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SUMMARY: Myosin l ight chain phosphorylation in aortic smooth muscle 
homogenate reached a maximal level of 0.75 mol phosphate/mol l ight chain, 
and then declined. Addition of okadaic acid led to a sustained 
phosphorylation level of 1.7 mol/mol. In the absence of okadaic acid, 
phosphorylation was predominantly due to myosin l ight chain kinase, 
whereas in the presence of okadaic acid both myosin light chain kinase 
and protein kinase C were involved in phosphorylation. Okadaic acid 
inhibited dephosphorylation of the distinct sites in LC phosphorylated by 
either myosin light chain kinase or protein kinase C, suggesting that i t  
exerts its effect through inhibition of myosin l ight chain phosphatases 
present in aortic homogenate. ~ 1988 Academic Press, Z~C. 

I t  is generally accepted that phosphorylation of the 20,000 dalton 

l ight chain of myosin (LC) is involved in the ini t iat ion of smooth muscle 

contraction (1). LC phosphorylation may be catalyzed by myosin l ight 

chain kinase (MLCK) and protein kinase C on distinct serine and threonine 

residues (2-4). 

We have recently shown that in phosphatase-free actomyosin, LC 

phosphorylation may exceed 2 mol phosphate/mol LC by the simultaneous 

action of MLCK and protein kinase C (4). In contrast, during various 

stimulations of intact artery, LC phosphorylation ranged between 0.7-0.8 

mol/mol and was mainly attributable to MLCK (5). Since myosin LC 

phosphatases are present in muscle, they may modulate the phosphorylation 

level of LC. 
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Okadaic acid (OA), a toxin isolated from black sponges, was shown to 

inhibi t  myosin LC phosphatases in smooth muscle homogenate (6). In this 

paper we show that in aortic homogenate, OA markedly enhances LC 

phosphorylation by both MLCK and protein kinase C due to the inhibiton of 

phosphatases. 

EXPERIMENTAL PROCEDURES 

Aorta segments were obtained from freshly slaughtered hogs. The 
cleaned and chopped aortic media was homogenized with a Brinkmann 
Polytron in a solution containing 35 mM KCl, 50 mM 3-(4-morpholino)propane 
sulfonic acid (MOPS), l mM DTT, 0.15 mM phenylmethylsulphonylfluoride 
(PMSF), l mg/liter leupeptin, 2 mg/liter soybean trypsin inhibitor and 
70 ~M streptomycin, pH 7.0 (Buffer A). The LC in the homogenate was 
phosphorylated by endogenous kinases in the presence of 5 mM MgS04, 
2 mM [T-32p]ATP (150-200 cpm/pmol) and 2 mM EGTA, or O.l mM CaCl2, 
or O.l mM CaCl 2 plus lO ~M okadaic acid at 25°C. The phosphorylation 
reaction was stopped by the addition of equal volume of buffer containing 
0.2% SDS, 12 mM Tris.HCl (pH 6.8), 32 mM DTT and 10% glycerol, and the 
mixture was boiled for 5 min. The samples were applied on a one- 
dimensional SDS slab gel, the LC bands were dissected, the radioactivity 
was determined, and the extent of phosphorylation was calculated (7). 
Alternatively, LC was eluted from the gel and digested by trypsin. One- 
and two-dimensional phosphopeptide mapping was performed on Kodak 
Chromagram 13255 cellulose sheets as described (4,5). 

Crude phosphatase was prepared by homogenizing aortic media in 3 vols. 
of lO mM Tris.HCl, 250 mM sucrose, l mM DTT, 0.15 mM PMSF, l mg/liter 
leupeptin, 2 mg/liter trypsin inhibitor and 70 ~M streptomycin, pH 7.2. 
The homogenate was centrifuged (lO,O00 g, 20 min) and the supernatant was 
fractionated with (NH4)2SO 4 between 30-60% saturation. The pellet 
was dissolved in lO mM Tris°HCl, O.l mM EGTA and l mM DTT, pH 7.2, and 
dialyzed against this solution. 

Phosphatase-free actomyosin (4) in Buffer A was phosphorylated by 
endogenous kinases in the presence of 5 mM MgS04, 2 mM [y-32p]ATP 
(150-200 cpm/pmol) and O.1 mM CaCl 2 for 120 min at 25°C. The actomyosin 
(5 mg/ml) in Buffer A was dephosphorylated by addition of 0.5 mg/ml crude 
phosphatase in the absence or in the presence of 5 ~M okadaic acid. 
Okadaic acid was the generous g i f t  of Dr. Y. Tsukitani, Fujisawa 
Pharmaceutical Co., Tokyo, Japan. 

RESULTS 

Fig. 1 shows the time course of LC phosphorylation in aortic 

homogenate by endogenous kinases. In the presence of Ca 2÷, phosphorylation 

increased to 0.75 mol phosphate/mol LC in 2 min, and then declined to 

less than 0.15 mol/mol in the following 50 min. Substituting Ca 2+ with 

EGTA resulted in a marked decrease in the rate and extent of LC 

phosphorylation indicating that in muscle homogenate LC phosphorylation 

strongly depends on Ca 2+. Addition of OA in the presence of Ca 2+ 

enhanced LC phosphorylation to 1.72 mol/mol in 5 min and that level was 

essentially maintained for 60 min. 

To determine which protein kinases are involved in the 

phosphorylation, the LC in the aortic homogenate was maximally 
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Fig. 1._ Time course of LC phosphorylat ion by endogenous kinases in 
ao r t i c  homogenate. Phosphorylation was determined in the presence of 
5 mR MgS04, 2mM [y-32P]ATP and 2 mM EGTA (A),  or O.l mM CaCl 2 
(Q), or O.l mM CaCl 2 plus lO ~M okadaic acid (B) at 25°C. 

phosphorylated in the absence or in the presence of OA, and then 

subjected to two-dimensional phosphopeptide mapping. Fig. 2 shows that 

six phosphopeptides, referred to as A through F, were separated. In the 

absence of OA (Fig. 2, l e f t  part), peptides A and B were preferent ia l ly 

phosphorylated, whereas peptides C, D, E and F, appearing fa in t ly  on the 

autoradiogram, were phosphorylated to a lesser extent. In the presence 

of OA (Fig. 2, r ight part), the radioactive label l ing in peptides C, D, E 

and F was substantially increased, suggesting that OA gave rise to 

increased phosphorylation of these peptides. We have shown that MLCK 

phosphorylates serine residues in peptides A and B, and predominantly 

threonine residues in peptides C and D (4). Furthermore, protein kinase 

C phosphorylates serine residues in peptide E, and threonine residues in 

peptide F (4). Thus, the data of Fig. 2 suggest that in the absence of 

OA, LC phosphorylation was catalyzed predominantly by MLCK in peptides A 

and B, whereas in the presence of OA, MLCK catalyzed also the 

phosphorylation of peptides C and D, and protein kinase C catalyzed the 

phosphorylation of peptides E and F. 

I t  has been shown that OA does not affect ei ther MLCK or protein 

kinase C act iv i t ies (6,8). On the other hand, dephosphorylation of LC 

was inhibited by OA (6). We studied the effect of OA on the 

dephosphorylation of d is t inc t  sites in LC. LC was phosphorylated in 

phosphatase-free actomyosln by endogenous MLCK and protein kinase C under 

conditions which fac i l i ta ted phosphorylation in peptides C, D, E and F 
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Fig. 2. Autoradiograms of two-dimensional phosphopeptide maps of LC 
phosphorylated in aortichomogenate. The extent of phosphorylation in 
the presence of 5 mM MgSO 4, 2 mM [y-32p]ATP and O.l mM CaCl2, or 
O.l mM CaCl 2 plus lO #M okadaic acid, was 0.75 mol phosphate/mol LC 
( le f t  panel) or 1.72 mol/mol (right panel), respectively. The LC was 
separated by one-dimensional gel electrophoresis, and then subjected to 
two-dimensional phosphopeptide mapping on cellulose sheets, x, origin; 
A, B, C, D, E and F, phosphopeptides. 

(4). The actomyosin was subjected to dephosphorylation by crude 

phosphatase isolated from aortic homogenate. Fig. 3 shows that more than 

75% of the radioactive phosphate was liberated from LC by crude 

phosphatase during 60 min of incubation. This dephosphorylation was 

markedly inhibited by the addition of OA. The phosphopeptides from LC 

dephosphorylated for lO and 60 min were separated by one-dimensional 

phosphopeptide mapping (Fig. 3, r ight part). In the absence of OA, 

peptides AB, CD and F were readily dephosphorylated, while peptide E was 

dephosphorylated at a slower rate. Clearly, OA inhibited the 

dephosphorylation of a l l  s i tes. 

DISCUSSION 

The resul ts  of th is  study strongly suggest that  a r t e r i a l  protein 

phosphatase a c t i v i t y  can modulate the extent of LC phosphorylation as 

wel l  as the s i tes  on the LC which are phosphorylated. Thus, 

Ca2÷-dependent phosphorylation in aor t ic  homogenate was t rans ien t ;  i t  

occurred to the extent of less than 1 mol phosphate/mol LC, and i t  was 

l im i ted  essen t i a l l y  to s i tes  phosphorylated by MLCK (Figs. 1 and 2). In 

cont rast ,  when endogenous phosphatase a c t i v i t y  was decreased by 

i n h i b i t i o n  of the enzyme(s) with okadaic acid, the extent of 

phosphorylation was sustained at a markedly increased level  of more than 
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Fi~. 3. Dephosphorylation of LC in actomyosin by crude phosphatase. 
Actomyosin contained 2.1 mol phosphate/mol LC. Left panel shows the time 
course of LC dephosphorylation in the absence (0)  or in the presence of 
5 ~M okadaic acid (0) .  Right panel shows the autoradiograms of 
one-dimensional phosphopeptide maps of LC dephosphorylated for O, lO and 
60 min in the absence or presence of okadaic acid. 

1.5 mol phosphate/mol LC. Moreover, sites ascribable to protein kinase C 

were also involved in the phosphorylation, in addition to the sites 

attr ibutable to MLCK (Figs. 1 and 2). Since okadaic acid ef fect ive ly  

inhibited dephosphorylation of a l l  phosphorylated sites in the LC (Fig. 

3), the contribution of both MLCK and protein kinase C to the overall 

state of LC phosphorylation was revealed as indicated by increased 

incorporation of phosphate and by phosphorylation of additional sites. 

LC phosphorylation in smooth muscle homogenate is the in v i t ro  

correlate of the phosphorylation events taking place in intact muscle, 

concerning the phosphorylation prof i le ,  the extent of phosphorylation and 

the phosphopeptide pattern of LC (5,9). This suggests that the protein 

phosphatases in vivo may participate in l imi t ing LC phosphorylation in a 

fashion similar to that observed in muscle homogenate. LC phosphorylation 

by protein kinase C is restr icted in intact muscle (5). I t  is of 

interest that OA, by inhib i t ing the phosphatases, can induce LC 

phosphorylation by protein kinase C. I t  was shown that the actin 

activated MgATPase ac t i v i t y  of myosin, an in v i t ro  correlate of muscle 

contraction, was affected d i f fe rent ly  by phosphorylation with MLCK or 

protein kinase C (lO). Since OA also e l i c i t s  contraction of intact ( l l )  

and chemically skinned smooth muscle (6), i t  is l i ke l y  to be a useful 

tool for elucidating the functional role of protein kinase C-catalyzed 

phosphorylation in smooth muscle contraction. 
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