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The influence of divalent cations (Cd2+, Zn2+, Sr2+) and staphylococcus protein A on 
the superprecipitation reaction of cardiac muscle actomyosin was investigated using 
methods of preparative protein chemistry, optical spectroscopy and mechanokinetic 
analysis. It was shown that the metal ions in the range of concentrations 0.1–5 mM in-
hibit the Mg2+-dependent SPP reaction of actomyosin cardiac muscle and alter the ki-
netic parameters of this process. It was revealed that protein A modulates superpre-
cipitation dynamics decreasing the maximal value of optical density and time of its half-
maximum achievement as well as starting and normalized superprecipitation rates. 
Thus, investigated factors are able to influence the actin myosin interaction changing 
their functional parameters of proteins from cardiomyocyte contractile complex. The ki-
netic characteristics of actomyosin superprecipitation are sensitive to the influence of 
physicochemical and pharmacological factors and can be used to study their influence 
on the molecular mechanisms of muscle contraction.

Keywords:	 actomyosin, superprecipitation, kinetic parameters, metal ions, S. au-
reus protein A, cardiac muscle.

INTRODUCTION
Muscle contraction-relaxation is a dynamic oscillatory process that consists of in-

terrelated and interdependent physical and chemical reactions. Superprecipitation 
(SPP) reaction can be consider as a certain model system to investigate the structural 
organization and functional properties of muscles actomyosin complex because the 
process of muscle contraction is associated namely with the formation of actomyosin 
complex and its subsequent conformational changes due to the energy released as  
a result of ATP hydrolysis by myosin [9, 14]. In other words, SPP approximately corre-
sponds to the structural rearrangements of main contractile proteins during the muscle 
contraction. In general, the muscle contraction study can either accent on the properties 
of individual protein components of muscle to reconstruct from them mechanochemical 
model systems simulating the contractile process or reproduce the structural and func-
tional state actomyosin complex during the reaction SPP. SPP is the process of myosin 
aggregates’ compaction with actin filaments due to ATP hydrolysis, which occurs in the 
presence of such aggregates in suspensions, sediments and actomyosin gels [16].
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Thus, this model system may be used to investigate several properties of the mus-
cle contractile apparatus (actin-myosin interaction and its regulation, regularities of self-
assembly of contractile systems, etc.) as well as the influence of different physical, 
chemical and pharmacological factors.

One of the general problems of biology that attracts time-stable attention of re-
searchers is full comprehension of the regularities of cell functions in organism under 
the influence of various physical and chemical factors. Thus, it’s well known they can 
stimulate the pathological changes in the body, but the molecular and membrane mecha
nisms of their implementation aren’t completely understood to date. 

It’s known that Staphylococcus aureus is one of the most lethal human pathogens. 
High pathogenicity of Staphylococcus is explained particularly by its ability to produce  
a number of antigens. The active substances protein A, teichoic acid, peptidoglycan and 
toxins [7, 8, 11] are the most studied among them. Staphylococcus aureus protein A is 
surface antigen of bacterium. It’s covalently bound to peptidoglycan component of the cell 
wall. Protein A considers to be the major factor of the staphylococcus pathogenicity [8]. At 
present time, the mechanisms of golden staphylococcus penetration into the organism 
and main stages of the complex immune response to its invasion are well investigated; 
however, the influence of bacterial substances on individual tissues is still unclear.

Thus, our aim consisted in the investigation of myocardium actomyosin SPP reac-
tion changes induced some divalent metal ions and immunologically active substances 
of Staphylococcus aureus. 

MATERIALS AND METHODS
Actomyosin (from bovine heart) extraction was carried out for an hour by the solu-

tion containing 0.2 М KCl, 0.15 М Tris-HCl, 1 mМ EDTA, 5 mМ MgCl2, 0.2 mM phenyl-
methylsulfonylfluoride (PMSF), 1 mМ NaN3, 3.5 mМ ATP, рН 7.5. Actomyosin was pre-
cipitated by adding 10 volumes of cold distilled water to the solution previously diluted 
by 0,1 N vinegar acid to рН~6.2. The protein fraction was separated by centrifuging at 
3 000 g for 15 min. After protein dissolving in 40 mМ Na4P2O7, рН 7.5, 1 mМ DTT, 1 mМ 
NaN3, which was followed by dialysis, it was centrifuged for an hour at 100,000 g [3]. 

Measurement of superprecipitation. Kinetic curves of actomyosin superprecipi-
tation were recorded on SPECORD M40 spectrophotometer (Germany). The value of 
native protein superprecipitation was taken as over 100%. From the obtained kinetic 
curves, the value of superprecipitation was calculated as (Dmax(450)–D0), where D0 and 
Dmax(450) are the initial and the maximum optical densities of actomyosin during the SPP 
reaction, respectively. Superprecipitation induced by adding ATP (0.1 mM) in 0.1 mg/ml 
natural actomyosin, 0.1 mM CaCl2, 1 mM MgCl2, 150 mM KCl, 0.1 mM EGTA and 20 mM 
Tris-HCl at pH 7.5 and 25 °C, was examined using method [15], and the change in the 
absorbance at 450 nm was checked. 

In the studied samples, protein complex SPP changes were measured in the presen
ce of metal ions and immunologically active substances (the protein A) of Staphylococ-
cus aureus at 10-6 to 10-2 mg/ml concentration range. Protein A for the study was kindly 
given by Prof. L.S. Kholodna. 

Method of kinetic analysis of SPP curves. From the analyses of kinetic curves the 
effect of the value of superprecipitation (Dmax(450)–D0), time t1/2, required for achievement 
of half of its value was determined, and the normalized maximal rate of this reaction vn 
was also calculated. 
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The normalized maximum rate of actomyosin units forming (vn) calculated using  
a modification of the method of kinetic analysis [5, 18] was used during analysis of the 
experimental curves. To obtain vn the graphics of optical density change in the coordi-
nates {ln[(Dmax–D)/D]; ln t} were firstly linearized. The next kinetic characteristics were 
determined from the linearized graphics: ln τ – segment that cuts on the x-axis line 
drawn through the experimental points, and the empirical parameter n – tangent of this 
line slope, which characterizes the steepness of D(t) dependence. These kinetic para
meters were used to calculate the normalized SPP rate, which was normalized to the 
maximum (stationary) values of optical density: 

Statistics. Experimental data were processed with statistical methods using soft 
Microsoft Office Excel. Statistical significance of differences between two means was 
assessed by Student’s t test for paired data. For significance linear function approxima-
tion was performed Fisher’s F-test; coefficient of determination (R^2) were not lower 
than 0.9. All values are expressed as mean ± SE mean for n number of experiments. 
P values < 0.05 were considered as significant.

RESULTS AND DISCUSSION 
The superprecipitation of actomyosin is generally accepted to be simulate the phe-

nomenon of muscle contraction in vitro. If we consider the process of precipitate forma-
tion and dissociation during the actomyosin SPP, it mainly reproduces the process of 
muscle contraction – in the presence of magnesium ions and ATP the calcium ions 
cause muscle contraction, and the removal of calcium EGTA ions in the presence of 
ATP causes a muscle relaxation [12]. A comparison of the kinetic curves for Mg2+-de-
pendent SPP reaction of myocardium actomyosin in the presence of various divalent 
ions (0.1 mM) is shown on Fig. 1.

Actomyosin SPP reaction curves are characterized t1/2 values that are more than 
the control for SPP in the presence of Zn2+ (as shown in our previous work [3]) and Cd2+. 
In the presence of Sr2+ the actomyosin SPP has parameters t1/2 and v0 similar to these 
ones in the presence of Ca2+, i.e. index time of half-maximal density is almost the same 
in the test and in the control. By increasing the time required to reach half Dmax–D0, ions 
can be arranged in series: Sr < Zn < Cd. SPP actomyosin reaction in the presence of 
various metal ions was also characterized by parameters vn (Tabl. 1). 
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Fig. 1.	 Kinetic curves of Mg2+-dependent 
SPP reaction of myocardium actomy-
osin in the presence of various diva-
lent ions (0.1 mM): 1 – without Ме2+ 
(control); 2 – Sr2 +; 3 – Zn2+; 4 – Cd2+

Рис. 1.	 Кінетичні криві Mg2+-залежної ре-
акції суперпреципітації актоміозину 
серцевого м’яза за наявності різних 
двовалентних іонів (0,1 мМ): 1 – без 
Ме2+ (контроль); 2 – Sr2+; 3 – Zn2+; 
4 – Cd2+
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Table 1.	 The values of actomyosin SPP kinetic parameters in the presence of the stu­
died metal ions (Me2+ concentration is 0.1 mM)

Таблиця 1.	Значення кінетичних параметрів реакції суперпреципітації актоміозину за 
наявності різних іонів металів (Ме2+ в концентрації 0,1 мМ)

Cation Curve 
number

SPP actomyosin parameters
Dmax t1/2, min v0, % vn, %

Control 1 0.74 2.4 125 97
Sr2+ 2 0.73 2.5 116 94
Zn2+ 3 0.51 3.5 95 93
Сd2+ 4 0.48 4.2 67 48

To completely consider the dynamics of the formation of the complex of actin and 
myosin, it’s important to use parameters that would quantitatively characterize not only 
the initial stage of SPP reaction (v0), but can be applied to compare the kinetics of acto-
myosin aggregates’ formation regardless of the fixed maximum (Dmax). The normalized 
maximum SPP rate (vn) was used as a reference parameter. Kinetic analysis of SPP 
curves shows that strontium ions don’t change the normalized maximum rate (vn) in the 
entire range of investigated concentrations (0.1–5 mM) (see Fig. 2, A). Addition of Zn2+ 
and Cd2+ ions in the incubation medium is accompanied by a dose-dependent decrease 
of vn rate (Fig. 2, B). Thus, inhibition of this parameter is reliably caused by Zn2+ concen-
tration of 0.5 mM and higher [3]. 

Fig. 2.	 Kinetic curves of myocardium actomyosin SPP reaction: A – at various SrCl2 concentrations (mM): 
1 – without Sr2+ (control); 2 – 0.1; 3 – 0.5; 4 – 1; 5 – 5; B – at various CdCl2 concentrations (mM): 1 – 
without Cd2+ (control); 2 – 0.01; 3 – 0.05; 4 – 0.1; 5 – 0.5; 6 – 1

Рис. 2.	Кінетичні криві реакції суперпреципітації актоміозину серцевого м’яза: А – у разі додавання 
різних концентрацій SrCl2 (мМ): 1 – без  Sr2+ (контроль); 2 – 0,1; 3 – 0,5; 4 – 1; 5 – 5; В – у разі 
додавання різних концентрацій СdCl2 (мМ): 1 – без Сd2+ (контроль); 2 – 0,01; 3 – 0,05; 4 – 0,1; 
5 – 0,5; 6 – 1

The most significant changes of SPP kinetics are caused by Cd2+ ions: vn value 
reduces by 33 % already in the presence of 0.05 mM Cd2+ and by 71% at 1 mM Cd2+ 
(see Fig. 2, B). Thus, obtained data testifies that all studied divalent cations (Sr2+, Zn2+, 
Cd2+) can provide the actomyosin SPP reaction, but to various degrees compared to 
control. The investigations have shown that the effect of cations on actomyosin SPP 
correlates with changes of myosin ATPase activity under similar conditions [17]. 
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The effect of pristine water-soluble fullerene C60 and carbon nanotubes on super-
precipitation reaction of rabbit skeletal muscle natural actomyosin was been similar to 
our results, namely an increase of actomyosin superprecipitation by fullerene and nano-
tubes [1, 2]. 

For the next investigation we use protein A (pA) of Staphylococcus aureus in puri-
fied (PpA) and bacterial cell-bound (CBpA) forms. The implementation of the SPP re
action in the pA presence revealed that this substance in all studied concentrations 
(10-6–10-2 mg/ml) reduces the maximum value of optical density after ending of SPP 
reaction (Dmax) in various degrees (Fig. 3, A and B), as well as achieving of optical den-
sity half-maximum (t1/2), and increases the initial rate of SPP reaction (vo). 

Fig. 3.	 Curves of myocardium actomyosin SPP in control (1) and in the presence of cell-bound protein A from 
Staphylococcus aureus at concentrations of 10-2 (2); 10-3 (3); 10-4 (4) та 10-5 (5) mg/ml (A) and in the 
presence of purified protein A from Staphylococcus aureus concentrations 10-2 (2); 10-3 (3); 10-4 (4); 
10-5 (5) та 10-6 (6) mg/ml (B)

Рис. 3.	Криві суперпреципітації актоміозину серцевого м’яза в контролі (1) та за наявності клітинно
зв’язаного білка А золотистого стафілокока в концентраціях 10-2 (2); 10-3 (3); 10-4 (4) і 10-5 (5) мг/мл 
(А) та за наявності очищеного білка А золотистого стафілокока в концентраціях 10-2 (2); 10-3 (3); 
10-4 (4); 10-5 (5) і 10-6 (6) мг/мл (В)

Calculation of SPP normalized maximum rate showed that pA in both purified and 
in cell wall associated form is a powerful activator of actomyosin complex formation. 
Therefore, this substance causes more than doubled increase of vn parameter over the 
entire range of studied concentrations (Fig. 4, B). 

The obtained results allow us to speculate that staphylococcus pA alters the kine
tics of interaction between actin and myosin thus that his presence reduces the size of 
actin and myosin heads conglomerates, but increases the rate of their aggregation. 
Characteristics of the SPP kinetic curves (Dmax, vo and t1/2) in the presence of various 
concentrations of purified and cell-bound PA are presented in Tabl. 2 and Fig. 4, B. 

The data about changes of the SPP reaction kinetics confirms the predictions on 
the possible contact between pA molecules and proteins of contractile apparatus that is 
based on data obtained from the investigations of ATPase activity of contractile proteins 
[6, 10]. At the same time, kinetic curves of actomyosin SPP confirm theory about sig-
nificant biological activity of CBpA. Thus, we can assume that pA is able to interact di-
rectly with the contractile proteins exceptionally in case of penetration inside cardiomyo-
cytes [4, 6, 10, 13]. 
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Thus, our studies have shown that Sr2+, Zn2+, Cd2+ may provide actomyosin SPP 
the reaction, but in various degrees in relation to control – depending on the presence 
of certain ions, which can cause activation or inhibition of this process, respectively. It’s 
revealed that protein A effects on kinetics of myocardium actomyosin SPP reaction, and 
cell-bound form of pA is characterized by higher activity. 

Table 2.	 Effect of Staphylococcus aureus protein A on the parameters of myocardium 
actomyosin SPP curves (n =5 )

Таблиця 2.	Вплив білка А золотистого стафілокока на параметри кривих суперпреци­
пітації актоміозину серцевого м’яза (n =5 )

Protein A concentration, 
mg/ml

Cell-bound protein A Purified protein A
Dmax t1/2, min Dmax t1/2, min

0 (control)
10-6

10-5

10-4

10-3

10-2

0.61±0.02
–

0.49±0.02*
0.5±0.02*
0.56±0.02
0.56±0.01

3.2±0.14
–

2.5±0.09*
2.8±0.11
2.7±0.08*
2.6±0.06*

1.25±0.03
0.9±0.01*
1.2±0.02
1.0±0.02*
1.35±0.04
1.25±0.02

1.6±0.02
0.5±0.01*
1.1±0.02*
0.7±0.01*
1.8±0.03

0.75±0.01*
Comment:	* – P <0.05 (vs control).
Примітка:	 * – P <0,05 (щодо контролю).

Fig. 4.	 Modulation of normalized maximum of myocardium actomyosin SPP rates: A – in the presence of 
heavy metal ions; B – in the presence of protein A Staphylococcus aureus (purified and cell-bound 
form). The reference values are 100 % (n = 5)

Рис. 4.	Модуляція показників нормованої максимальної швидкості реакції суперпреципітації актомі-
озину серцевого м’яза: А – за наявності іонів важких металів; В – за наявності очищеного та 
клітиннозв’язаного білка А золотистого стафілокока. Щодо контролю, прийнятого за 100 % (n = 5)

The obtained results intensify our current conceptions about importance of physical 
and chemical environmental factors and staphylococcus active substances on the func-
tion of the myocardium contractile proteins and are important for the further develop-
ment of effective methods of human organism protection from the toxic activity of metal 
ions. However, the accumulated data not only complement our knowledge of the mecha
nism of action of metal ions on living organisms, but also give a possibility to predict 
regularities and active mechanism of other cations (based on analysis of their physical 
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and chemical properties). In other words, obtained results can be used in future bio-
physical as well as physiological or environmental studies. 
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ОСОБЛИВОСТІ РЕАКЦІЇ СУПЕРПРЕЦИПІТАЦІЇ АКТОМІОЗИНУ 
В РІЗНИХ УМОВАХ ОТОЧУЮЧОГО СЕРЕДОВИЩА

O. В. Цимбалюк, K. I. Богуцька, О. Ю. Нипорко, Т. Л. Давидовська
Київський національний університет імені Тараса Шевченка

вул. Володимирська, 64/13, Київ 01601, Україна
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Вплив іонів металів (Cd2+, Zn2+, Sr2+) та білка А стафілокока на реакцію супер-
преципітації актоміозину серцевого м’яза було досліджено за допомогою методів 
препаративної білкової хімії, оптичної спектроскопії та кінетичного аналізу. З’ясовано, 
що за концентрації 0,1–5 мМ іони металів пригнічують Мg2+-залежну реакцію супер-
преципітації актоміозину серцевого м’яза і змінюють кінетичні хакрактеристики цього 
процесу. Встановлено, що білок А модулює динаміку суперпреципітації, зменшуючи 
максимальне значення оптичної щільності та час досягнення її напівмаксимуму,  
а також збільшує початкову і нормовану максимальну швидкості суперпреципітації. 
Отже, досліджені фактори можуть впливати на актин-міозинову взаємодію, змінюю-
чи функціональні характеристики білків скорочувального комплексу кардіоміоцитів. 
Кінетичні характеристики суперпреципітації актоміозину є чутливими до дії фізико-
хімічних і фармакологічних факторів та можуть бути використані для дослідження їх 
впливу на молекулярні механізми м’язового скорочення.
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Влияние ионов металлов (Cd2+, Zn2+, Sr2+) и белка А стафилококка на реакцию 
суперпреципитации актомиозина сердечной мышцы было исследовано с помощью 
методов препаративной белковой химии, оптической спектроскопии и кинетического 
анализа. Показано, что при концентрации 0,1–5 мМ ионы металлов подавляют Мg2+-
зависимую реакцию суперпреципитации актомиозина сердечной мышцы и изменяют 
кинетические характеристики этого процесса. Установлено, что белок А модулирует 
динамику суперпреципитации, уменьшая максимальное значение оптической плот-
ности и достижение ее полумаксимума, а также увеличивает начальную и нормиро-
ванную максимальную скорости суперпреципитации. Таким образом, исследован-
ные факторы способны влиять на актин-миозиновое взаимодействие, меняя фун-
кциональные характеристики белков сократительного комплекса кардиомиоцитов. 
Кинетические характеристики суперпреципитации актомиозина чувствительны к дей-
ствию физико-химических и фармакологических факторов и могут быть использова-
ны для изучения их влияния на молекулярные механизмы мышечного сокращения. 
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