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Introduction 

1.1 Muscle contraction 

Muscles are molecular machines that convert chemical energy into mechanical 

force. The molecular mechanism underlying this conversion process forms the subject of 

a large part of the current research into the molecular biophysics of muscle, since it 

remains one of the major unsolved problems in biology [Squire, 1981]. 
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Figure 1.1. Ultrastructure of skeletal muscle fibre [Fox, 1996, Human 
Physiology, reproduced with permission of the McGraw-Hill Companies]. 

Muscle contraction is an adenosine triphosphate (ATP) driven motility system 

mediated by sliding of myosin and actin filaments. Vertebrate muscle that is under 

voluntary control has a striated appearance. It consists of multinucleated cells that are 

bounded by an electrically excitable plasma membrane called the sarcolemma. A muscle 

cell contains many parallel myofibrils, each about 1 um in diameter. Figure 1.1 shows the 

ultrastructural features of a skeletal muscle fibre. The functional unit of the myofibril, 

called sarcomere, repeats every 2.3 urn along the fibril axis. The underlying plan of a 

sarcomere, as can be revealed by electron microscope images of cross sections of a 

myofibril, shows two kinds of interacting protein filaments: thick and thin filaments. 

Thick filaments consist primarily of myosin and thin filaments contain tropomyosin, 

troponin and actin. The thick and thin filaments interact by cross-bridges, which are 

domains of myosin molecules. 

1.2 Sliding filament theory of contraction 

The contractile force of muscle is generated by the interaction of myosin cross-

bridges from the thick filaments with actin units in the thin filaments. In muscle 

contraction thick and thin filaments slide past each other, thereby shortening the muscle 

length by as much as one third of its original length. In the 1950s, A. Huxley and R. 



Chapter 1 

Niedergerke, and H. Huxley and J. Hanson independently proposed a sliding filament 

model on the basis of x-ray, light-microscopic, and electron-microscopic studies. In 

essence, the length of the thick and thin filaments does not change during muscle 

contraction. Thick and thin filaments slide past each other, causing a decrease in 

sarcomere length. The force of contraction is generated by a process that actively moves 

one type of filament past the neighbouring filaments of the other type. 

1.3 Myosin 

In both muscle and non-muscle cells, various isoforms of myosin play critical 

roles in a variety of cellular movements and shape changes. Cytokinesis, directed cell 

migration by Chemotaxis, capping of ligand-bound cell surface receptors, developmental 

changes in cell shape, and muscle contraction are only a few examples of events in which 

molecular motors of the myosin class are involved. 

Myosin head 

S2 (60 MI ) +-** SI (20 ran) 

LMM(90nm) *--* HMM(80nm) 

Figure 1.2. Myosin structure (not drawn to scale). Myosin has 2 globular heads 
connected to a long a-helical 'coiled-coil' rod. Each head (i.e, myosin 
subfragment SI) is composed of a globular motor domain and a long slender 
neck that is stabilised by the presence of essential (ELC) and regulatory (RLC) 
light chains. Catalytic (i.e., ATP pocket) and actin binding sites are located 
within the heads. Myosin subfragments, indicated by arrows, can be obtained 
through proteolytic cleavage as described in the text below. 

Myosin is a very large molecule (520 kDa) made of six polypeptide chains: two 

identical heavy chains (each 230 kDa) and four light chains (each about 20 kDa). Myosin 

has three important biological activities. First of all, myosin molecules spontaneously 

assemble into filaments in solutions of physiological ionic strength and pH. Secondly, 
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myosin is an enzyme. It splits ATP providing the free energy that drives muscle 

contraction. Thirdly, myosin binds to the polymerised form of actin. 

Myosin molecules can be enzymatically split into fragments that are still 

functional compared to the intact molecule. (Chymo-)trypsin can cleave myosin in two 

fragments, light meromyosin and heavy meromyosin. Light meromyosin (LMM), like 

myosin, forms filaments, but lacks ATPase activity and does not combine with actin. 

Heavy meromyosin (HMM) catalyses the hydrolysis of ATP and binds to actin but does 

not form filaments. HMM is the force generating unit in muscle contraction. HMM can be 

split into two globular subfragments (called SI) and one rod-shaped subfragment (S2). 

Each SI fragment contains an ATPase site and an actin-binding site [Stryer, 1988]. A 

cartoon of a myosin molecule is shown in figure 1.2. 

1.4 Actin 

Actin molecules (42 kDa) polymerise at physiological ionic strength into actin 

filaments (F-actin). In electron microscopic images, an actin fibre resembles two strings 

of beads wound around each other. The ATPase activity of myosin is markedly increased 

by actin. The physiological regulator of muscle contraction is calcium. In the resting 

(relaxed) state of skeletal muscle, Ca2+ is sequestered in the sarcoplasmic reticulum, a 

specialised form of the endoplasmic reticulum, by an active transport system. This ATP-

driven pump lowers the concentration of Ca2+ in the cytosol to less than 1 uM. A nerve 

impulse leads to the release of Ca2+ from the sarcoplasmic reticulum, which raises the 

cytosolic concentration to about 10 |iM and leads to muscle contraction. 

Tropomyosin 

Troponin complex: 
Tnl, TnC, TnT 

Figure 1.3. Schematic drawing of a thin filament, consisting of actin, the 
troponin complex (Tnl, TnC and TnT) and tropomyosin. 

Ebashi et al. [1967] discovered that tropomyosin and the troponin complex, 

located in the thin filament, mediate the effect of Ca2+ on the actin-myosin interaction. 
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Tropomyosin is a two-stranded a-helical rod. Troponin (Tn) is a complex of three 

polypeptide chains: TnC, Tnl, and TnT. TnC binds calcium ions, Tnl binds to actin, and 

TnT binds to tropomyosin. Each troponin complex regulates the interactions of 

approximately seven actin units [Stryer, 1988]. A schematic drawing of a thin filament is 

shown in figure 1.3. 

1.5 Types of muscles 

Skeletal muscle requires nervous stimulation to contract, whereas cardiac muscle 

can produce impulses and contract spontaneously. Smooth muscle lacks sarcomeres but 

contains actin and myosin, which produce contractions in response to a unique regulatory 

mechanism. Despite these important differences between skeletal, cardiac, and smooth 

muscle, there are also significant similarities. All types of muscle are believed to contract 

by means of the sliding of thin actin filaments over thick myosin filaments. The sliding of 

the filaments is produced by the action of myosin cross-bridges in all types of muscles, 

and excitation-contraction coupling involves Ca + in all types of muscles. 

Excitation Excitation Excitation 

extracellular 

Membrane 
^M^^SE^^ 

Caz 

intracellular 

Activator Ca Activator Ca 

Receptor 

Activator Ca 

SKELETAL CARDIAC 

Muscle 

SMOOTH 

Figure 1.4. Schematic representation of the different origins of calcium that 
activates contraction in skeletal, cardiac and smooth muscle cells [Redrawn from 
Nayler, 1988]. 

Calcium antagonists show a positive inotropic effect directly on the contractile 

machinery in all types of muscles and inhibit the calcium influx through influencing 
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calcium channels in the membrane in cardiac and smooth muscle (see also Chapter 4). 

Skeletal muscle membrane is relatively insensitive to calcium antagonists. Ca2+ currents, 

calcium antagonist-sensitive channels and specific calcium antagonist binding sites are all 

present in this tissue. In fact, the binding sites occur in large numbers - as much as 50 

pmol/mg protein for skeletal muscle, compared with 0.1-0.5 pmol/mg protein for cardiac 

and smooth muscle. There are two reasons that could explain the calcium antagonist 

insensitivity of skeletal muscle, the first being the fact that the calcium ions triggering 

contraction in skeletal muscle are of intracellular origin only (figure 1.4). A second 

reason could be that the calcium channels differ from those of cardiac and smooth 

muscle. For example, the channels in skeletal muscle have a relatively small ion-carrying 

capacity and are relatively insensitive to calcium antagonists [Nayler, 1988]. 

1.6 Muscle research on the molecular level 

During the last several years, the major challenge in the field of muscle 

contraction has been to develop a detailed theory explaining how muscle develops force 

and produces work. There is now general agreement that the overall mechanism of 

muscle contraction involves sliding of thin actin filaments past thick myosin filaments, a 

process driven by the hydrolysis of ATP. Most workers also agree that this sliding 

process is caused by a cyclic interaction of cross-bridges, extending from the myosin 

filament, with actin filaments. However, the details of this cyclic interaction still remain 

elusive. The cyclic interaction of myosin cross-bridges with actin filaments has been 

investigated from both structural, physiological, and biochemical viewpoints [Eisenberg 

and Greene, 1980]. 

WORKING STROKE 
Rigor 

ATP Actin (A) •••••Kxoxo i umamccccco ••••••oxcco •«^xçmxco 
m v l âATP ^ A D P V A A D P 

Myosin (M) —* — —f V\ ADP 
A+ '0A1£-

WEAK BINDING STRONG BINDING 

Figure 1.5. Actomyosin-ATPase cycle. A simplified view of the actomyosin-
ATPase cycle, also described in the text. Vertical double-headed arrows for weak 
binding states reflect rapid attachment to and detachment from actin. Solid 
circles in actin filament serve as a marker for motion imparted to actin filament 
during power stroke [Redrawn from Warshawetal, 1996]. 

The cyclic interaction of myosin with actin is currently viewed as a multi-step 

enzymatic process [Eisenberg et al, 1980] in which the myosin motor (M) binds either 
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weakly or strongly to actin (A), depending on the bound nucleotide in myosin's catalytic 

site (figure 1.5). 

If ATP or the products of hydrolysis are bound (M«ATP, M»ADP«Pj), myosin 

rapidly attaches to and detaches from actin and is thus weakly bound with an association 

constant (KaSsoc) of ~104M_1. Release of Pi is believed to enable the power stroke that 

generates displacement and/or force. After ADP release, myosin remains strongly bound 

to actin in a rigor bond (A»M) until the next ATP molecule binds, at which time the 

myosin detaches and the cycle begins again. 

Although this view of the actomyosin ATPase cycle is generally accepted, the 

precise coupling between the mechanics of myosin and its enzymatic activity is still 

unknown. For example, myosin's power stroke might be tightly coupled to the hydrolysis 

of a single ATP molecule. Alternatively, the myosin motor could generate multiple power 

strokes per ATP hydrolysed (i.e., loosely coupled). In order to distinguish between these 

two possibilities, the motions that myosin imparts to an actin filament per ATP 

hydrolysed (i.e., step size) must be determined. If this displacement is greater than the 

dimensions of the myosin head (figure 1.2), then this would serve as evidence for loose 

coupling, since it is unlikely that the myosin could generate such large displacements 

without detaching from actin [Warshaw, 1996]. However, when a displacement, smaller 

than the dimensions of the myosin head, is found, tight coupling might seem likely but is 

not necessarily true. 

Studies on muscle fibres have been important in defining many aspects of the 

contractile process. However, such studies are complicated on the one hand by problems 

associated with the large number of motor molecules working simultaneously and 

asynchronously, and on the other hand by the presence of a large number of components 

whose function is largely unknown. In vitro motility assays provide a promising approach 

to investigate myosin function consuming only a small number of purified components. 

In vitro motility assays allow the direct observations by optical microscopy of 

labelled single actin filaments [Yanagida et ai, 1984], as well as the motion produced by 

myosin molecules bound to artificial surfaces [Kron and Spudich, 1986; Harada et al, 

1987; Toyoshima et al, 1987]. 

There are several distinctive characteristics of the sliding actin in vitro motility 

assay. As already mentioned there is only a limited amount of proteins needed and thus a 

limited amount of interactions studied. Another advantage of this assay is that there is no 
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interference of other cell components and no influence of inhomogeneities of fibre 

structure. Also biochemical conditions are fully controlled. In addition to the plain actin-

myosin interaction also the actin-myosin interaction with reconstituted calcium regulation 

can be studied. This is accomplished by reconstitution of actin filaments with troponin 

and tropomyosin. Effects of the various proteins can be studied separately by 

interchangement studies. Details of the in vitro motility assay are described in Chapter 2. 

The initial discovery which aided the development of the in vitro motility assay 

was the ability to image single actin filaments that were complexed with a fluorescent 

rhodamine-derivative of phalloidin, a mushroom toxin that binds stoichiometrically to 

actin molecules within a filament [Yanagida et al, 1984]. Rhodamine-phalloidin serves 

two important functions in this respect. In addition to providing the fluorescence required 

to visualise the actin filaments, it also greatly decreases the critical concentration for actin 

polymerisation. This allows the extreme dilution of actin necessary to observe individual 

actin filaments in the microscope [Sellers et al, 1993]. The motility assay is a quick and 

sensitive method to quantify the interaction of myosin with actin. It complements the 

traditional measurement of the actin-activated Mg2+-ATPase activity of myosin. 

A number of in vitro movement experiments with extracts containing actin and 

myosin were reported in the 1970s, which formed the foundation for all subsequent work 

in this area. Early reports stating that purified actin and myosin can produce directional 

movement in vitro involved measuring the streaming of an actin- and myosin-containing 

solution in glass capillaries [Oplatka and Tirosh, 1973], movement of bundles of actin as 

measured by dark-field microscopy [Higashi-Fujime, 1985], and rotation of cylinders or 

pinwheels coated with actin in a solution of myosin [Yano, 1978; Yano et ai, 1982]. A 

quantitative assay was later developed that used the oriented polar cables of actin 

filaments that are found in the giant internodal cells of the alga Nitella axillaris. 

Polystyrene beads coated with purified myosin were observed to move when placed on 

the Nitella actin array [Sheetz and Spudich, 1983]. A more defined in vitro assay was 

developed by Kron and Spudich [1986] in which individual fluorescently labelled actin 

filaments were observed to move over a glass surface coated with myosin. 

In spite of decades of investigation, the molecular basis of the conversion of the 

chemical energy into mechanical work remains an enigma. Several methods based on the 

in vitro motility assay have been used to quantify velocity as a parameter of myosin 

function, and more recently, assays have been developed that measure force production as 

well. In the future, additional refined methods based on the in vitro motility assay will 
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need to be developed to probe other aspects of the motor function in more detail (e.g., 

cooperativity and efficiency). 

1.7 Step size 

One of the essential clues for the conversion of energy into work is the step size as 

mentioned in the former paragraph. The in vitro motility assay can be used as a tool in 

determining this parameter. Toyoshima et al. [1987] observed that actin filaments can 

slide over nitrocellulose surfaces densely coated with HMM heads at a velocity close to 

that of the shortening of unloaded muscle fibres, vo. The step size (d) can be expressed as 

the product of ts, the duration of power stroke(s) or the time of the strongly bound state in 

a single ATP hydrolysis cycle, and vo: d = vo • ts. Provided that each head cycles at Vmax, 

the maximum rate of actin-activated ATP hydrolysis, the equation can be rewritten as a 

function off, the proportion of stroking time to the total cycle time: d = vo • f • tc, with f = 

tg/tc, where tc is the cycle time of ATP hydrolysis given by 1/Vmax. This way of reasoning 

uses the premise that the rate of ATP hydrolysis by myosin heads interacting with 

actively sliding actin filaments is the same as the rate of ATP hydrolysis by myosin in the 

presence of infinite actin concentration, Vmax. The drag force on filaments moving 

lengthwise caused by the surrounding solvent is much smaller than the force produced by 

power strokes [Oosawa et al, 1977; Krön and Spudich, 1986], so that the action of a 

single myosin head is sufficient to move a filament at vo during the period of ts. If actin 

filaments were ideally rigid, the expected average velocity of a filament sliding over 

multiple heads (vexp) would be given by the product of v0 and the probability that the 

filament is propelled by at least one stroking head at any instant. [Harada et al., 1990]. 

Harada et al. measured a step size over 100 nm in their assay with myosin on a silicon 

surface at 22°C. Velocity of myosin on the silicon surface was almost the same as the 

unloaded velocity as measured in muscle fibres. Thus, Harada et al. support the idea of 

loose coupling, in which the myosin head could make a pause during a working stroke, 

discontinues the working stroke, or in some way fractionates the free energy from ATP 

hydrolysis. In this way the energy could be divided over multiple attachment-detachment 

cycles, making sliding distances that exceed the length of minimum moving filaments 

possible. 

In 1990 Toyoshima et al, following the same reasoning, showed that there is a 

minimum length of actin filament (MLF), dependent on the density of myosin on the 

10 



Introduction 

surface, for continuous movement in the in vitro motility assay. Filaments, which extend 

this minimum length, move continuously at maximum velocity, whereas shorter filaments 

dissociate from the surface in the presence of ATP. If one assumes that the shortest 

filaments undergoing continuous movement are the filaments held onto the surface by at 

least one strongly bound (stroking) myosin head, then simultaneous measurement of the 

total displacement of a population of minimum-length filaments and the resulting total 

amount of ATP hydrolysed in the in vitro motility assay can be used to estimate the step 

size. Toyoshima et al. measured a minimum step size of 8 ± 2 nm (for an average number 

of heads bound (nav) equal to 1, for nav>l, d = nav x 8). Toyoshima et al. reasoned that, to 

support sliding movement of the MLF, an nav of more than 5 may not be required, 

implying that the step size will not exceed the geometric limit for tight coupling of 40 nm. 

Also the ATPase activity (Vmax) could be underestimated, and thus the step size 

overestimated, because the ATPase activity was measured from movement of long 

filaments during which special properties of the leading ends of sliding filaments were 

ignored. They further suggest that the HMM density or better, the head spacing, provides 

an upper limit for the step size that can be determined from a normalised activity and a 

minimum filament length. In the experiments performed by Toyoshima, HMM was 

applied in 15 (ig/ml on a nitrocellulose surface at 30°C. This resulted in a nearest 

neighbour distance (NND) of -30 nm, which is considerably greater than the calculated 

step size (for nav 1) of 8 nm. In contrast, Harada et al. measured a step size of lOOnm, as 

mentioned above, with a NND of 11 nm. Harada calculated an adjusted step size, 

accounting for the temperature difference between their experiments and those of 

Toyoshima et ai, of more than 68 nm. Because of this larger step size and because the 

sliding velocity of HMM on nitrocellulose was lower than that of myosin on a silicon 

surface as well, they suggested that the HMM on nitrocellulose surfaces might have 

suffered under internal loads caused by the mode of attachment to the nitrocellulose. 

The large differences that were found in step size values invited further 

development of methods to determine step size. A second approach to estimate the step 

size was taken by Uyeda et al. [1990]. They introduced a transmission efficiency, to 

correct for actin filaments being not ideally rigid, as shown by Nagashima and Asakura 

[1980], and Yanagida et al. [1984], Buckling or straightening of the filament would 

account for a power stroke not being transmitted effectively in movement of the whole 

filament. And because free filament ends limit the effect of a stroking head, they also 

11 
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assumed that the transmission efficiency t| is a function of the average length of filament 

that each stroking head can exert effects on, and on head density. The NND as determined 

by Toyoshima et al. [1990] implies that filaments have a large degree of freedom to 

change direction via a rapid lateral Brownian movement of their front end. Uyeda et al. 

[1990] introduced a so-called band model, assuming that the filaments do not have a large 

degree of freedom to move laterally so that the front ends move straight forward without 

lateral deviation due to Brownian movement. This band model assumes a random 

swivelling movement of myosin heads around the points where these are fixed to the 

surface, and takes into account the effective reach of heads. With these modifications, 

Uyeda et al. [1990] found a step size between 10 and 28 nm per molecule ATP 

hydrolysed. This range is within that of geometric constraint for conformational change 

imposed by the step size of the myosin head, and is therefore not inconsistent with the 

actomyosin ATPase cycle tightly coupled with ATP hydrolysis. 

A third approach to estimate the step size uses methylcellulose in the in vitro 

motility assay buffer, allowing observation of the movement of individual actin filaments 

on a small number of myosin molecules [Uyeda et al, 1991]. Frequency analysis of the 

observed velocities showed that sliding velocities distribute around integral multiples of a 

unitary velocity. This discreteness was thought to result from differences in the number of 

motors interacting with each actin filament, where the unitary velocity reflects the activity 

of one myosin head. When this unitary velocity is combined with the cycle time of the 

myosin ATP hydrolysis, another estimate of the step size can be obtained. This leads to a 

minimum step size of 5 nm for HMM, suggesting that if only one head is active, the step 

size would be 10 nm per ATP. However, this could be an underestimation due to the 

flexibility of actin filaments. The unitary velocity, characteristic of the sliding of an actin 

filament pulled by one HMM at its leading end, would be greater than the apparent 

unitary velocity obtained from movements of filaments interacting with HMM molecules 

at random positions along its length. However, if the buckling/straightening behaviour is 

assumed to be symmetric, the ideal unitary velocity must be less than twice the apparent 

unitary velocity and the step size must be doubled. Also, actin filaments that briefly 

diffuse away and stay out of reach of myosin heads, will make the turnover rate of 

myosin heads on sparsely coated surfaces slower than their maximum rate in solution. 

In conclusion, we can state that there is still no unique value for step size. 

Differences can be due to differences in experimental conditions, like ionic strength, 

12 
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temperature, procedure of protein isolation, myosin type or fragment used, head density, 

or mode of attachment. As mentioned above, the transmission efficiency can also be 

important and is possibly affected by curving actin filament paths, actin flexibility or by 

leading head effects (long versus short filaments). Both curving and flexibility of actin 

filaments can contribute to changes in time that a myosin head is strongly bound and to 

changes in ATPase cycle time, independently of each other. 

To date determination of step size is still a hot item, even if determination of the 

step size solves only part of the problem of how the energy is converted into work, i.e. 

how the ATPase reaction is coupled to the mechanical reaction during force generation. 

As can be understood from the methods described above, the unloaded velocity is 

certainly a very important parameter in the measurements in the in vitro motility assay. 

1.8 Aim of this thesis 

The ultimate goal of this project has been the development of a method, based on 

an in vitro motility assay in which actin filaments slide over a myosin-coated surface, to 

measure force-velocity relationships. With the development of a reliable method to 

impose an adjustable load to actin filaments in an in vitro motility assay the work 

performed by myosin heads on the filament level can be calculated from measurement of 

velocity. 

Therefore, the following accomplishments had to be made. The in vitro motility 

technique had to be introduced in the department of Physiology of the University of 

Amsterdam. Methods for isolation of myosin and actin from skeletal and heart muscle, 

for myosin fragmentation, myosin ATPase activity measurements, actin labelling, protein 

checks, and flow cell preparation, have been optimised. These methods and the used set

up are described in Chapter 2. 

For the analysis of actin filament velocity a new method, applicable at any frame 

rate, has been developed. This issue has been dealt with in Chapter 3. Next 

accomplishment was to reconstitute thin filaments from actin, troponin and tropomyosin. 

ATP induces movement of actin filaments independent of calcium concentration, whereas 

calcium and ATP regulate movement of thin filaments, like in vivo. With the above 

accomplishments the in vitro motility assay was used to perform unloaded experiments. 

13 
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Therefore issues of current research in our and collaborating groups1 were taken up and 

studied on the actomyosin-level. The direct effect of calcium antagonists on the calcium 

dependence of the actin-myosin interaction is described in Chapter 4, and the acute effect 

of the anti-cancer drug, doxorubicin, on the actin-myosin interaction is described in 

Chapter 5. 

The development of the technique to apply a load to an actin filament is described 

in Chapter 6. It comprises the attachment of magnetic beads to actin filaments, the design 

and calibration of an electromagnet and the application of a load to bead-tailed actin 

filaments. From a few orienting experiments data are presented and shortly discussed. 

1 Department of Physiology, University of Utrecht, The Netherlands 

14 
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