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SUMMARY 

Gizzard myosin is phosphorylated by a kinase found in chicken gizzards. The 
20,000 dalton light chains are the only subunits to show an anpreciable extent of 
32~ incorporation. Phosphorylation reauires trace amounts of Ca2+. The Mg2+- 
ATPase activity of gizzard myosin in the phosphorylated form is activated to an 
appreciable extent by skeletal actin, whereas the activation of the non-phospho- 
rylated myosin is very low. These results suggest that the Ca"-sensitive regula- 
tory mechanism of gizzard actomyosin is mediated via a kinase. In the presence 
of Ca2+ the onset of contraction and the resultant increase of the Mg2+-ATPase 
activity we suggest is due, at least partly, to the phosphorylation of the 20,000 

.dalton light chains. Whether or not Ca2+ binding by myosin is also essential 
remains to be established. 

INTRODUCTION 

The mechanism of regulation of smooth muscle actomyosin by Ca*+ is the subject 

of some controversy. There are basically two theories, one favoring a troponin-like 

protein (l-3) and the other suggesting that the myosin molecule fulfills the regula- 

tory function (4-7). Our recent results, although in favor of myosin-linked regula- 

tion have suggested that an additional factor is implicated. We proposed (8) that 

this involves a Ca2+-dependent phosphorylation of one of the components of the 

actomyosin complex, and the possibility was raised that a kinase forms part of the 

regulatory mechanism in smooth muscle. 

The preparation of kinase that we used was basically the same fraction that 

Ebashi et al. (1) designated gizzard native tropomyosin. It is interesting that 

the effect of this fraction on the Mg 2$-ATPase activity of desensitized gizzard 

actomyosin was to cause an activation in the presence of Ca2+ and to have very little 
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effect in the absence of Ca2+ (2,8). This is quite different from the effects 

produced in the skeletal muscle system using troponin and tropomyosin (9). It has 

been noted by several investigators (7,10,11) that the Mg2+ -ATPase activity of smooth 

muscle myosin was not activated effectively by actin. Since the crude kinase prepa- 

ration activated the Mg2+ -ATPase activity of gizzard actomyosin and as this was 

accompanied by a phosphorylation of the actomyosin (8) it was thought that phospho- 

rylation may be a prerequisite for actin activation. Before this hypothesis could 

be accepted, however, it was necessary to identify the site of phosphorylation, 

which might be expected to be the myosin molecule. This prediction was realized, 

and in this communication it is shown that the 20,000 dalton light chains of 

myosin are phosphorylated. Our results indicate also that phosphorylated myosin 

is activated by actin to a greater extent than the non-phosphorylated form. These 

data suggest that the regulatory mechanism in gizzard actomyosin is mediated via 

a kinase rather than a troponin-like component. 

MATERIALS AND METHODS 

Myosin was prepared using a combination of two methods. The initial part 
of the preparation followed the procedure of Bailin and B&r&try (12). Treatment 
with ribonuclease and chromatography on DEAE-cellulose were omitted. The second 
part of the method employed the purification techniques outlined by Sobieszek and 
Bremel (13). Myosin was dissolved in 0.6M KC1 and clarified by centrifugation 
at 100,OOOxg for 1 hr. The supernatant was diluted with 9 volumes of cold distilled 
water, and the precipitated myosin was collected by centrifugation at 5,000xg for 
10 minutes. The pellets were suspended in 6OmM KC1 and ATP and EDTA were added to 
a final concentration of 1OmM and lmM, respectively. This solution was centrifuged 
at 40,OOOxg for approximately 20 hrs. MgC12 was added to the supematant to a 
final concentration of 40mM. This step precipitated the myosin which was collected 
by low speed centrifugation and dialysed against 2OmM KCl, 1OmM tris-HC1 (pH 7.6) 
0.2mM dithiothreitol. 

Actin from skeletal muscle and tropomyosin from chicken gizzard were prepared 
as outlined previously (14). The crude kinase from chicken gizzards was prepared 
following the procedure used by Ebashi et al. (1) to isolate native tropomyosin. 
The original method was modified slightly as we used a fraction obtained between 
37 and 55 percent ammonium sulfate saturation. 

Incorporation of 32 P fromy-labelled [32P] ATP was measured by the method 
described previously (8). 

ATPase activity was assayed in a medium containing 5OmM KCl, 1OmM MgC12, 
2.5mM ATP, 25mM tris-HCl (pH 7.6). When required, 1mM 2,2'-eth lenedioxybis 
[ethyliminodi (acetic acid)], h+ EGTA, was added to remove free Ca . Other assay 
conditions were as given earlier (14). 
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The method of Fairbanks et al. (15) was used for SDS polyacrylamide electro- 
phoresis. 

RESULTS 

The site of phosphorylation was identified by subjecting a phosphorylated 

sample of gizzard actomyosin to SDS gel electrophoresis and then determining the 

32P content in different regions of the gel. Shown in Fig. I is a scan of a 

stained gel and the 32 P content associated with each component. 'Ihe only subunit 

with a significant extent of 32P incorporation was the 20,000 dalton light chain 

of myosin (designated in Fig. I as L.C.2). 
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. . The distribution of 32P incorporation in gizzard actomyosin as determined 
by SDS gel electrophoresis. Phosphorylation was carried out as described 
previously (8) through the heating step (9O'C for 20 min.). The actomyosin 
was then dialysed exhaustively against 1OmM Tris-HCl (pH 7.6) and applied to 
SDS polyacrylamide gels (15). 10 gels were prepared, 55 ug protein was 
applied to each. All gels were stained (15) and one gel was scanned at 
550 nm. The protein bands from the other 9 gels were cut out and each 
component combined in a scintillation vial, 0.7ml of 30% H202 was added 
and the samples were heated at 50-55°C for 5 hrs. Scintillation liquid 
was added and the samples were counted (8). 

The effect of the kinase preparation on the Mg2+-ATPase activity of a mixture 

of gizzard myosin and skeletal actin, is shown in Fig. 2. Shown also in this figure 

is the extent of 32P incorporation associated with each mixture. At low concen- 

trations of kinase, in the presence of Ca2+, the Mg2+-ATPase activity and the 
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Fig. 2 The effect of kinase on the phosphorylation and Mg2+-ATPase activity of 
gizzard myosin and skeletal actin. Assay conditions for both ATPase activity 
and phosphorylation were: 1OmM MgC12, 50mM KCl, 25mM tris-HCl (pH 7.6), 
2.5mM ATP. Myosin, 0.76mg. Actin 0.58mg. 
32P incorporation. 

(0,O) ATPase activity. (A& 
Solid and open symbols denote assays done in the absence 

and presence of 1mM EGTA, respectively. 

level of 32P incorporation increased rapidly. The increase became less marked at 

higher concentrations of kinase. An important feature of this system is that in 

the absence of Ca2+ (i.e. the presence of EGTA) the Mg2'-ATPase activity of the 

actomyosin was not affected by the addition of kinase and neither was the extent 

of 32P incorporation. This confirms our earlier findings (8) that the phosphory- 

lation is Ca2+ dependent. The suggestion that was made previously (8) that a 

relationship existed between Ca2+ sensitivity and phosphorylation of the actomyosin 

complex may now be refined to identify the site of phosphorylation as the myosin 

molecule. 

If  one takes the maximum level of phosphorylation of the myosin molecule 

from Fig. 2 as 3.6 moles/106g myosin, then this is equivalent to approximately 1.7 

moles P incorporated per mole myosin. Since there are probably 2 moles of the 

20,000 dalton light chain per mole of gizzard myosin (7) it is reasonable to expect 

that the maximum extent of phosphorylation is two moles P per mole myosin, i.e. 

one per 20,000 light chain. The reason why this level is not obtained experimentally 

is due most likely to the presence of a phosphatase. 
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Fig. 3 The effect of varying actin concentrations on the phosphorylation and 
Mg2+-ATPase activity of gizzard myosin. Assay conditions as in Fig. 2. 
Kinase, 0.27mg. ATPase assays done in the absence (0) and presence (0) of 
1mM EGTA. (A) ATPase assays done in the absence of kinase. (o> 32P in- 
corporation done in the presence of kinase and absence of EGTA. 

The effect of the kinase on the activation of gizzard myosin by actin can 

be shown more effectively in Fig. 3. For this experiment a constant amount of myosin 

and kinase was used and the amount of actin was varied. The Mg2+-ATPase activity of 

the gizzard myosin was activated significantly by relatively low concentrations of 

actin. Again, it should be pointed out that this activation was achieved only in 

the presence of kinase and in the presence of Ca2+ (Fig. 3). When gizzard tropo- 

myosin was used in place of the kinase no activation was observed. 

A significant finding, illustrated in Fig. 3, is that in the presence of 

the kinase the activation by actin occurred at a reasonable stoichiometry of actin 

to myosin. The Mg2+-ATPase activity increased rapidly up to an equimolar ratio 

and then increased more gradually with excess actin. The level of ATPase activity 

that is obtained with a mixture of gizzard myosin, skeletal actin and kinase is 

similar to that found with gizzard actomyosin isolated as the intact complex (8), 

assuming for the latter an actin to myosin molar ratio of between 2 and 3. 

The extent of 32P incorporation was determined for some of the experimental 

qoints and is shown in Fig. 3. The influence of actin on the phosphorylation of 

qosin is not significant. Although a slight increase was observed on the addition 
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of actin, it is clear that the major extent of phosphorylation of myosin occurred 

in the absence of actin. 

DISCUSSION 

The above results indicate that phosphorylated myosin is activated by actin 

more efficiently than non-phosphorylated myosin. This finding could account for 

the variable extents of actin activation reported in the literature (7,10,11), as 

one might expect a relationship between the degree of actin activation and the 

kinase content in the myosin preparation. The possibility that the activation of 

ATPase activity is an artifact due to the action of a "pseudo-ATPase" (a linked 

kinase-phosphatase system) is unlikely. I f  a "pseudo-ATPase" system was responsible 

for the effect, the activation by the kinase of the Mg2+-ATPase activity of myosin 

alone should approach that of the actin-myosin complex. This was not the case. 

We were also concerned with the possibility that actin might influence the phospho- 

rylation of myosin. This is unlikely, as it was shown in Fig. 3 that the extent 

of 32P incorporation was essentially independent of the concentration of actin. 

There are many reports in the literature on the phosphorylation of muscle 

or muscle-like proteins (16). In general, however, phosphorylation is not 

accompanied by an alteration of function. An exception to this is the report of 

Adelstein and Conti (17) in which it was demonstrated that phosphorylation of 

platelet myosin increased the extent of actin activation. These observations are 

similar to ours except that the platelet kinase is not Ca2+ dependent. The 20,000 

dalton light chain of platelet myosin also was phosphorylated (17,18). 

In skeletal muscle, the Ca2+ dependent control system operates by regulating 

the actin myosin interaction, and in the absence of Ca2+ by effecting a dissociation 

of the two proteins (19,ZO). This is the function of troponin and tropomyosin. 

In smooth muscle (if one generalizes the situation found in gizzard) there appears 

to be a different mechanism. There is no control exerted through the thin filaments, 

and the regulatory mechanism is centered on the myosin molecule (4-7). The situation, 

however, is not simply a myosin-linked system such as that found, for example, in 

the molluscs (21). Myosin alone is not sufficient for regulation for, as we have 
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shown, a kinase is implicated. An additional factor must also be present to allow 

the kinase to serve a regulatory function, namely, a phosphatase which removes the 

phosphate groups from the myosin. Gizzard actomyosin preparations do contain a 

phosphatase, as the dephosphorylation of myosin can be observed following the 

removal of free Ca2+. The balance of the kinase and phosphatase obviously is a 

critical feature of the regulatory mechanism and this must be resolved in the 

future. Another point which is not clear at this time is the role of Ca2+ binding 

to myosin. It was shown previously that gizzard myosin binds Ca2+ (7) but it is 

not known if this is an essential part of the mechanism and is required in addition 

to the phosphorylation. 
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