications. These 

modifications were to optimise the ratio of BSA and HMM-NEM on the bead surface to 

enable actin filaments to bind at one tail end to the bead. 15 (j.1 beads (1 x 107 beads) were 

washed 3 times with 1 ml 10 mM NaHC03 (pH 9.5) forlO minutes, centrifuged in an 

Eppendorf centrifuge at 12000 rpm. The beads were then resuspended in 200(il of the 

NaHC03-solution and mixed with a same volume of 3 mg/ml HMM-NEM or with a same 

volume of 400 ixg/ml BSA. After 1 hour at 4 °C beads were centrifuged and washed 3 

times 10 minutes and 1 time 30 minutes with PBS/BSA (Phosphate buffered saline 

(0,15M NaCl in lOmM NaP,-, pH7.5) with 0.1 W/W%BSA). 

Gelsolin binds to actin at the barbed end of the filament. Gelsolin-coated beads 

were made according to Suzuki et al. [1996]. 
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The streptavidin-beads were coated with biotinylated-HMM with the method from 

Dynal modified as described above. Biotinylation of HMM, for covalent binding to 

streptavidin, is done according to Savage et al. [1992]. 

From electron microscopic images of the tosylactivated beads we could estimate 

the diameter to be 2.81um ± 0.13 um (n=58). In the inverted microscope (Nikon Diaphot 

300) all beads appeared to be autofluorescent, which made labelling of the beads 

unnecessary. 

The calibration of the magnetic field is performed with BSA-coated beads in 

water, and in a solution of 64 w/v % sucrose. The relative viscosities were 1, and 112.4 at 

21°C. The velocity of beads was measured when acted upon by different magnetic forces. 

The forces were determined with the well-known Stokes' relation [Cantor and Schimmel, 

1980] 

F = 67tr)rv, (6.1) 

where r is the bead's radius, r\ the buffer viscosity, and v bead's measured 

velocity through the stationary buffer. 

According to Dynal the beads have a magnetisation per weight, Mb, of-11.5 emu/g, and 

saturation is reached at a field of about O.6k0 (~ 48000 A/m). Their density p amounts 

1300kg/m3. Smith et al. [1992] reported the SD/mean of the magnetic susceptibilities of 

these beads to be 33%. 

The component of force on the bead in the i-direction, J\ , is: 

F ^ H o M — . (6.2) 

where i is the direction x, y or z, |i0 the magnetic permeability in vacuum, M is the 

magnetisation and H is the magnetic field strength. 

When magnetisation of the bead is saturated this becomes: 

F = m,Mbgrad|H| (6.3) 

with (Xo the magnetic permeability in vacuum (4TI 10"7 Vs/Am), Mb the absolute maximum 

magnetisation of the beads at saturation (0.17xl0"12 A/m) and |H| the absolute value of the 

magnetic field strength. 

Two methods were used to attach beads to filaments: An optical trap, described in 

Chapter 2, was used to attach the magnetic beads to actin filaments or actin filaments 

were mixed with HMM-NEM-beads in presence of AB-buffer with ATP. The probability 
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Chapter 6 

of finding bead-tailed actin filaments is low in these premixed solutions, because 

concentration of beads and actin were low. At higher concentrations beads would stick 

together or more actin filaments would bind to a bead. The optical trap turned out to be a 

very useful tool to drag beads around the flow cell and attach them to actin, in order to 

measure the velocity of more bead-tailed actin filaments simultaneously. 

The advantage of gelsolin is that it binds to the barbed end of actin filaments. The 

streptavidin-beads had the advantage of showing less non-specific binding to the HMM-

coated glass surface. Binding to the HMM-coated glass surface is called non-specific 

when ATP does not release this binding. For all beads addition of 2 mg/ml BSA in all 

buffers decreased this non-specific binding. The experiments shown here are performed 

with HMM-NEM-coated tosylactivated beads, since actin filaments bound to HMM-

NEM-coated beads appeared to be the only ones that showed smooth sliding over a 

HMM-coated glass surface. 

In the unloaded situation, the sliding speed of the bead-tailed actin filament was 

indistinguishable from actin filaments without beads attached. 

Set-up is schematically shown in figure 2.7 in Chapter 2. A schematic drawing of 

a flow cell is shown in figure 2.6 in Chapter 2. 

Slide preparation 

Slide preparation is done as described in former chapters. Before adding beads to 

the solution, ATP and additional BSA were added. This BSA prevented the beads from 

sticking together or from sticking to the nitrocellulose-surface (with non-specific 

interactions). 

Electromagnet design 

The first design of our electromagnet, to exert force on beads, comes from our 

Russian colleagues1 [Bershitsky et al., 1996]. In the framework of collaboration with 

these groups we performed measurements of magnetic field strength and force, exerted on 

magnetic beads, on their design, as reported in van Kaam et al. [1996] and Hamelink et 

al. [1996]. By means of a Hall probe the magnetic field generated by this prototype was 

measured (shown in figure 6.1) and from the field gradient the maximum force on a bead 

1 Andrey Tsaturyan (Inst. Mechanics, University of Moscow, Russia), Sergey Bershitsky and Olga 

Bershitskaya (Inst. Physiology, Russian Academy Sciences, Yekaterineburgh, Russia). 
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was estimated to be 90 pN. From bead velocity measurements in solutions with different 

viscosity a maximal force of 73 pN was assessed. This force is higher than that achieved 

by Tregear et al. [1993]. They reported a maximum force of 12 pN vertically, 

perpendicular to the actin array and comparable to the x-direction in our design, and 14 

pN horizontally, parallel to the actin array and comparable to the y-direction in our 

design. However, in the case of both the Russian prototype and the permanent magnet, 

used by Tregear, forces in z-direction, that would pull beads of the filaments, are not 

negligible. In addition, forces are not easily adjusted in the permanent magnet system of 

Tregear et al. and forces are not constant in the field of view in the Russian design. 
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Figure 6.1. Magnetic field strength, measured with a Hall-probe in y-direction 
between the pole-extensions of Russian design. 

A new design was developed by us, with the intention to find an optimum 

between gaining a high force, which would be constant in the field of view around the 

centre-point in y-direction and negligible in x- and z-direction. Furthermore, the field 

strength should be high enough to saturate the magnetisation of beads in the field of view, 

A software package for modelling 3D magnetic electron optical systems using magnetic 

scalar potentials, MO-3D 2.1 (MEBS), was used to calculate the magnetic field obtained 

with our design. A schematic drawing of the design of the electromagnet is shown in 

figure 6.2. 

In this design a core was made of a material called Vacoflux (Vacuumschmelze, 

Hanau, Germany), which is a ferromagnetic material with low remanent magnetism and 

high permeability. A coil of 2 layers of 80 turns copper-wire (0.7mm) each was wound 
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around the back core. The pole extensions were made up of Permendure, which is also a 

ferromagnetic material with low remanent magnetism and high permeability. The pole 

extensions (partially enlarged in figure 6.2C) were designed as shown to achieve a 

constant force in the y-direction over an area as large as the field of view, and the force in 

the x-direction as small as possible. The 'circle' in the centre has a diameter of 1 mm, the 

minimum requirement for imaging resolution according to the numerical aperture of the 

microscope objective (located underneath). The magnetic field calculated for this design 

is shown in figure 6.3A. Figure 6.3B shows the force calculated from bead specifications 

and magnetic strength. 

•* 7cm • 

T 1.4 cm 

3.0 cm 

Figure 6.2. Schematic drawing of our electromagnet design (not drawn to scale). 
A. View from above, with the dotted square indicating the position of the flow cell 
during experiments. B. Front view. C. Part of the pole-extension enlarged, with 
the square indicating the field of view. 

According to these calculations (figure 6.3) a magnetic system was realised that 

meets the requirements. In an area of 200 x 200 u.m2, on the bottom of the flow cell, force 

in the y-direction can be applied with current beads till 35 pN at a current of 5 A through 

the coil (figure 6.3B). The x- and z-components of force are zero at y = 0 due to the 

symmetry of the design and are small for y * 0 relative to the y-component. Magnitude of 
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force and of its y-component differs less than 1% in the field of view and their variation is 

less than 2%. The direction of force deviates with less than 10 degrees from the y-

direction. The field strength in the area exceeds 105 A/m, whereas magnetisation of beads 

saturates at 4 • 104 A/m. 
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Figure 6.3A. Magnetic field strength H in x-direction calculated for the new 
design with the MEBS-software package. B. Forces that can be achieved with this 
new electromagnet design are calculated for saturated beads with the 
specifications given by Dynal. The area in between the broken lines represents 
the field of view. 

Calibration of the electromagnet 

The force can be adjusted by varying the current through the electromagnet. 

Before determination of velocities, the magnetic field was applied to the beads for at least 

5 s to allow stabilisation of velocity. 
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Figure 6.4 Determination of force on magnetic BSA-coated beads, using the 
electromagnet as drawn in figure 6.2. A. shows force as a function of current at 
0.3(+), 0(*) and -0.5 (A)mm in y-direction from the centre. Lines through data 
points are linear least-square fits to data B. shows force as a function of the 
distance, y, from the centre at a current of 0.5 (•), 0.8(+), 1(A), 2(X), and 5 (O) 
A. Only for the sake of clarification of this figure ird-order polynomial least-
square lines have been fitted to data points with same current (0.5, 0.8 and 2A). 
The area in between the broken lines represents the field of view. 

The force obtained in calibration experiments with BSA-coated tosyl-activated 

beads in high-viscosity-fluid is shown in figure 6.4A, as a function of current, and in 

figure 6.4B, as a function of y. From figure 6.4B we see that the curve has a similar shape 

as the calculated curve (figure 6.3B). However values at -0.5 mm are somewhat higher 

than at 0 mm. This can be due to the centre area not being constructed perfectly circular 
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during the production process of the electromagnet. The area with maximum force could 

therefor be shifted with about 100 to 200 um to the left. 

A force as high as 28pN is measured at 5A. At this current the coil gets hot, and 

we did not measure at higher currents, although we do not seem to have reached a 

maximum yet (figure 6.4A). No deviations of the beads in x- or z-direction have been 

observed during the measurements. In the field of view forces are rather constant, as 

shown for 0.8 and 2A. 

In both water and the high-viscosity-fluid speeds are determined from 

measurements at 5 frames/s. Because of the requirement of an overlap in successive 

frames, velocities of these beads higher than 15 um/s cannot be detected using this frame 

rate. This implies that calibration-forces measured in water cannot exceed 0.4 pN. A 

reliable calibration is therefor achieved only from the measurements at relative viscosity 

of 112.4. 

Application of magnetic force to bead-tailed actin filaments 

Figure 6.5 shows the relative speed of 2 bead-tailed actin filaments at different 

currents. One bead is followed during more time sequences of 5 s and of all time 

sequences a mean speed and standard deviation are calculated. The 'isometric' load can 

hold an actin filament from moving, as is shown for 1 bead to occur at 0.5 A, for the other 

at 0.8A. The speed of the beads at the current they come to a halt is the speed beads 

exhibit from Brownian motion. When current is reduced to zero, the external force is zero 

and the speed of the filament recovers to the value of the bead-tailed actin filament, as 

measured before turning on the current. This reversibility was tested repeatedly by 

turning the current supply on and off. In addition, mean speed of bead-tailed actin 

filaments is comparable to mean speed of actin filaments without a bead attached (1.68 ± 

1.5 um/s). This preliminary experiment so far indicates that the bead is not moving due to 

a remanent magnetic field and does not induce friction. 

These measurements were done in an area around the centre point. We can relate 

the currents to a force to halt the beads of 5-7 pN. This agrees with the force exerted by 2 

or 3 cross-bridges [Molloy et ai, 1995]. The actin filaments attached to the bead could be 

observed through the microscope but we were not able to determine a length, due to the 

fluorescence of both bead and actin filament. We estimated the actin filaments attached to 

the 2 beads by eye to be less than 500 nm. Actin filaments attached to the beads were, 
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however, short and the estimation of only a few cross-bridges interacting with the actin 

filaments might well be possible. 

The shape of the v/I (=v/F)-curve mimics the hyperbolic appearance known from 

force-velocity curves derived from experiments with muscle fibres. This is in contrast 

with the S-shaped curves measured with the centrifugal method [Oiwa, 1990]. 

1.5 

•5 1 H 

0.5 -

0.1 0.2 0.3 0.4 0.5 

1(A) 

0.7 0.8 0.9 1 

Figure 6.5. Effect of current on velocity of 2 beads coated with NEM-HMM 
attached to an actin filament moving over HMM surface. Bead velocity at zero 
current was assigned value ofl. Velocity of bead 1 (O), and SD, is calculated at 
0, 0.2, 0.5, and 0.8 A from respectively 11, 2, 6 and 2 time sequences (5 s each). 
Velocity of bead 2 (x) is calculated from 1 time sequence of 5 s at 0, 0.2, and 
0.5A. Both beads were located in the centre point (y = 0mm). 

In retrospect'. Magnets to exert force on cell components or molecules have been 

introduced in diverse research projects a long time ago, by Hiramoto et al. [1969] who 

exerted force on iron particles by a strong electromagnet to study visco-elastic properties 

of cytoplasm. More recently, Smith et al. [1992] used permanent magnets to exert force 

on magnetic beads bound to DNA molecules in order to measure elasticity. Clogauer et 

al. [1995] applied magnetic fields to collagen-coated ferric oxide beads to induce stretch-

activated Ca2+-flux in fibroblasts. Tregear et al. [1992, 1993] were the first to use a 

magnet in studying the ATP dependent actin-myosin interaction responsible for muscle 

contraction. They used a permanent magnet to exert force on myosin-coated beads 

moving over Nitella actin arrays. Yamasaki and Nakayama [1996] performed fluctuation 

analysis in this Nitella-assay in order to study the dynamics of motor proteins with high 

spatial and time resolution. These forces were higher than the maximum force reported 

here. However, in the design described here, forces in a direction perpendicular to the 
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bead movement, both x- and z-direction, are calculated to be less than 1 % of the force in 

y-direction. The small z-component facilitates measurements of steady speed at 

'isometric' loads without unwanted detachment of the bead-tailed actin filament from the 

myosin surface. We expect to be able to reach forces of -lOOpN, equivalent to -30 actin-

myosin interactions, by optimisation of the ratio of power to heat of the coil and by using 

beads with higher Fe-content. 

In conclusion, we can state that although calibration and measurements need 

refinement, we did develop a technique in which the bead-tailed actin filaments can be 

put to a halt, which can not be ascribed to some artefacts, but is related to actin-myosin 

interactions. 

So far we have introduced a method based on magnetic fields in which force can 

be applied to single actin filaments. The magnitude of force can be easily adjusted and the 

direction is controlled. More experiments will be needed to relate results obtained with 

this method with the characteristics of contracting muscle. However, it seems a promising 

method to explore for this purpose. In general, our method may be adapted not only for 

use in fundamental muscle research but also for other cell biological questions concerning 

a quantitative approach to mechanisms of motility. 
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