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Abstract-We investigated which activity of myosin B (natural actomyosin), super

precipitation or ATPase, is better suited as a parameter for measuring in vitro con
traction with emphasis on the response of myosin B to Sr2+. The Sr2+ con
centration giving half-maximum (KSr2+) binding of Sr2+ to cardiac troponin was not 
different from that to skeletal troponin, whether the troponins were contained in 
the actomyosin system or in the isolated state. However, K,,21 for the ATPase 
activity of cardiac myosin B is slightly smaller than that of skeletal myosin B. This 
difference in KSr2+ is more marked when superprecipitation was used as the indication 
for in vitro contraction. If the above results were compared with those of Kitazawa 

(1976) using glycerinated fibers of cardiac and skeletal muscle, the differences 
in KSr2+ between cardiac and skeletal muscle increased in the order: Sr-binding to 
troponin<ATPase activity<superprecipitation<contraction of glycerinated fibers. 
The increase in the effect of pH on Cat+-related properties is also in the order: Ca
binding to troponin<ATPase activity<superprecipitation<contraction of glyceri
nated fibers. All the results coincide with one another that the results with super

precipitation are invariably more akin to those with glycerinated fibers than to those 
with the ATPase activity. It is concluded that superprecipitation is a better 

parameter for representing in vitro contraction than ATPase activity.

  Szent-Gyorgyi found the ATP-induced 
syneresis of actomyosin suspended in low 
ionic strength solutions and interpreted this 

phenomenon, named 'superprecipitation', as 
an in vitro contraction (1). Ebashi, however, 
considered the shrinkage of each particle of 
actomyosin gel as the essential of super
precipitation (2). If the concentration of 
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actomyosin was less than a certain level, 
individual particles did not aggregate with one 
another and the whole system remained a 
dispersed suspension. This change could be 
monitored as the turbidity increase or 
decrease in optical absorbance by the use 
of a conventional spectrophotometer at a 
relatively long wave length, e.g., 660 nm. 
  However, it has been the traditional 
attitude of muscle biochemists to measure the 
ATPase activity of actomyosin as representing 
in vitro contraction; only a few people prefer 
the use of superprecipitation for this purpose 

(3-6). This is partly because of the belief 
that the ATP splitting by actomyosin re

presents the most fundamental process of 
muscle contraction (7) and partly because 
the measurement of the ATPase activity can 
be done without any practice. 

 There is no doubt that the ATPase activity To whom correspondence should be addressed.



underlies the contractile processes of the 
actomyosin system, but it is noticed that not 
all the actomyosin ATPase activity is ex

pressed as the contraction (8). A question 
then arises whether or not there is a dis
crepancy between the ATPase and the 
superprecipitation, and if it exists, the next 

question is which is more akin to the con
traction in vivo.   

In this respect, some discrepancies between 
the degree of superprecipitation and the 
ATPase activities have already been reported. 
Among them, a notable one is the sensitivity 
of the actomyosin system to Sr2+, the ion 
which more or less replaces Ca2+ in various 
kinds of in vitro phenomena including the 
actin-myosin-ATP interaction. For example, 
Sr2+, when used in place of Ca2+, induces 
superprecipitation of cardiac myosin B 

(natural actomyosin) at a lower concen
tration than Sr2+ needed for the superprecipi
tation of skeletal myosin B (9). However, 
such a difference in the Sr2+ concentration 
was hardly (10) or only slightly (8, 11) 
detectable by measuring ATPase activities of 
cardiac and skeletal myosin B. 
  There is a similar discrepancy between 
Sr-binding to troponin (12), which is the 
initial step of Sr2+-dependent contractile 
processes, and Sr2+-dependent contraction 
of glycerinated muscle fibers (13), which is 
the final consequence of Sr-binding to 
troponin. In other words, the Sr2+ concen
trations giving half-maximal binding are not 
different between cardiac and skeletal 
troponins (12), but glycerinated skeletal 
muscle fibers require much higher concen
tration of Sr2+ for their contraction (13). 
  However, the discrepancy in the Sr2+
dependence between superprecipitation and 
ATPase activity is not convincing, because 
experimental conditions and protein pre
parations were quite different from report to 
report. Because of this, we thought that 
these set of exepriments should be carried 
out under controlled conditions in one 
laboratory to determine if this discrepancy 
really exists; we report herein the results of 
such experiments. 
  Part of this study has been presented at 
the general meeting of the Japanese Phar
macological Society (14).

        Materials and Methods 

  Preparation of myosin B: All steps were 

performed at 0-4'C. Ventricle muscle of 
chicken heart free of adipose tissue and 
coagulated blood was minced by a meat 

grinder. The minced muscle was suspended in 
3 volumes of 0.1 M KCI containing 0.5 mM 
NaHC03 and homogenized by a Polytron at 
maximum speed for 3 min, and the resulting 
homogenate was washed several times in 
the same solution. The homogenate thus 
prepared was then mixed with 3 volumes of 
Guba-Straub solution containing 0.5 mM 
ATP and allowed to stand for 2 hr. The whole 
suspension was centrifuged at 10,000xg for 
30 min. The supernatant thus obtained was 
mixed with 12 volumes of cold water and 
centrifuged at 8,000 x g for 10 min. The 
resulting precipitate was suspended in 3 
volumes of 0.77 M KCI containing 2 mM 
NaHC03. The suspension was centrifuged at 
10,000xg for 50 min. Two-thirds of the 
supernatant from the top were taken out, 
mixed with 5 volumes of water, and cen
trifuged at 8,000xg for 10 min. The resulting 

precipitate was dissolved again in 3 volumes 
of 0.77 M KCI containing 2 mM NaHC03 
and was clarified by the centrifugation at 
10,000xg for 50 min. Myosin B of cardiac 
muscle thus obtained was stored in a deep 
freezer at -20°C after mixing with an equal 
volume of glycerol. 
  Myosin B from chicken breast muscle 

(fast skeletal muscle) was prepared by the 
same method as described for preparing that 
from cardiac msucle. Some experiments were 
carried out using myosin B prepared from 
rabbit skeletal muscle by the method 
described previously (3). There are no 
obvious differences in the results between 
the two kinds of skeletal myosin B preparation. 
  Preparation of other proteins: Cardiac 
troponin was prepared from chicken or bovine 
ventricle muscle (12, 15, 16) and skeletal 
troponin from chicken fast skeletal muscle 
(12 17). 

  Myosin (18), actin (19, 20) and tropo
myosin (18) were purified from rabbit white 
skeletal muscle. The purity of these proteins 
was examined by sodium dodecyl sulfate 

polyacrylamide disc gel electrophoresis (21).



  Biochemical examinations: Superprecipi
tation was induced at room temperature 

(25°C) by mixing 0.5 mM ATP (final concen
tration) with an incubation mixture containing 
0.2-0.3 mg/ml of myosin B, 20 mM Tris
maleate buffer (pH 6.8 or pH 7.4), 1 mM 
MgCl2, an appropriately chosen concen
tration of KCI and a 0.1 mM Ca-EGTA 

[ethylene glycol-bis-(beta-aminoethyl ether) 
N,N,N',N'-tetraacetic acid] buffer or 1 mM 
Sr-EGTA buffer, and monitored with a 
spectrophotometer at 660 nm (2). An 
appropriate concentration (50-70 mM) of 
KCI was chosen to induce superprecipitation 
at the rate suitable for quantitative evaluation 
of superprecipitation, that is, half maximal 
increase in absorbance (JOD/2) was at
tained between 2-8 min after mixing ATP 
with the incubation mixture containing Ca2+ 
or Sr2+ high enough to induce the maximal 
rate of superprecipitation. The reciprocal of 
the time in minutes required to give 4OD/2 
was considered as the rate of superprecipi
tation. 
  The ATPase activity of myosin B was 
determined by measuring hydrolyzed inorga
nic phosphate (Pi) by the method of Fiske 
and Subbarow (22). The reaction mixture 
contained 0.5 mg/ml of myosin B, 60 mM 
KCI, 0.5 mM ATP, 20 mM Tris-maleate buffer 
(pH 6.8 or pH 7.4), 1 MM MgC12 and 0.1 mM 
Ca-EGTA buffer or 1 mM Sr-EGTA buffer. 
Under these conditions, ATPase activities 

(pmol min-' .mg-1 protein) of cardiac myosin 
B varied between 0.061 and 0.068 and those 
of skeletal myosin B, between 0.066 and 
0.085. As the rates of ATP hydrolysis were 
constant during incubation up to 30 min 
under these conditions, the reaction was 
stopped after 10 min incubation at 25'C by 
adding 5% trichloroacetic acid (final concen
tration). 
  The change in KCI concentration from 50 
to 70 mM reduced the ATPase activities of 
chicken cardiac myosin B from 0.096 to 
0.067 pmol min-1-mg-1 protein, but did not 
affect the relationships between ATPase 
activities and pCa2+ or pSr2+ (cf. 23), 
allowing us to compare directly the pMe2+ 

(Ca2+ and/or Sr2+)-ATPase activity curve 
with the pMe2+-superprecipitation rate curve. 
  Sr-binding to troponin was determined

in the absence or presence of actomyosin 
and tropomyosin. In the former case, experi
ments were carried out in 0.1 M KCI, 1 mM 
MgC12, 20 mM Tris-maleate buffer (pH 6.8), 
and 1 mM EGTA adjusted with KOH at pH 
6.8 and specified concentrations of 89SrC12 
as described previously (12) except that the 
amount of Sr2+ bound to troponin was 
determined by measuring radioactivity (see 
below). 

  In the latter case, troponin (0.20 mg/ml) 
was mixed with the incubation mixture 
containing myosin (2.5 mg/ml), F-actin (1.1 
mg/ml), tropomyosin (0.35 mg/ml), 0.1 M 
KCI, 1 MM MgC12, 20 mM Tris-maleate 
buffer (pH 6.8), and 1 mM EGTA (pH 6.8), 
specified concentrations of 89SrC12 and 0.5 
MM 3H-glucose as an indicator of solvent 
space. The final volume was 1 ml. The 
mixture was centrifuged at 20,000 x g for 
60 min. After removing the supernatant, the 

precipitate was dissolved in a specified 
amount of 0.6 M KCI. Aliquots were taken 
into glass vials containing 10 ml of Aquasol
2 (New England Nuclear), and the radio
activity was measured with a scintillation 
counter. Amounts of Sr2+ bound to acto
myosin containing only tropomyosin were 
also determined. Amount of Sr2+ bound to 
troponin was calculated by subtracting the 
amount of Sr2+ bound to actomyosin contain
ing only tropomyosin from that to actomyosin 
containing both troponin and tropomyosin. 
 The apparent binding constants of EGTA 

used for estimating Ca 2+ and Sr2+ concen
trations were 5x105 M-1 (pH 6.8) or 8 x 106 
M-1 (pH 7.4) for Ca2+ and 1.35 x 103 M-1 

(pH 6.8) for Sr2+ (24). These binding 
constants were chosen to allow direct com

parison of the present data with those of 
previous publications (12, 13, 25) and, 
therefore, lower than the values currently 
used (26-28). 
  Protein concentration was determined by 

the biuret reaction, bovine serum albumin 
being taken as a standard. 

               Results 

  Relationship between pSr2+ and Sr
binding: In the previous study on Sr-binding 
to troponins, the amount of Sr2+ bound to 
them was determined by atomic absorption



spectrophotometry (12). In the present study, 
we determined the Sr-binding by using 89Sr 
as a tracer, which enabled us to obtain 
reproducible determinations and confirmed 

previous results (12) (Fig. 1): (i) binding 
capacity of cardiac troponin was half that of 
skeletal troponin, (ii) binding sites of both 
troponins were composed of equal numbers 
of high and low affinity sites; i.e., about one 
high affinity site and one low affinity site for 
caridac troponin and about two high affinity 
site and two low affinity sites for skeletal 
troponin, and (iii) the Sr2+ concentration 
giving half maximal (K,,2,) Sr-bincling of 
cardiac troponin was not different from that 
of skeletal troponin. 

  We failed to find changes in the Sr-binding 

properties of cardiac and skeletal troponins 
when they are incorporated into actomyosin 
in the presence of tropomyosin (Fig. 1 ). 
Thus the ratio of K,,2 or Sr-binding to

  Relationships between pSr2+ and super

precipitation rate and between pSr2+ and Mg
ATPase activity: We measured the effect of 
Sr2+ on the rate of superprecipitation and Mg
ATPase activity of cardiac and skeletal myosin 
B under comparable conditions (Fig. 2 and 
Table 1). Both the ATPase-pSr2+ and super

precipitation-pSr2+ curves of cardiac myosin 
B were shifted to lower Sr2+ concentrations 
than those of skeletal myosin B, confirming 
previous reports (8, 1 1 ). However, the shift 
observed in the superprecipitation-Sr2+ curves 
is larger than that in the ATPase-pSr2+ curves, 
i.e., ratio of Ksr2+ of the ATPase activity of 
cardiac myosin B to that of skeletal myosin B 
was only 1 /1 .7, but that of Ksr2+ of super

precipitation was 1/2.7. The ratio of K,,21 of 
tension development of glycerinated muscle 
fibers (Fig. 12 in ref. 13) was 1 /3.9. Thus the 
ratios of Ksr2+ are increased in the following 
order: Sr-binding to troponinSr-binding to 
troponin incorporated into the actomyosin 
system (Fig. 1) <ATPase activity (Fig. 2) < 
superprecipitation (Fig. 2)<tension develop 
ment (13).   

It must be stressed that the results with 
superprecipitation are more similar to those 
with glycerinated fibers than those with the 
ATPase activity. 

  Effect of pH on the relationships between 

pCa2+ and ATPase activity and between 
pCa2+ and superprecipitation rate: Previous

Fig. 1. Sr-binding to cardiac (filled symbols) and 
skeletal (open symbols) troponin in the presence 
(circles) or absence (triangles) of actomyosin and 
tropomyosin. Ordinate: amount (moles) of bound 
Sr2+ per mole troponin. Abscissa: Sr2+ concen
tration in pSr2, i.e., -log[Sr2+(M)]. Molecular 
weight of chicken cardiac, bovine cardiac and 
chicken skeletal troponins were estimated as 
8.5 X 104, 8.7 X104 and 8.2x 104 (12), respectively.

Fig. 2. Relationships between pSr2+ and activity 
of ATPase (dotted lines) or relative rate of super
precipitation (continuous lines) of cardiac (filled 
circle) or skeletal (open circle) myosin at pH 6.8. 
Ordinate: relative value (%) of ATPase activity or 
superprecipitation rate. Bars: standard error (n=5-6).



study has revealed that Ca-binding properties 
of cardiac troponin are little affected by the 
change in pH from 6.8 to 7.4 in the presence of 
Mgt+; the ratio of Kca2+ of Ca-binding of 
cardiac troponin at pH 6.8 to that at pH 7.4 
is about 1 /1 .0 (25). However, the relation
ship between pCa2+ and tension development 
of glycerinated cardiac muscle fiber was 
reported to be shifted to lower Ca2+ concen
tration by the increase in pH; the ratio of 
Kca2+ of the tension development at pH 6.8 
to that at pH 7.4 was 1/5.7 (Fig. 1 1 in ref. 
13). A similar discrepancy can be pointed out 
in the Ca2+-related properties of skeletal 
muscle (13, 25, 29-32). 
  The effect of pH on relationships between 

pCa2+ and the ATPase activity or the rate of

superprecipitation of cardiac myosin B is 
shown in Fig. 3 and Table 1. Both the ATPase

pCa2+ and superprecipitation-pCa2+ curves 
were shifted to lower Ca2+ concentrations 
when pH was increased. The ratio of K,,,2, of 
the ATPase activity at pH 6.8 to that at pH 
7.4 was 1 /2.7, but the ratio of K0a2+ of the 
superprecipitation rate at pH 6.8 to that at 

pH 7.4 was 1/4.0. We confirmed essentially 
the same difference using skeletal myosin B 

(Table 1). Thus the effect of pH on K,,,2+ is 
increased in the following order: Ca 2+
binding<ATPase activity<superprecipitation 
<tension development. 
  There are a number of reports describing 
the effect of pH on the K,,,21 of Ca 21-related 
properties of cardiac and skeletal muscles (13,

Fig. 3. Effect of pH on superprecipitation (solid lines with circles) and ATPase (dashed lines with 
squares) of cardiac myosin B. Open symbols: pH 6.8. Filled symbols: pH 7.4. Ordinate: relative value 

(%) of activity of ATPase or rate of superprecipitation.

 The ratio of Ksr2+ of cardiac muscle to that of skeletal muscle. '' The ratio of Kca2+ at pH 7.4 to K( :,2+ 
at pH 6.8. Cardiac, cardiac muscle: Skeletal, skeletal muscle. Kitazawa (ref. 13).



23, 25, 29-33). The experimental conditions 
in the reports do not allow direct comparison 
among the effects of pH on the K,,,21, but 
reported results in these articles do not 
appear to contradict the order mentioned 
above. 
  Threshold concentrations of Ca2+ or Sr2+ 
necessary for activating ATPase or inducing 
superprecipitation: At pH 7.4, the Ca2+ 
concentration required for inducing super
precipitation of cardiac myosin B is almost 
identical with the Ca 21 concentration to 
activate ATPase activity of cardiac myosin B 
(1.3 x 10-7 M, Fig. 3) and to induce con
traction of glycerinated cardiac muscle fibers 

(Fig. 11 in ref. 13). 
  However, at lower pH (pH 6.8), the thre
shold Ca2+ concentration (10-6M) to induce 
superprecipitation of cardiac myosin B was 
higher than that (3x10-7 M) to activate 
ATPase activity of cardiac myosin B (Fig. 3). 
This threshold concentration of Ca2+ induced 
superprecipitation of cardiac myosin B does 
not differ from that of Ca2+ induced con
traction of glycerinated cardiac muscle fibers 

(Fig. 11 in ref. 13). Requirement of higher 
divalent cation concentration for inducing 
superprecipitation of cardiac myosin B and 
contraction of glycerinated cardiac muscle 
fibers was also observed when Sr2+ was used 
as the activator at pH 6.8 (compare Fig. 12 
in ref. 13 with Fig. 3). We also observed a 
similar requirement of Ca2+ or Sr2+ in 
activating ATPase activity of skeletal myosin B 
and inducing superprecipitation of skeletal 
myosin B and contraction of skeletal gly
cerinated muscle fibers (8). These obser
vations are compatible with the previous 
reports showing that myofibrillar ATPase is 
activated at low Ca2+ concentrations at which 
the muscle fiber cannot develop tension (31, 
34, 35) and imply that superprecipitation 
represents more crucial aspects of con
traction than does the ATPase. 

              Discussion 

 This paper describes that the relationship 
between the Sr2+ concentration and super
precipitation rate is different from that bet
ween the Sr2+ concentration and ATPase 
activity. In the light of the previous data 
concerning Sr-binding to troponin (12) and

Sr2+-dependence (KS,.2-) of isometric tension 
development of glycerinated muscle fibers 

(13), we conclude that the difference in 
Ksr2+'s between cardiac and skeletal muscles 
is increased in the following order: Sr
binding < ATPase activity < superprecipi
tation rate<tension development. The effect 
of pH on the KCa2+'s of cardiac and skeletal 
muscles is essentially the same as this order: 
Ca-binding <ATPase activity< superprecipi 
tation rate<tension development. The effect 
of Mg2+ on the KCa2+'s of skeletal myosin B 
also increases in the same order (Table 4 in 
ref. 8, cf. 25, 32, 36-42). Threshold concen
trations of Me2+ (Ca2+ or Sr2+) for Me2+
related processes also increase in the order: 
the threshold concentration allowing Me2+ 
to bind to troponin (Fig. 1, refs. 12 and 25)< 
the threshold concentration for activating of 
ATPase (Figs. 2 and 3)<that for inducing 
superprecipitation (Figs. 2 and 3)<that for 
inducing tension development (13). 
Moreover, the steepness of the slope of the 
relationships between pMe2+ and Me2+
related processes increases in the same 
manner: the steepness of the pMe2+-Me2+
binding relationship of troponin (Fig. 1)< 
that of the pMe2+-ATPase relationship (Figs. 
2 and 3) <that of the pMe2+-superprecipi
tation relationship (Figs. 2 and 3)<that of 

pMe2+-tension relationship (13). 
  The difference in the Sir 21 -dependence of 
contraction of glycerinated fibers between 
skeletal and cardiac muscles has aroused the 
interests of pharmacologists (43). There is no 
doubt that troponin is involved in this 
phenomenon (9). However, the affinity of 
troponin for Sr2+ does not account for the 
differnece (12). 
  On the analogy of the fact that the Ca
binding properties of troponin C are very 
much modified when it was incorporated into 
troponin (39), one might argue that when 
troponin is incorporated into the actomyosin 
system, its Sr-binding properties are modified 
so that this can explain the differences in 
Sr2+-related phenomena mentioned above. 
However, this arguement can be refuted by 
the observations that the Sr-binding pro
perties of cardiac and skeletal troponins were 
not altered when they are incorporated into 
the actomyosin system (Fig. 1). We are



examining whether Ca-binding properties of 
cardiac and skeletal troponins incorporated 
into the actomyosin system are modified (44, 
45), but so far we are unable to find a change 
large enough to explain the effect of pH and 
Mg2+ on K, 2+'s (K. Kohama, unpublished 
observation). 
  Thus the Met+-binding to troponin, 
though it is the primary step in contractile 
processes, cannot determine the Met+_ 
related features of muscle contraction. To 
elucidate the whole scheme of events, we 
must know the mechanism in detail of how 
ATP is utilized by the contractile machinery. 

  We now conclude that the above-described 
order concerning Met'-dependent phe
nomena is inherent to the actomyosin system 
and that superprecipitation is a more ap

propriate in vitro model for muscle con
traction than is ATPase. 
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