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Direct effect of calcium antagonists on 

calcium dependence of actin-myosin interaction 
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Chapter 4 

ABSTRACT 

In this chapter the in vitro motility assay is used to measure the direct effect of 

calcium antagonists on the actin-myosin interaction. 

Thin filaments have been reconstituted from skeletal actin filaments, troponin, and 

tropomyosin. Calcium regulates the number and the speed of thin filaments moving. 

Verapamil, diltiazem and nifedipine decreased the percentage of motile actin 

filaments, suggesting a direct effect on actin and/or myosin. These calcium antagonists 

also showed an increase in speed of non-motile thin filaments, indicating a decrease in 

weak binding affinity and thus an increase in Brownian motion. Verapamil increased the 

speed and number of motile thin filaments significantly, suggesting an effect of this 

antagonist on the calcium-mediated troponin-tropomyosin complex as well. 

We consider calcium antagonists to be a useful tool in determining molecular 

details concerning calcium regulation. In the future they may possibly be used in 

determining drug-binding sites. 

58 



Effect of calcium antagonists on actin-myosin interaction 

INTRODUCTION 

Calcium antagonists are specific and competitive inhibitors of the cellular calcium 

ion influx in cardiac and smooth muscle. This influx, via specific membrane channels, is 

necessary for the activation of contractile proteins and of other intracellular processes in 

the above mentioned muscle tissues. Calcium antagonists are therefore used as a treatment 

of different forms of angina pectoris and hypertension, [van Zwieten et al., 1995]. The 

question whether these drugs interfere with the contraction process itself has been brought 

up a long time ago [Higuchi and Sakanishi, 1985; Nigdikar et ai, 1986; Afzal et al, 

1989]. 

However, the direct effect of Ca2+ channel antagonists on the contractile 

machinery has only been investigated in a few studies. Maruyama et al. [1982] 

investigated the effect of verapamil on the contractile apparatus in glycerinated cardiac 

muscle preparations obtained from canine dog hearts. Their results indicated verapamil 

enhances the contractile force. Su [1988] reported that verapamil and diltiazem induce 

calcium release from the sarcoplasmic reticulum (SR) and increase Ca2+ sensitivity of the 

contractile proteins, which could explain the observed enhancement of twitch tension and 

inducement of contracture in skeletal muscle. 

The concentrations used in these first studies were extremely high compared to 

therapeutic doses. But in therapeutic doses, under well-defined conditions, these drugs 

enhance tension development in striated muscle as well. In vitro experiments on 

innervated cat soleus and gastrocnemius muscle showed a direct positive effect of 

verapamil on force [Skirboll et al, 1979], Walsh et al. [1984] investigated the action of 

diltiazem on the mechanical properties of mouse and rat skeletal muscle and found that 

diltiazem produced a concentration dependent increase in twitch amplitude. 

The direct effect of three different Ca2+ channel antagonists (verapamil, diltiazem 

and nifedipine) on the contractile machinery of muscle fibres in relation to Ca2+ sensitivity 

and sarcomere length has been studied using single fibres of human quadriceps, rabbit 

gracilis, and small strips of rat cardiac tissue (right ventricle) by Schiereck et al. [1993], 

The tension of these preparations of skinned skeletal and heart muscle fibres was raised 

due to exposure to these calcium antagonists. The measurements suggested an increase of 

calcium sensitivity through activation of troponin C [Schiereck et al, 1993]. 

Another method to demonstrate a direct effect of calcium antagonists on actin-

myosin interaction is provided by the in vitro motility assay (see also Chapter 2 for a 
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more detailed description). In this assay, myosin molecules or their subfragments are 

attached to a nitrocellulose-coated cover slip and the actin or thin filaments will move 

across this myosin layer in presence of ATP and in case of thin filaments also calcium. 

Thin filaments can be reconstituted from actin, troponin and tropomyosin and regain the 

troponin/tropomyosin-mediated calcium regulation as present in intact muscle fibres. 

With the elimination of membrane-related events the added calcium antagonists have 

direct access to the contractile proteins without interference of the sarcoplasmic 

reticulum. 

In this study we examine the effects of three calcium antagonists, diltiazem, 

verapamil and nifedipine, in an in vitro motility assay of actin or thin filaments sliding 

over a myosin-coated cover slip. 

MATERIALS AND METHODS 

Protein preparations 

Animal 

For the experiments with skeletal muscle myosin and actin, a male New Zealand 

White rabbit, weighing 2.2 kg was used. The rabbit was anaesthetised with Hypnorm (1 

ml/kg, 0.32 mg/ml fentanyl citrate and 10 mg/ml fluanisone, intramuscular, Janssen 

Pharmaceutics, Tilburg, The Netherlands) and the M. erector spinae was excised. Animal 

care was in accordance with institutional guidelines. 

Myosin and heavy meromyosin (HMM) 

Skeletal muscle myosin was prepared according to the method of Margossian and 

Lowey [1982]. Heavy meromyosin (HMM) was prepared by chymotryptic digestion of 

myosin according to Kron et al. [1991]. Myosin was stored at -25 °C in 50% 7V glycerol 

or quickly frozen in liquid nitrogen and stored at -80 °C. HMM was stored at -80 °C after 

quick freezing in liquid nitrogen. Before use in the in vitro motility assay, ATP-

insensitive heads were removed from aliquots of HMM as described by Kron et al. 

[1991]. For this reason, filamentous actin (F-actin) was added to HMM in a 1:5 molar 

ratio, and the aliquot was centrifuged with 1 to 2 mM adenosine triphosphate (ATP) for 

10 minutes at 167,000 x g in a Beekman Airfuge at 4 °C. It appeared to be possible to use 

this myosin preparation in the in vitro motility assay for up to 4 hours. 
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Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular masses and extinction coefficients used to assay myosin 

and HMM concentration were 520 kDa and 0.55 (mg/miy'cm"1, and 260 kDa and 

0.60 (mg/ml)"'crn ' respectively, both at 280 nm. ATPase activities were measured in 

solution under comparable conditions as in the in vitro motility assay using a malachite 

green assay according to Kodama et al [1986]. Myosin, HMM, and all other protein 

preparations were also analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). 

Actin, tropomyosin and troponin 

Globular actin (G-actin) was prepared according to the procedure of Pardee and 

Spudich [1982] and stored at -80 °C after quick freezing in liquid nitrogen. In the 

presence of KCl (50 mM) and ATP (1 mM), G-actin was polymerised into F-actin during 

3 hours on ice. 

For visualisation by fluorescence microscopy, 2 |aM F-actin was labelled with 

4 ixM rhodamine-phalloidin (RhPh) [Kron et al, 1991] in an AB-buffer (see Solutions). 

Reconstitution of thin filaments with (labelled) actin, tropomyosin and troponin was 

achieved by mixing the proteins at concentrations of respectively 400, 100 and 80 nM in a 

modified regulated filament buffer [Gordon et al, 1997] with the following composition: 

98.5 mM KCl, 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS; Sigma Chemical 

Co., St. Louis, MO), 6 mM MgCl2, 1 mM ethylene diamine tetra acetic acid (EDTA) and 

5 mM dithiothreitol (DTT), pH 7.4 and ionic strength 125 mM. 

Stocks of 10 mg/ml of tropomyosin (Tm) and troponin (Tn) (both: Lyophilised 

powder, rabbit muscle, Sigma Chemical Co., St. Louis, MO) were made in 10 mM 

TrisHCl pH 7.5, 1 mM DTT, 0.01% NaN3, 5 mg/ml each of L-1-tosylamide 2-phenylethyl 

chloromethyl ketone (TPCK) and Noc-p-tosyl-L-lysine chloromethyl ketone (TLCK), 0.3 

mM phenylmethylsulphonyl fluoride (PMSF) [modified from Homsher et. al., 1996] and 

stored at -25 °C for up to 3 months. 

Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular mass and the extinction coefficient used to assay actin 

concentration were respectively 42 kDa and 0.62 (mg/ml)_1cm"' at 290 nm. 

Solutions [Kron etal, 1991] 

Motility assays were carried out using either labelled actin filaments or labelled 

reconstituted thin filaments diluted in AB-buffer (pH 7.4, ionic strength 50 mM and pCa 
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10, 10 mM MOPS; 1 mM ethylene glycol bis(ß-aminoethyl ether)-N,N,N',N'-tetraacetate 

(EGTA), 2 mM Mg2+, 2 mM Creatine Phosphate (Boehringer Mannheim, Germany) and 

10 mM DTT. The ionic strength was adjusted by adding KCl. Before use 35 U/ml 

Creatine Kinase (Boehringer Mannheim, Germany) was added to the AB-buffer. 

We tested the effect of three types of calcium antagonists, classified according to 

the World Health Organisation (WHO). This classification is based on pharmacological 

profiles, relative to recognised prototypes. Type I, II and III are phenylalkylamines, 

benzothiazepines, and dihydropyridines respectively. These are the calcium antagonists, 

which are selective for Ca2+-channels. As representative for class I we used verapamil (7-

Cyano-l,7-bis(3,4-dimethoxyphenyl)-3,8-dimethyl-3-azanonane HCl), for class II 

diltiazem(d-cis-3-acetoxy-2,3-dihydro-5-(2-dimethyl-amino-ethyl)-2-(p-methoxyphenyl)-

benzo-[b]-(5H)-l,5-thiazepin-4-one), and for class III nifedipine (1,4-dihydro-2,6-

dimethyl-4-(o-nitrophenylpyridine)-3,5-dicarboxylic acid diester). Unlike the other two, 

nifedipine can not be dissolved in water. According to the Merck Index the best solvent is 

chloroform. However, we found that chloroform increased the speed and percentage of 

motile thin filaments. Therefore, ethanol was used to solve nifedipine for these 

experiments. An extra control experiment was done to exclude an effect of ethanol on the 

motility. Nifedipine is a light sensitive molecule, but in a darkened room and with modest 

microscope illumination we observed no fall in effect during the experiments. The final 

concentration of the calcium antagonists was 1 uM. 

In the in vitro motility assay, movement of actin or thin filaments was induced by 

AB-buffer containing 2 mM MgATP and variable calcium concentrations. Appropriate 

amounts of CaCl2 were added to obtain solutions with values of pCa between 10 and 4, 

while maintaining ionic strength. Scavenger solutions were used to minimise 

photooxidation and photobleaching. For this reason, 3 mg/ml glucose, 10-25 U/ml 

glucose oxidase (Sigma Chemical Co., St. Louis, MO) and 200-500 U/ml catalase (Sigma 

Chemical Co., St. Louis, MO) were added to the AB-buffer containing labelled actin, thin 

filaments or ATP (see Slide preparation for use of this buffer). 

A computer program based on data of Fabiato and Fabiato [1979] was used to 

calculate the composition of the solutions to maintain ionic strength. 

Slide preparation 

Motility assays were carried out on glass. Therefore, flow cells were constructed 

from a no. 1 cover slip (24 x 40 mm), two spacers (each 3 x 24 mm) and a top cover slip 
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(24 x 24 mm) stuck together with grease. The cover slips (24 x 40 mm) were coated with 

a thin layer of freshly diluted nitrocellulose (1%) and used the same day [Kron et ai, 

1991]. Total chamber volume was about 100 u l All solutions were infused using a pipette 

while holding the flow cell slightly tilted. Capillary forces facilitated the filling procedure. 

First, the flow cell was filled with 100-200 ug/ml heavy meromyosin (HMM) and 

incubated for 1 minute, followed by AB (buffer described in Solutions) with 10 mM 

bovine serum albumin (BSA) to remove unbound HMM and to block non-specific protein 

binding. After exposing the chamber to AB containing 0.02 uM unlabelled F-actin for 1 

minute, the chamber was washed with AB containing 2 mM MgATP, to unblock active 

actin-myosin interactions and remove access of unlabelled F-actin, followed by washing it 

two times using AB with 10 mM BSA. This procedure used unlabelled F-actin to block 

ATP-insensitive heads on HMM, which were either not removed by centrifugation (see 

Myosin and Heavy Meromyosin Preparation) or which were formed when HMM binds to 

the nitrocellulose surface [Kron et ai, 1991; Sellers et ai, 1993]. Actin or thin filaments 

(4 nM) in AB were added and washed with either AB containing the scavenger solutions 

alone or, in case of thin filaments, with AB containing scavenger solutions plus additional 

troponin and tropomyosin (80 and 100 nM respectively) after 1 minute. Finally, the slide 

was transferred to the microscope stage. By adding AB containing ATP (and in case of 

thin filaments also calcium, troponin and tropomyosin), the movement of the actin (or 

thin) filaments is initiated. All measurements were performed at room temperature. 

Data acquisition and analysis 

The labelled actin filaments were observed through an inverted microscope 

(Nikon Diaphot 300) equipped with a HglOOW lamp and a Nikon fluorescence filter set 

(Omega Optical XF37: A,exc = 546 nm, beam splitter 560 nm, Xtm = 570 nm). The actin 

filaments were imaged with an intensified CCD camera (Photonic Science Limited 

Darkstar). The standard PAL video signal from the camera, together with time/date/title 

signal (Blaupunkt), was recorded on an S-VHS video recorder (VCR model GV 470 S 

VPT Grundig) for off-line analysis. 

In order to digitise the recorded images the video signal from the video recorder 

was fed into the S-VHS input of the standard video device (VINO) of a Silicon Graphics 

Indy workstation. 

Actin filament speed was calculated using a home written program (ActinFil, 

written by JGZ) as described in Chapter 3. Only uniformly moving filaments were used 
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for speed analysis, excluding waving and buckling filaments, in which parts of the 

filaments are not attached to the myosin-surface. 

In all measuring conditions, at least five areas from at least 3 slides were analysed. 

Results have been presented as mean ± SE. For a statistical analysis of the speed of motile 

and non-motile filaments and percentage of motile filaments, all data were used. 

Statistical significance was determined by ANOVA followed by pairwise comparisons 

with the Tukey HSD test with a significance level of p<0.05. 

RESULTS 

The movement of pure actin filaments appeared to be independent of calcium 

concentration in the range of pCa 10 to 4. In figures 4.1, 4.2 and 4.3, speed of motile and 

non-motile actin filaments (A) and percentage of motile actin filaments (B) is shown at 

pCa 10 only, for comparison with the data of thin filaments. This is in agreement with 

previous observations [Gordon et al, 1997; Homsher et al, 1996; Honda and Asakura, 

1989; Sata et al, 1995a,b] and it shows that there is no Ca2+-dependent modulation of 

skeletal muscle filament sliding in vitro in the absence of the troponin-tropomyosin 

complex. 

Calcium regulates the contraction in striated muscle through its binding to 

troponin-C (TnC) of the troponin-tropomyosin complex of the thin filament [Ebashi and 

Endo, 1968; Grabarek et al, 1992; Tobacman, 1996]. Molecular structural information 

suggests that calcium binding causes a conformational change in TnC, which in turn alters 

the position of tropomyosin (Tm) on the thin filament and thereby modulates the 

interaction between actin and myosin [Lehman et al, 1994]. This results in calcium 

activation of ATPase activity and force and/or shortening of skinned fibres and intact 

muscle cells [Ebashi and Endo, 1968]. It is not clear which aspects of the actin-myosin 

interaction are regulated by calcium at the molecular level to control contraction. 

In order to prevent loss of calcium sensitivity during the experiments, troponin 

and tropomyosin had to be added to the buffer solutions, similar to the experiments of 

Homsher et al [1996] and Gordon et al [1997]. They assumed that adding additional 

troponin and tropomyosin was necessary to prevent these proteins from diffusing from 

actin. The presence of only a few regions lacking troponin and tropomyosin of the 

otherwise regulated thin filaments would be sufficient to permit motility in the absence of 
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Ca2+. Motility of thin filaments (mean speed and percentage of motile filaments), well-

regulated after reconstitution with troponin and tropomyosin, is expected to be minimal at 

low calcium concentration (pCa 10) and maximal below pCa 5. 

For thin filaments, all experiments started at pCa 4 and ended at pCa 10. 

Verification afterwards with pCa 4 led to a full recovery of speed and percentage of 

motile filaments. This indicates that the proteins were not damaged during the 

experiments. Before measuring the effect of the next calcium concentration, the flow cell 

was flushed with at least 3 chamber volumes to avoid mixing of solutions. 

The Path Reconstruction Method, described briefly in 'Materials and Methods' of 

this Chapter and in detail in Chapter 3, was used for speed analysis. Speed histograms 

obtained from the measurements show a distinct minimum at 1 \xmls for all measured 

calcium concentrations (not shown here). This minimum was used as a criterion to 

separate motile from non-motile filaments. 

Results are shown in figures 4.1, 4.2, and 4.3 as described below. Speed and 

percentage of motile thin filaments measured from untreated1 actin and thin filaments are 

drawn in figure 4.1 in black and repeated in figure 4.2 and 4.3 in grey in order to facilitate 

comparison. 

Figure 4.1 A shows the mean speed of motile and non-motile thin filaments at 

different calcium concentrations with and without verapamil. Also shown is the speed of 

motile and non-motile actin filaments at pCa 10 with and without verapamil. Mean speed 

is not shown for untreated thin filaments at pCa 8, because there were not enough 

filaments available for analysis (less than 5 filaments). 

When comparing the speed of motile actin filaments with the speed of motile thin 

filaments, we see a significant lower speed for thin filaments. From figure 4.1 A, we see 

that thin filament speed significantly increases with an increasing calcium concentration. 

Verapamil significantly increased speed of motile thin filaments at all calcium 

concentrations measured. The statistic analysis used is mentioned in 'Material and 

Methods, Data acquisition and Analysis'. Thin filaments exposed to verapamil show a 

decrease in speed with increasing pCa, with a slope that does not differ significantly from 

thin filaments without verapamil. Speed of non-motile thin filaments is calcium 

dependent. Verapamil significantly increases the speed of non-motile thin filaments 

Untreated (or treated) is related to the use of a calcium antagonist only. 
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compared to the speed of untreated non-motile thin filaments. There is no significant 

effect of verapamil on the speed of non-motile and motile actin filaments. 
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Figure 4.1 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1/JM) and without verapamil. 
A. Sliding speed (/m/s) of motile (+) and non-motile (A.) untreated thin 
filaments at various pCa. The numbers of the motile thin filaments analysed at 
pCa 4, 5, 6, 7, 9 and 10 were, 187, 29, 35, 34, 9 and 0 respectively. The numbers 
of the non-motile filaments analysed at pCa 4, 5, 6, 7 and 9 were 249, 103, 111, 
192, 183, and 49 respectively. Sliding speed (/mi/s) of motile (O) and non-motile 
(A) thin filaments exposed to verapamil at various pCa. The numbers of the 
motile filaments analysed atpCa 4, 5, 6, 7, 8 and 9 were 65, 39, 46, 18, 9, and 9 
respectively. The numbers of the non-motile filaments analysed at pCa 4, 5, 6, 7, 
8 and 9 were 45, 42, 29, 40, 75, and 31 respectively. Sliding speed (fjm/s) of 
motile (9) and non-motile (U) actin filaments is shown at pCa 10 using a line 
parallel to the pCa-axis to illustrate that this speed is not dependent on calcium. 
The numbers of the motile and non-motile filaments analysed were 41 and 18 
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respectively. Sliding speed (jjm/s) of motile (O) and non-motile (P) actin 

filaments exposed to verapamil is shown at pCa 10. The numbers of these motile 
and non-motile filaments analysed were 55 and 134 respectively. 
B. Percentage (%) of untreated (+) and verapamil-treated (O) motile thin 
filaments at various pCa. The numbers of the filaments analysed for untreated 
thin filaments is the sum of the numbers of the non-motile and motile filaments as 
mentioned in A, thus for pCa 4, 5, 6, 7, and 9, the numbers were 436, 132, 146, 
226, 192 and 49 respectively. The numbers of verapamil-treated thin filaments 
analysed for pCa 4, 5, 6, 7, 8, and 9, were 110, 81, 75, 58, 84 and 40 
respectively. Also shown is percentage of motile actin filaments with (O) or 
without (9) verapamil. The numbers of filaments analysed for untreated and 
verapamil-treated actin filaments were 59 and 189 respectively. 

Figure 4.IB shows the percentage of motile thin filaments with and without 

verapamil at different calcium concentrations. At pCa 10, all movement ceased. Also 

shown is the percentage of motile actin filaments with and without verapamil. The 

percentage of motile untreated thin filaments at pCa 8 is not shown for the same reason as 

mentioned above. The percentage of motile thin filaments decreased with decreasing 

calcium concentration. The percentage of motile thin filaments exposed to verapamil 

decreases with a decreasing calcium concentration in a similar way as when they are not 

exposed to verapamil, but remains at a significantly higher level. Exposure to verapamil 

significantly decreased the percentage of motile actin filaments as compared to the 

percentage of motile untreated actin filaments. 

Figure 4.2A shows mean speed of motile and non-motile thin filaments with and 

without diltiazem at different calcium concentrations. Also shown is the mean speed of 

motile and non-motile actin filaments at pCa 10 with and without diltiazem. There were 

no measurements of speed of thin filaments with diltiazem at pCa 7. 

Only when they were fully activated (pCa 4), diltiazem significantly decreased 

speed of motile thin filaments. The speed of diltiazem-treated non-motile thin filaments is 

however significantly increased. There is no significant effect of diltiazem on the speed of 

non-motile and motile actin filaments. 

Figure 4.2B shows the percentage of motile thin filaments with and without 

diltiazem at different calcium concentrations. At pCa 10, all movement ceased. Also 

shown is the percentage of motile actin filaments at pCa 10 with and without diltiazem. 

There were no measurements of the percentage of motile thin filaments treated with 

diltiazem at pCa 7. The percentage of motile thin filaments with diltiazem decreases in a 

similar way as those without diltiazem. Exposure to diltiazem however significantly 
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decreased the percentage of motile actin filaments as compared to percentage of motile 

untreated actin filaments. 

Figure 4.3A shows the mean speed of motile and non-motile thin filaments with 

and without nifedipine at different calcium concentrations. Also shown are motile and 

non-motile actin filaments at pCa 10 with and without nifedipine. Measurements with 

nifedipine-treated thin filaments were restricted to pCa 4, 6, 8 and 10. 

Between pCa 4 and 8, motile thin filaments exposed to nifedipine show a speed, 

which is apparently independent of pCa. When fully activated (pCa 4), the speed is 

significantly decreased as compared to the speed of untreated thin filaments. The speed of 

nifedipine-treated non-motile thin filaments is significantly increased. There is no 

significant effect of nifedipine on the speed of non-motile and motile actin filaments. 
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Figure 4.2 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1{JM) and without diltiazem. 
A. Sliding speed (/jm/s) of motile (+) and non-motile (A.) untreated thin 
filaments at various pCa. The numbers of the motile and non-motile untreated 
thin filaments analysed are described in the legend of figure 4.1 A. Sliding speed 
(jum/s) of motile (^>) and non-motile (A) thin filaments exposed to diltiazem at 
various pCa. The numbers of the motile filaments analysed at pCa 4, 5, 6, 8 and 
9 were 32, 47, 22, 14, and 12 respectively. The numbers of the non-motile 
filaments analysed at pCa 4, 5, 6, 8 and 9 were 46, 111, 62, 88, and 49 
respectively. Sliding speed (/jm/s) of motile (%) and non-motile (M) actin 
filaments is shown at pCa 10 using a line parallel to the pCa-axis to illustrate 
that this speed is not dependent on calcium. The numbers of the analysed 
filaments are described in the legend of figure 4.1 A. Sliding speed (/jm/s) of 
motile (O) and non-motile (P) actin filaments exposed to diltiazem is shown at 

pCa 10. The numbers of these motile and non-motile filaments analysed were 43 
and 67 respectively. 
B. Percentage (%) of untreated (+) and diltiazem-treated (O) motile thin 
filaments at various pCa. The numbers of untreated thin filaments analysed are 
described in the legends of figure 4. IB. For diltiazem-treated thin filaments 78, 
158, 84, 102, and 61, filaments were analysed at pCa 4, 5, 6, 8 and 9, 
respectively. Also shown is the percentage of motile actin filaments with (O) or 
without (%) diltiazem. The number of untreated actin filaments analysed is 
described in the legends of figure 4.IB. The number of diltiazem-treated actin 
filaments was 110. 

Figure 4.3B shows the percentage of motile thin filaments with and without 

nifedipine at different calcium concentrations. At pCalO, all movement ceased. Also 

shown is the percentage of motile actin filaments with and without nifedipine. Nifedipine-

treatment did not change the percentage of motile thin filaments significantly compared to 

untreated thin filaments. Exposure to nifedipine significantly decreased the percentage of 

motile actin filaments compared to untreated actin filaments. 

There is no measurable effect of any of the used calcium antagonists on the 

myosin ATPase activity in the solution in the presence or absence of actin or thin 

filaments at pCa 4 and 10. ATPase activity of thin filaments in presence of calcium is 

increased compared with actin filaments. 

No remarkable changes in actin filament density due to exposure to any of the 

calcium antagonists were observed. 

The effects of all calcium antagonists that were used on actin and thin filaments 

were reversible. As soon as the calcium antagonist is flushed out of the flow cell, the 

speed and percentage of motile filaments recovered to the values obtained for untreated 

actin and thin filaments. 
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Figure 4.3 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1/JM) and without nifedipine. 
A. Sliding speed (/jm/s) of motile (+) and non-motile (A) untreated thin 
filaments at various pCa. The numbers of the motile and non-motile untreated 
thin filaments are described in the legend of figure 4.1 A. Sliding speed (/um/s) of 
motile fOj and non-motile (A) thin filaments exposed to nifedipine at various 
pCa. The numbers of the motile filaments analysed atpCa 4, 6, and 8 were 14, 9 
and 8 respectively. The numbers of the non-motile filaments analysed at pCa 4, 
6, and 8 were 26, 19 and 18 respectively. Sliding speed (/jm/s) of motile (%) and 
non-motile (m) actin filaments is shown at pCa 10 using a line parallel to the 
pCa-axis to illustrate this speed is not dependent on calcium. Numbers of the 
analysed filaments are described in the legend of figure 4.1A. Sliding speed 

(/jm/s) of motile (O) and non-motile f^) actin filaments exposed to nifedipine is 

shown atpCa 10. The numbers of these motile and non-motile filaments analysed 
were 60 and 87 respectively. 
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B. Percentage (%) of untreated ("•) and nifedipine-treated (O) motile thin 
filaments at various pCa. The number of untreated thin filaments analysed is 
described in the legends of figure 4. IB. For nifedipine-treated thin filaments 40, 
28, and 26 filaments were analysed at pCa 4, 6, and 8, respectively. Also shown 
is the percentage of motile actin filaments with (O) or without (9) nifedipine. 
The number of untreated actin filaments is described in the legends of figure 
4.IB. The number of nifedipine-treated actin filaments was 147. 

CONCLUSION AND DISCUSSION 

Calcium dependence of the actin-myosin interaction. 

The speed and percentage of motile and non-motile actin filaments are not 

affected by calcium (see 'Results', e.g. figure 4.1). However, the speed and percentage of 

untreated thin filaments are fully dependent on calcium. From the results we can see that 

at pCa 4, the speed and percentage of motile thin filaments are maximal. At pCa 10 all 

movement ceased, percentage of motile filaments is at zero. There are only non-motile 

filaments present with a speed at (near-)zero. This implies that all actin molecules in the 

thin filaments were subject to the influence of the troponin-tropomyosin complexes. 

Before discussing the calcium dependence of thin filaments we first want to 

analyse forces in the in vitro motility assay. These forces have to be in balance for steady 

filament speed. The first type of force is exerted by well functioning myosin heads 

interacting with activated actin. The mean force per actively cycling head is positive, 

acting in the direction of filament movement. Together, the sum of forces produced by 

each of these heads make up the driving force for the movement. Because of internal 

friction in the mechanism generating this driving force, it will decrease with increasing 

velocity. The second type of force is brought about by friction of viscous nature. It is zero 

at zero speed and will be more negative at higher speed. Such force will be produced by 

well functioning heads binding weakly to inactive actin. Viscous force from surrounding 

fluid is negligible [Yanagida et al, 1985]. Part of the filaments is non-motile. These 

filaments must be subject to a third type of force that makes filaments stick, although 

driving force is high and viscous forces are zero (velocity is zero). This force is usually 

attributed to myosin heads functioning inappropriately, because binding of ATP does not 

facilitate detachment from actin. These heads may comprise damaged heads that are still 

present, notwithstanding precautions, or heads that function inappropriately due to 

geometric constraints by reasons unknown. 
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With this in mind we can describe the effect of calcium on the speed and 

percentage of motile thin filaments in terms of these forces. Without calcium antagonists 

percentage of motile thin filaments decreases with increasing pCa (figures 4. IB, untreated 

thin filaments). Presumably, at higher pCa less actin will be available to accommodate 

active myosin heads. Driving force will be decreased and will increasingly fail to detach 

the filament from inappropriately functioning heads. The speed of motile filaments 

decreases somewhat with increasing pCa (e.g. figure 4.1 A, untreated thin filaments). This 

can be attributed to the decreased driving force and to the growing region of filaments, 

available for inactive, weak binding of heads. Thus, the decreased number of active heads 

at higher pCa leads to less motile filaments and to a decreased speed of motile filaments. 

Honda and Asakura [1989], Harada et al, [1990] and Sata et al [1995a,b, 1996] 

hypothesised an on-off regulation per filament, with speed being zero below a threshold 

pCa, switching to a maximum above this threshold. This on-off regulation implies that the 

entire thin filament is eventually activated as a single unit [Brandt et al, 1984, 1987] and 

that the speed of the activated thin filament is independent of calcium concentration 

[Huxley, 1957]. In contrast, others [Fraser and Marston, 1995; Homsher et al, 1996; 

Kellermayer and Granzier, 1996, Gordon et al, 1997] have found that filament speed is a 

continuous function of [Ca2+], which is consistent with our results. Gordon et al 

calculated that this gradation in mean speed of motile and non-motile filaments as a 

function of pCa could not be explained by an on-off regulation of filaments only. Our 

results support experimentally these calculations providing that the speed of motile 

filaments depends on pCa. 

At pCa 6 we measure maximum speed for thin filaments suggesting full 

activation, but the percentage of motile thin filaments is still not at its maximum. This 

implies that the negative force that makes the filaments stick has to depend on calcium, or 

that cooperativity between neighbouring troponin-tropomyosin complexes is decreased. 

The calcium dependence of the negative force could be explained by inappropriately 

functioning heads, as described before, which turn into weak binding heads at high 

calcium concentrations only. However, this is not very likely because these 

inappropriately functioning heads do not impose a load on pure actin filaments. Brandt et 

al [1984] found that extraction of as little as one TnC molecule per troponin-tropomyosin 

strand on a thin filament in a muscle fibre reduces cooperativity. Loss of cooperativity 

seems an acceptable explanation, since we can not exclude that reconstruction of the thin 

filament is imperfect or changed during the experiments. 
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The gradation in speed is also described by Homsher et al [1996]. They suggested 

four different hypotheses for the speed variation with Ca2+: 1) a "weak binding drag"-

hypothesis in which weakly attached cross-bridges provide a Ca2+-independent drag that 

would provide a load, making speed dependent on the number of active cross-bridges and 

thus [Ca2+]; 2) a "limited cross-bridge number"-hypothesis in which if cross-bridges have 

a short duty cycle and modest throw, the speed will be increased with each recruited 

cross-bridge 3) a "cross-bridge cycling rate"-hypothesis in which the cross-bridge cycling 

rate is controlled by Ca2+; and 4) a Ca2+-dependent drag due to secondary interactions of 

the regulatory proteins with myosin or the nitrocellulose, in addition to the primary 

binding to the actin filament. 

The first hypothesis is consistent with our description of a balance of forces 

responsible for steady filament speed. Gordon et al [1997] reasoned hypothesis 1 to be 

unlikely because the speed was graded, even at the highest ionic strengths [Gordon et al, 

1997], where the weak cross-bridge interactions with actin are minimal [Brenner et al., 

1986; Schoenberg, 1991]. However, the decrease in viscous force from the decrease in 

cross-bridge affinity could be compensated by an increase in viscous force from a 

decreased attachment-detachment rate of these weakly bound heads. In addition, Gordon 

et al. [1997] observed that elevated ionic strength greatly steepens the relationship 

between the percentage of motile filaments and pCa and suggested that weakly attached 

cross-bridges may play a role in keeping filaments from moving in the absence of Ca2+. 

Another explanation for their observation could be that the transition of sticking heads to 

weak binding heads depends on ionic strength. Anyhow, hypothesis 1 cannot be excluded. 

Hypothesis 2 is excluded since there is no conclusive evidence available to 

support this hypothesis. 

Gordon et al. [1997] reported hypothesis 3 to be unlikely, because [Ca2+] did not 

affect the speed of actin filaments (see also 'Results'). The intrinsic control, mentioned in 

this hypothesis, could be a calcium kinetic cycle superimposed on the cross-bridge cycle. 

However, this would make speed dependent on the number of cross-bridges interacting 

per unit filament length, like proposed in the second hypothesis. 

Hypothesis four is consistent with our description of a balance of forces 

responsible for steady filament speed. Gordon et al. [1997] and Fraser and Marston 

[1995] found an elevated speed for thin filaments as compared to actin filaments. 

However, Kellermayer and Granzier [1996], Homsher et al. [1996] and Sata et al. 

[1995a,b] found a decreased speed of thin filaments as compared to actin filaments. This 

73 



Chapter 4 

is in accordance with our results, in which we also showed a decreased percentage of 

motile thin filaments as compared to actin filaments. One explanation for this decrease, in 

speed and percentage, is to assume an extra friction, caused by the troponin-tropomyosin 

complex. If this friction is calcium dependent (inappropriately bound heads 'turning' 

weak with calcium) we cannot exclude hypothesis 4 either. Another explanation would be 

that speed and percentage of motile thin filaments is also regulated by the calcium release 

and binding rate. 

Of all hypotheses, hypotheses 2 and 3 are unlikely. Further experiments are 

necessary to exclude other hypotheses and to elucidate the mechanism. 

The speed and percentage of motile thin filaments in our experiments are 

relatively low compared to results of Homsher et al. [1996] and Gordon et al. [1997]. 

This may be due to differences in experimental conditions, like differences in temperature 

(21 °C in our measurements compared to 30 °C in Homsher et al. [1997]) and ionic 

strength (50 mM in our measurements compared to at least 85 mM in Gordon et al. 

[1997]). 

Our findings that the MgATPase activity increased for thin filaments in the 

presence of calcium compared to actin filaments is in accordance with the findings of 

Lehrer and Morris [1982]. 

Effect of calcium antagonists 

We have shown that the calcium antagonists used do not have an effect on speed 

of motile and non-motile actin filaments. However, a significant decrease in percentage of 

motile actin filaments was found when they were exposed to any of the calcium 

antagonists used. This suggests a direct effect of calcium antagonists on the actin-myosin 

interaction, possibly even a direct effect on myosin or actin. One possibility is that 

calcium antagonists bind to actin in the absence of troponin and tropomyosin, thereby 

prohibiting movement, like the troponin-tropomyosin complex does without calcium. 

Binding of the calcium antagonists to the actin- binding site on myosin is unlikely 

because no remarkable change in actin filament density is observed during the 

experiments. Binding of the calcium antagonists to the ATP binding site on myosin is 

also unlikely because there is no difference in ATPase activity and actin filament speed 

measured. 

A significantly higher speed could be found for non-motile thin filaments exposed 

to any of the calcium antagonists. The speed of non-motile thin filaments, with and 
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without these calcium antagonists, was also dependent on calcium. This suggests a 

decrease in weak binding affinity by the calcium antagonist and by calcium, causing an 

increase in Brownian motion contributing to the speed of non-motile filaments. 

The three calcium antagonists showed their own characteristic effects on speed 

and percentage of motile thin filaments. 

Verapamil treatment leads to a higher speed and percentage of motile thin 

filaments than found in control (untreated motile thin filaments) at all calcium 

concentrations. But, the slopes of the calcium dependence are equal. No change in 

ATPase activity is measured, but according to Gordon et al. [1997] an increase in speed 

does not necessarily have to be accompanied by an increase in ATPase activity. 

Verapamil possibly reduces friction by the troponin-tropomyosin complex or enhances 

the calcium release and binding rate. We can imagine this as a facilitated accessibility of 

actin filaments to myosin, without changing the calcium dependence, or as a facilitated 

binding of actin to myosin through an effect on myosin. In both cases, verapamil would 

be recruiting more active cross-bridges. Also, an enhanced cooperativity between the 

troponin-tropomyosin complexes could explain an increase in active cross-bridges and 

thus motility (speed and percentage of motile filaments). 

The positive effect of verapamil on the percentage of motile thin filaments is the 

opposite of the negative effect on the percentage of actin filaments. This suggests that the 

negative effect of verapamil on actin filaments (described above) is counteracted by the 

effect on thin filaments, or that the effect of verapamil on actin filaments is prohibited by 

the troponin-tropomyosin complex, i.e. the binding sites are already occupied. 

Diltiazem treatment does not significantly change the percentage of motile thin 

filaments (figure 4.IB). This suggests that weak binding of heads and transition to the 

force generating state of the heads is unchanged. Inappropriately functioning cross-

bridges, if changed by diltiazem, would change the percentage of motile thin filaments 

too. At pCa 4, speed is significantly lower than in control. The equilibrium between 

positive (mean driving force) and negative forces (viscous force and forces from 

inappropriately bound heads) is apparently reached at a lower speed. Because viscous 

force and transition to the generation of force, i.e. the start of the head stroke, seems to be 

unchanged, it must be the negative forces at the end of the stroke that are increased 

(resulting in a decreased mean driving force). These forces are coupled to the changes of 

state at the end of the cycle being the transition to the weak binding AMATP complex 

and subsequent detachment. 
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In the case of thin filaments exposed to nifedipine, percentage of motile thin 

filaments showed stepwise calcium dependence from near-zero level at pCa 10 to a 

maximum at pCa 4 till 8 (figure 4.3B). At maximum activation (pCa 4), the speed is 

significantly lower compared to untreated thin filaments. It seems likely that calcium is 

not easily released from the troponin-tropomyosin complex in the sequence of 

experiments, starting with pCa 4 till pCa 8. Only at pCa 10 the equilibrium is shifted, 

thereby releasing calcium from the troponin-tropomyosin complex. There were probably 

enough active cross-bridges to promote maximum percentage of motile filaments, even at 

pCa 8. Maximum speed might not be reached through extra friction caused by either 

nifedipine itself or by the (changed orientation of) the troponin-tropomyosin complex. 

Verapamil, diltiazem and nifedipine affect the actin-myosin interaction directly, as 

seen from the decrease in the percentage of motile actin filaments. In addition these 

calcium antagonist affect the thin filament-myosin interaction, as shown from the increase 

in speed of non-motile thin filaments. Verapamil increased speed and percentage of 

motile thin filaments. As mentioned above verapamil could increase the number of active 

cross-bridges and increase calcium sensitivity. This would increase force exerted by the 

filaments. This is consistent with Skirboll et al. [1979], Maruyama et al. [1982], Su et al. 

[1988], and Schiereck et al. [1993], in which respectively verapamil, verapamil, 

verapamil and diltiazem, and verapamil, diltiazem and nifedipine are reported to enhance 

tension. Diltiazem and nifedipine show a significant decrease in speed of motile thin 

filaments at maximum activation (pCa 4). The further decrease of the speed with 

decreasing calcium concentration suggests a decrease in driving force by diltiazem. The 

stepwise calcium dependence of motile thin filaments suggests an increase in 

cooperativity of the troponin-tropomyosin complex by nifedipine. 

No changes in ATPase activities due to exposure to any of the calcium antagonists 

have been measured. This is consistent with Higuchi and Sakanashi [1985] and Nigdikar 

et al. [1986], who reported that nifedipine, and nifedipine and verapamil did not change 

cardiac myosin ATPase activity in hearts from dogs and rats respectively. Our result 

implies that calcium antagonists do not affect myosin and its ATPase activity but rather 

have an effect on actin and the troponin-tropomyosin complex. 

In future experiments calcium antagonists can be used to change conditions, e.g. 

balance of forces, in such way that it will be possible to reveal the exact binding sites of 

the drugs. 
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