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Abstract. Ca2+-dependent conformational changes in F-actin during myosin sub-
fragment-1 binding with thin filament (in the absence of troponin and 
tropomyosin) were found in myosin-free ghost fibres by polarized UV microscopy. 
The pattern of the conformational changes in F-actin changed cooperatively within 
the range of free Ca2+ concentrations from 10"7 mol/1 to 10"6 mol/1. It should be 
suggested that in skeletal muscle of vertebrates there exists a myosin-linked 
modulation of contraction by Ca2+. 
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Introduction 

It has been established that the regulation of myosin-actin interaction goes via Ca2+ 

binding either with the troponin-tropomyosin system, localized on actin filaments 
(troponin-linked regulation), or with regulatory light chains of myosin 
(myosin-linked regulation) (Szent-Gyôrgyi 1975). Myosin-linked regulation is very 
typical of molluscan muscles but it has not been found in skeletal muscles of 
vertebrates (Szent-Gyôrgyi 1975 ; Kendrick-Jones et al. 1976). Nevertheless, Ca2+ 

binding with 5,5'-dithiobis (2-nitrobenzoic acid) (Nbs2) light chains of skeletal 
muscles significantly affects the pattern of myosin-actin interaction (Margossian et 
al. 1975; Haselgrove 1975; Lehman 1978; Borovikov et al. 1982). 

In our previous study, it has been shown that Ca2+ binding with myosin light 
chains changes the pattern of conformational changes in F-actin during the 
formation of F-actin-subfragment-1 complex only at the moment of the myosin 
subfragment-1 (SI) binding to actin (Borovikov et al. 1982). In the present study, 
we show that such changes induced by SI binding occur cooperatively within the 
range of Ca2+ concentrations from 10"7 mol/1 to 10"6 mol/1. The information was 
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Fig. 1. Sodium dodecyl sulfate gel electrophoresis, (a) Glycerinated muscle fibre (50 fig); (b) Ghost 
fibre (50 fig); all in 12% polyacrylamide with 2% sodium dodecyl sulfate; (c) Mg-subfragment-1 
(100 ng); (d) EDTA-subfragment-1 (200 fig); all in 10% polyacrylamide with 1% sodium dodecyl 
sulfate. HC, myosin heavy chains; C, C-protein; a, cc-actinin; A, actin; TM, tropomyosin; TN-T, 
TN-I, TN-C, troponin; A l , A2, alkaline light chains; Nbs2-LC, Nbs2 light chains. 

obtained from studies of intrinsic tryptophan polarized fluorescence of the 
myosin-free ghost fibres. 

Materials and Methods 

The study was carried out on single glycerinated muscle fibres of rabbit (Rome 1973), devoid of myosin, 
troponin and tropomyosin, and containing more than 80% of actin (ghost muscle fibres) (Fig. 1) 
(Borovikov et al. 1982). SI was obtained by papain digestion of myosin from rabbit skeletal muscles in 
the presence of 2 mmol/1 MgCl2(Mg-Sl) or 2 mmol/1 EDTA (EDTA-Sl) (Margossian et al. 1975). 
Mg-Sl contained myosin Nbs2 light chains, whereas EDTA-Sl was practically free of them (Fig. 1) 
(Margossian et al. 1975; Borovikov et al. 1982). The protein composition of ghost fibres and the 
content of light chains in Mg-Sl and EDTA-Sl were determined by sodium dodecyl sulfate gel 
electrophoresis (Sheludko 1975; Weber and Osborn 1969). 

The binding of SI to F-actin, as described earlier (Borovikov et al. 1982), was performed by one 
hour incubation of ghost fibre in a solution (in mmol/ r 1 ) : 60 KC1; 1 MgCI2; 30 Tris-HCl buffer (pH 
7.5); and 2.5 mg/ml SI at 18°C.The molar ratio of Mg-Sl or EDTA-Sl to actin in decorated fibres were 
similar (1:2) (Borovikov et al. 1982). The needed Ca2+ concentrations in the solutions were achieved 
using the Ca-EGTA buffer system (Ogawa 1968). 

The degree of polarized tryptophan fluorescence (P) was recorded by a microspectrophotometer 
with the orientation of fibre parallel (Pn) and perpendicular (Px) to the polarization plane of the 
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Fig. 2. Changes in the degree of polarization (P) of tryptophan fluorescence of ghost fibres induced by 
EDTA-Sl (A) or Mg-Sl (B) binding at different Ca2+ concentrations (pCa). Measurements were 
made in a solution containing (in mmol . 1"'): 100 KCI; 1 MgCl2; 30Tris-HCl buffer; pH 7.5 (the 
required concentration of Ca2* was adjusted by Ca/EGTA buffer). Each point of the curve represents 
an average of 30—50 measurements, made on 8—10 fibres. Vertical bars indicate standard deviations 
O — P,,; • — P. . 

incident light (Borovikov et al. 1982). Fibre fluorescence was excited at 303 ± 4 nm, and registered at 
320—380 nm. The analysis of the data obtained was done as described elsewhere (Yanagida and 
Oosawa 1978). 

Results 

For muscle fibres devoid of myosin, troponin and tropomyosin (Fig. 1) Px 

(P x = 0.207 ±0.002) was higher than P„ (P„ = 0.191 ±0.002) and the index of 
anisotropy (Px/Pn) exeeded unity (1.08 ± 0.01. n = 15). If the thin filaments were 
damaged, the P±.IP\\ ratio becomes unity (Kirillina et al. 1979). Consequently, the 
parameters of tryptophan fluorescence (Pi , P\t and P±/P||) of ghost fibre are closely 
connected with F-actin in thin filaments. These parameters are changed significant
ly during SI attachment to F-actin. The attachment of EDTA-Sl deficient in Nbs2 

light chains to F-actin, irrespective of Ca2+ concentration, resulted in a decrease in 
tryptophan fluorescence anisotropy, since Pi and PJP\\ decreased and Py increased 
(Figs. 2A; 3). During Mg-Sl binding (the preparation contained native Nbs2 light 
chains) in the presence of Ca2+ (from 10"4 mol/1 to 10"6 mol/1) the tryptophan 
fluorescence anisotropy decreased: P± and P±/P|| diminished and P\\ increased, 
whereas in the absence of Ca2+ (from 10"7 mol/1 to 10"9 mol/1) the fluorescence 
anisotropy increased: P± and Pj./Pn increased and Py decreased (Figs. 2B; 3). It is 
of interest that tryptophan fluorescence anisotropy showed cooperative changes at 
Ca2+ concentrations from 10"7 mol/1 to 10 6 mol/1 (Figs. 2 B ; 3). These changes 
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Fig. 3. Changes in tryptophan fluorescence anisotropy index (PJPH) of ghost fibres induced by 
EDTA-Sl (O) or Mg-Sl binding ( • ) at different concentrations of free Ca2+ (pCa). For symbols and 
experiment conditions see legend to Fig. 2. 

were not due to Ca2+ binding either to the troponin-tropomyosin complex or to 
F-actin itself, since the ghost fibres and SI preparations were free of troponin and 
tropomyosin (Fig. 1) and since no changes in polarized fluorescence parameters of 
ghost fibres were observed during changes in free Ca2+ concentration in the 
solution. Evidently, Ca2+-dependent changes in P±, Pv and P±/Pu (Figs. 2 B ; 3) 
were due to F-actin binding to the myosin head molecules, whose Nbs2 light chains 
are able to bind Ca2+. 

It should be pointed out that fibres decorated with Mg-Sl at certain Ca2+ 

concentration lose their sensitivity to further variations in Ca2+ concentration. 
When such fibres are placed into solutions with varying Ca2+ concentrations they 
show no changes in their polarization characteristics; this suggests that the changes 
initiated by Mg-Sl binding (in the absence of ATP) are irreversible. The 
reversibility of the effect can be achieved by the addition of ATP (5 mmol/1) to 
decorated fibres. In this case, the parameters of polarized fluorescence return to 
their initial values (as in the absence of SI), suggesting dissociation of Mg-Sl from 
the surface of actin filaments of ghost muscle fibres. 

Discussion 

It has been shown earlier that changes in polarized tryptophan fluorescence of 
ghost muscle fibre, resulting from F-actin decoration with SI, reflect conformation
al changes in F-actin (Borovikov et al. 1982). Ca2+ binding to Nbs2 light chains of 
Mg-Ca significantly affects the pattern of such changes. Apparently, F-actin is 
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conformed during the formation of the F-actin-Sl complex depending on the 
conformation of the actin-binding site in SI at the moment of binding. The latter, in 
its turn, depends on whether Nbs2 light chains contain bound Ca2+ or not. 

As follows from the present experiments, changes in F-actin conformation 
pattern during interaction with Mg-Sl, induced by Ca2+ binding to Nbs2 light 
chains, occur within the range of Ca2+ concentrations between 10"7 mol/1 and 
10 - 6 mol/1 in the presence of 1 mmol/1 of Mg2+. Meanwhile, it has been known that 
Ca2+ binding to Nbs2 light chains of myosin is performed by Ca2+—Mg2+ sites (or 
non-specific metal ion binding sites) in which Ca2+ has to compete with Mg2+ 

(Bagshow and Kendrick-Jones 1979). As a result, in the presence of Mg2+, Ca2+ 

binding to Nbs2 light chains of myosin occurs at rather high Ca2+ concentrations (in 
the order of 10~5 mol/1) (Morimoto and Harrington 1974; Bagshow and Ken
drick-Jones 1979; Holroyed et al. 1979). Thus, only few molecules of Mg-Sl are 
capable of binding Ca2+ within the range of Ca2+ concentrations of 10"7 mol/1 
— 10~6 mol/1. Nevertheless, as follows from the results, even such a small number 
of molecules is quite enough to change radically the pattern of conformational 
changes in F-actin. Apparently, the changes in F-actin conformation are so radical 
that its further interaction with other Mg-Sl molecules (both bound and unbound 
Ca2+) has no effect on F-actin conformation. This is suggested by the data on high 
positive cooperativity of conformational changes in F-actin at SI binding 
(Borovikov et al. 1982; Miki et al. 1982), as well as by the fact that an increase in 
the number of Mg-Sl molecules bound to Ca2+ with the rise in Ca2+ concentration 
in solution from 10"6 mol/1 to 10~4 mol/1 initiates almost no further changes in 
polarized characteristics of F-actin (Figs. 2 B ; 3). 

It should be emphasized that our interpretation has been based on the fact that 
Ca2+ binding to Nbs2 light chains in the presence of Mg2+ occurs within the range of 
Ca2+ concentrations of about 10~5 mol/1. However, there is evidence that half-
maximal conformational changes in myosin spin-labelled Nbs2 light chains occur in 
the presence of 1 mmol/1 Mg2+ at pCa = 6.8 (Okamoto and Yagi 1977). If the 
sensitivity of Nbs2 light chains to Ca2+ in the presence of Mg2+ is actually so high, it 
only facilitates the interpretation of our data; in this case, in the range of Ca2+ 

concentrations from 10~7 mol/1 to 10 - 6 mol/1 more than a half of all the Mg-Sl 
molecules in the solution would contain bound Ca2+. However, in a majority of 
studies on Ca2+ binding to myosin in the presence of Mg2+, it has been shown that 
binding occurs within the range of free Ca2+ concentrations of the order of 10~5 

mol/1 (Morimoto and Harrington 1974; Bagshow and Kendrick-Jones 1979; 
Holroyed et al. 1979). If this is actually the case, it can be assumed from the above 
that the observed Ca2+-dependent conformational changes in F-actin during 
Mg-Sl binding reflect changes in thin actin filaments at contraction and are 
involved in the regulation of skeletal muscle contraction by Ca2+. 

It is known that Mg2+ is substituted for Ca2+ in Ca2+ - Mg2+ - sites of Nbs2 light 



462 Borovikov and Levitsky 

chains of myosin at a low rate insufficient to regulate myosin-actin interaction 
during triggering of contraction (Bagshow and Reed 1977). Calculations show that 
during contraction triggering when free Ca2+ concentration increases rapidly 
(within several tenth of ms) to 10"5 mol/1, the number of myosin heads already 
bound to Ca2+ in the presence of 2.5 mmol/1 Mg2+ constitutes only 1.5—2% of 
their total number (Potter et al. 1981). However, as shown above, even such 
a small number of Ca2+-bound myosin heads might be sufficient to change the 
conformation of actin filaments. Apparently, such a change in the conformation of 
actin filaments reflects their transfer to some "switched-on" state (a possibility of 
the existence of actin filaments in two possible conformational states — "switched -
on" and "switched-off" has been assumed earlier (Lednev and Frank 1977; 
Weber and Murray 1973; Murray et al. 1982; Borovikov and Gusev 1983). 
Subsequent Ca2+ binding to myosin heads (e.g. during tetanic contraction) can be 
of importance in maintaining the "on" -state of actin, which apparently is necessary 
to maintain the level of tension developed by a single muscle fibre. During 
complete relaxation of muscle fibre, when free Ca2+ concentration decreases to 
10~8 mol/1, Nbs2 light chains of all myosin heads lose Ca2 +; in this case, myosin 
heads in their interaction with actin, apparently switch actin filaments to the 
"off"-state. 

It is possible that a myosin-linked regulation of contraction by Ca2+ exists in 
skeletal muscles of vertebrates alongside with troponin - linked regulation. Howev
er, in this case, Ca2+ binding to Nbs2 light chains of myosin regulates the pattern of 
such interaction rather than the possibility of myosin-actin interaction. Such an 
effect may better be called "modulation" rather than "regulation" of myosin-actin 
interaction. Depending on Ca2+ concentration, myosin heads and actin interact 
differently and, as a result, they make actin filaments get into one of two possible 
states: "on" or "off" state. Regulation (or modulation) of this kind may be of 
importance for both the triggering of contraction and the maintaining of tension of 
the muscle fibre (e.g. during tetanic contraction) and its relaxation. 
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