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Protein kinase C catalyzes phosphorylation of caldf$mon, an F-actin 
binding protein of smooth muscle, in the presence of Ca and phospholipid. 
Protein kinase C incorporates about 8 mol of phosphate/m01 of chicken 
gizzard caldesmon. When calmodulin was added in the medium, there was an 
inhibition of phosphorylation. The fully phosphorylated, but not 
unphosphorylated, caldesmon inhibited myosin light chain kinase activity. 
The possibility that protein kinase C plays some role in smooth muscle 
contractile system through caldesmon, warrants further attention. @ 1985 

Academic Press, Inc. 

Recent evidence indicates that muscle contraction is regulated by 

intracellular Ca 2+ concentrations ranging from 10 -7 - 1O-8 M to 5 x 1D-6 M. 

It is now generally accepted that in smooth muscle and non-muscle cells, the 

regulation of contraction is due to the phosphorylation and dephosphory- 

lation of the 20,000-dalton light chain of myosin (1,2). This key reaction 

is mediated by myosin light chain kinase (MLC kinase), which requires Ca 2+ 

and calmodulin. As a result of the covalent modification, the activity of 

the actin-activated Mg 2+ -ATPase is markedly enhanced (3-5), and myosin 

filaments are stabilized (6). However, there seems to be another type of 

Ca2'-dependent mechanism linked to smooth muscle, namely the F-actin 

severing and capping proteins (7-9). Caldesmon, first described Sobue 

et al. (lo), is a F-actin binding protein and also interacts with calmodulin 

in the presence of Ca 2+ . They proposed that caldesmon may be involved in 

regulation of the actin- myosin interaction in a Ca 2+ dependent manner and 

*To whom all correspondence should be addressed. 

The abbreviations used are: protein kinase C, Ca 2+ -activated phospholipid- 
dependent protein kinase; MLC kinase, myosin light chain kinase, EGTA, 
ethylene glycol bis (B-aminoethyl ether)-N,N,N',N'-tetraacetic acid; CaD, 
caldesmon. 
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"flip-flop mechanism" was the term used (11). Recent studies indicated that 

caldesmon causes a significant inhibition of both superprecipitation and 

actin-activated Mg 2+ -ATPase activity (12), and that caldesmon induces 

polymerization of G-actin into filaments in a very low ionic strength 

solution (13). 

Protein kinase C is a Ca 2+ -dependent protein kinase that requires 

phosphatidylserine but not calmodulin (14) for its activity. This kinase is 

distributed in a wide variety of mammalian tissues, including smooth muscle 

(15,16). There are several proteins known to be phosphorylated by protein 

kinase C (15-25). However, the physiological significance of protein 

kinase C-induced phosphorylation remains to be established. 

We have reported that two different actin binding proteins, vinculin 

and filamin were phosphorylated by protein kinase C (20). The present 

manuscript describes the phosphorylation of caldesmon catalyzed by protein 

kinase C. 

MATERIALS AND METHODS 

Caldesmon was freshly prepared from chicken gizzard smpgth muscle 
according to Bretscher (26) and an extinction coefficient E 
to determine the protein concentration. Protein kinase C w$~6p~;~i!?~yused 
purified from rabbit brain (27). Calmodulin was isolated from bovine brain, 
as described (28). MLC kinase was purified from chicken gizzard, according 
to Adelstein and Klee (29). Protein kinase C was assayed in a volume of 
0.2 ml of 25 mM Tris-HCl (pH 73$.), 1 mM MgCl 1 mM CaCl 50 w/ml 
phosphatidylserine, 0.5 mM [Y- P]ATP, 5 uM ?ildesmon an 8' 1.0 ug of Protein 
Kinase C at 28°C for 20 min. Phosphorylated caldesmon was isolated by gel 
filtration on Sephacryl S-300 column (2.5 x 110 cm) equilibrated with 10 mM 
imidazole (pH 7.0) 0.1 M NaCl, 0.1 mM EGTA, 0.1 mM DTT, after the 
phosphorylation of caldesmon by protein kinase C as described in the text. 
MLC kinase was assayed in a volume of 0.2 ml of 25 mM Tris-HCl (pH 7.5), 
5 mM MgCl 0.1 mM CaCl 0.4 pM calyfdulin, 0.2 mg/ml isolated 20,000- 
dalton my8;in light cha?;, 10 uM [Y- P]ATP, and 52 ng of MLC kinase at 30°C 
for 5 min. SDS-polyacrylamide gel electrophoresis was carried out according 
to Laemnli (30), using a 3% acrylamide stacking gel and a 7.5 % acrylamide 
resolving gel. The phosphorylf$ed protein was visualized by autoradiography 
using Kodak-X-O mat film. [Y- P]ATP was obtained from Amersham, 
phosphatidylserine (beef brain) was from Serdary Research laboratory, Inc. 
All other regents were of the highest grade available. 

RESULTS AND DISCUSSION 

Chicken gizzard muscle caldesmon was phosphorylated by protein kinase C 

in the presence of Ca 2t and phospholipid (Table 1). Ca2' did not stimulate 
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L3*+ 
Table 1 

and phospholipid dependence 
of caldesmon phosphorylation by protein kinase C 

Activator CaD phosphorylation 

EG$$ (1 mM) 
Ca2+ (1 mW 
Ca tphosphatidylserine (50 pg/ml) 

pmol/min 
0.59 
0.87 

81 

Phosphorylation assay was measured as described under "Materials 
and Methods". Protein kinase C activity was assayed using 1.5 
mg/ml of caldesmon in the presence of 1 ti CaC12 and 50 pg/ml 
phosphatidylserine or 1 mM EGTA. 

the phosphorylation of caldesmon by protein kinase C in the absence of 

phosphatidylserine. Phosphorylation of caldesmon by protein kinase C was 

further supported by autoradiographic analysis of the SDS-polyacrylamide gel 

electrophoresis (Fig. 1). Incorporation of 32P in the presence Ca2+ alone 

was scanty. Similar observations have been reported for the phosphorylation 

of smooth muscle heavy meromyosin (31). In contrast to caldesmon, other 

substrate proteins such as tyrosine hydroxylase or guanylate cyclase are 

Polyacrylamide gel Autoradiograph 
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Figure 1. Phosphorylation of caldesmon by protein kinase C 
The left panel shows Coomassie blue stain of SDS-polyacrylamide 
gel electrophoresis of caldesmon and the right panel shows an 
autoradiograph of the gel. Lane A, 1 mM EGTA; Lane B, 1 mM CaC12; 
Lane C, 1 mM CaCl + 50 pg/ml phosphatidylserine. Other assay 
conditions were d F scribed under "Materials and Methods". 
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appreciably phosphorylated by protein kinase C in the presence of Ca 2+ alone 

(18,23). A recent report indicated that caldesmon was phosphorylated by a 

Ca2+/calmodulin-dependent protein kinase contaminating the crude caldesmon 

preparation (12). In our preparation, endogenous phosphorylation of 

caldesmon was not evident when caldesmon was incubated without protein 

kinase C and in the presence of Ca2+ and calmodulin. MLC kinase also did 

not induce the phosphorylation of caldesmon in the presence of Ca 2+ and 

calmodulin (data not shown). 

The initial rate of phosphorylation of caldesmon by protein kinase C 

was studied over a wide range of substrate concentrations (Fig. 2). The 

apparent Km value for caldesmon was 9.7 pM and the Vmax value was 91 

nmol/min/mg protein. The Km value was higher than the values of 3.6 and 

2.4 uM for histone Hl and heavy meromyosin, respectively, and was lower than 

the value of 28.6 uM for the isolated 20,000-dalton myosin light chain (31). 

The time course of phosphorylation of caldesmon by protein kinase C is 

shown in Fig. 3. Incorporation reached 7.7 mol of phosphate per mol of 

caldesmon at the end of 2 hr. Caldesmon served as an excellent substrate 

for protein kinase C, compared with the other acidic substrate proteins. 
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Figure 2. Double reciprocal plots of phosphorylation of caldesmon by protein 
kinase C 
The following concentrations (JJM) of caldesmon were used: 1.67, 
2.0, 2.22, 2.5, 2.86, 3.33, 4, 5, 6.67, 10, 12.5, 16.7, 25, 33.3, 
40. Other assay conditions were described under "Materials and 
Methods". The molecular weight of caldesmon was 300,000 daltons. 

Figure 3. Phosphorylation of caldesmon by protein kinase C in the presence 
(0) or absence (0) of calmodulin. 
Caldesmon (1.5 mg/ml) was phosphorylated, with or without 
calmodulin (1 mg/ml), as described under "Materials and Methods". 
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Stoichiometric studies, with troponin I, troponin T, and heavy meromyosin as 

substrates, showed that protein kinase C incorporated about 1.7, 2.0, and 

2.0 mol of phosphate per mol of the proteins, respectively (21,31). In the 

presence of calmodulin, phosphorylation of caldesmon by protein kinase C was 

less (5.7 mol Pi/m01 caldesmon). Since calmodulin binds to caldesmon in the 

presence of Ca2+, some phosphorylation sites may be located in the 

calmodulin-binding region of caldesmon. 

Fig. 4 shows the effects ofnative unphosphorylated caldesmon and of 

caldesmon phosphorylated by protein kinase C on MLC kinase activity, using 

the isolated 20,000-dalton myosin light chain as a substrate for MLC kianse. 

Unphosphorylated caldesmon had essentially no effect on MLC kinase activity, 

up to 10 ug/ml. On the other hand, in the presence of phosphorylated 

caldesmon by protein kinase C, there was approximately a 40% decrease in MLC 

kinase activity. 

Nagai and Walsh reported that caldesmon caused a inhibition of actin 

activated myosin Mg 2+ ATPase activity and did not affect the phosphorylation 

of myosin. Caldesmon phosphorylated by Ca'+/calmodulin-dependent kinase, 

did not inhibit Mg2+ ATPase activity (12). They also stated that 

cAMP-dependent protein kinase and MLC kinase are unable to phosphorylate 

caldesmon (32). These findings suggest that two different kinases, Ca*+/ 

CaD ( gg/ml) 

Figure 4. Effect of caldesmon phosphorylated by protein kinase C on MLC 
kinase 
Islated 20,000-dalton myosin light chain (0.2 mg/ml) was 
phosphorylated by MLC kinase in the presence of unphosphorylated 
caldesmon (0) or phosphorylated caldesmon by protein 
kinase C (0). MLC kinase assay condition was described under 
"Materials and Methods". 
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calmodulin dependent kinase and protein kinase C, might be involved in the 

contraction of smooth muscle, via phosphorylation of caldesmon by these 

kinases. 
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