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The Ca2+-dependent activator protein of myosin light-chain kinase, which was identified as the 

bovine brain modulator protein of cyclic nucleotide phosphodiesterase, was isolated from 

rabbit skeletal muscle. The purified protein binds about 2 Ca2+ per mol in a medium con

taining 5 mm MgC12, 10 ƒÊM CaC12, and 0.1 M KCI at pH 6.8. The Ca 2+ binding caused a 

conformational change of the activator protein which was measured by difference ultraviolet 

absorption spectroscopy. In the same Ca 2+ concentration range as that causing the con

formational change, activation of myosin light-chain kinase was observed.

Myosin light-chain kinase of rabbit skeletal muscle 

phosphorylates g2 light-chain of myosin in the 
presence of Ca2+ (1) and Ca 2+-dependent activator 
protein (2), the molecular weight of which is 
16,500 (3). Recently the activator protein was 
identified as the bovine brain modulator protein, 
which was originally found as the activator protein 

of cyclic nucleotide phosphodiesterase (3); the 
activator protein is now called the modulator 

protein.
In this paper, improved purification methods 

for the rabbit skeletal modulator protein, as well 
as some properties of this protein, are presented.

1 This study was supported by grants from the Muscular 

Dystrophy Association of America, Inc. and from the 

Ministry of Education, Science and Culture of Japan. 

Abbreviations: EGTA, ethyleneglycol-bis(2-amino

ethylether)-N, N, N', N'-tetracetic acid; PAGE, poly

acrylamide gel electrophoresis; SDS, sodium dodecyl 

sulfate.

EXPERIMENTAL PROCEDURE

Modulator protein and modulator-deficient myosin 
light-chain kinase were prepared from rabbit 
skeletal muscle (2).

UV absorption and difference UV absorption 
spectra were measured using a Shimadzu UV350 
recording spectrophotometer. Usually a pair of 
I ml quartz microcells with 1 cm light path was 
used.

Amino acid analysis of purified modulator 

protein was performed after dialysis against 10 mm 
triethylammonium bicarbonate (pH 7.5). The 

protein solution was lyophilized and then hydro
lyzed under vacuum in 6 N HCI at 110•Ž for 24 h. 
A JEOL JLC-6AH automatic amino acid analyzer 
equipped with a single column system was used 
for the amino acid analysis. Half-cystine was 
determined by the method of Ellman (4). Try

ptophan content was determined spectropho
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tometrically by the method of Edelhoch (5).

Myosin light-chain kinase assay was performed 

by the method described by Corbin and Reiman 

(6) using myosin and [ƒÁ-32P]ATP as substrates. 

Details will be given in the following paper (7).

The amount of Ca2+ bound to the modulator 

protein was determined by the equilibrium dialysis 

method using 45CaC12. Details of the procedure 

will be described elsewhere (8). Calculation of 

free Ca 2+ concentrations in Ca 2+-EGTA buffer 

systems was based on an affinity constant of 5 x 

105 M-1 at pH 6.8 (9).

Radioactivity was measured with a Beckman 

LS-100C liquid scintillation counter using toluene

2,5-diphenyloxazole as a scintillant. [ƒÁ-32P]ATP 

and 45CaC12 were products of New England 

Nuclear Co. and the Radiochemical Centre, 

Amersham, respectively.

Protein concentrations were determined by 

the biuret method (10) using bovine serum albumin 

as a standard. DE32 (Whatman) was used for 

DEAE-cellulose column chromatography.

RESULTS AND DISCUSSION

Preparation Method A-A highly purified 

modulator protein can be obtained by this method. 

However, the whole process takes about 2 weeks. 

Frozen mince of rabbit skeletal muscle (600 g) was 

homogenized in a solvent (1.5 liter) containing 

5 mm EDTA and 50 mm sodium phosphate buffer 

(pH 5.7) for 2 min using a homogenizer. After 

centrifugation at 5,000 rpm for 30 min, the super

natant (1.45 liter) was filtered through 4 layers of 

cheese cloth. Diisopropylfluorophosphate was 

added to the filtrate at a final concentration of 

0.1 mm and the mixture was allowed to stand for 

10 min. It was applied to a phosphocellulose 

column (11 cm •~ 15 cm) equilibrated with 50 mm 

sodium phosphate buffer (pH 5.7), and elution was 

performed with the same solvent. The first break

through fraction contained nearly one-half of the 

protein and showed most of the myosin light

chain kinase activity present in the applied solution. 

The elution pattern was monitored using a Uvicord 

II (LKB) and the first break-through fraction was 

directly applied to a DEAE-cellulose column 

(5 cm •~ 6.7 cm) equilibrated with 50 mm sodium 

phosphate buffer (pH 5.7). The DEAE-cellulose 

column was washed with 1.7 liter of the same

buffer. More than 90% of protein in the applied 

solution was washed out; this did not show myosin 

light-chain kinase activity. Proteins remaining in 

the column were eluted with 300 ml of 1 M NaC1 

and 50 mm sodium phosphate buffer (pH 5.7). 

The average flow rate of the whole process was 

600 ml/h. Protein in the effluent was precipitated 

at 90% saturation of ammonium sulfate. The 

precipitate was collected by centrifugation and 

dissolved in 5 mm EDTA and 50 mm sodium 

phosphate buffer (pH 5.7). It was then clarified 

by centrifugation at 14,000 rpm for 15 min. Am

monium sulfate in the supernatant was removed 

by gel filtration on a Sephadex G-25 column 

(2.2 cm •~ 45 cm). This effluent was enzymatically 

active. The protein concentration was reduced to 

about one-fourth after the gel filtration and pro

teins in this solution were fractionated by DEAE

cellulose column (2.2 cm •~ 24 cm) chromatography 

with a linear concentration gradient of NaCl (0 

to 0.65 M in 50 mm sodium phosphate buffer, pH 

5.7, in a total volume of 500 ml). As shown 

previously (1), three protein peaks were obtained; 

the modulator-deficient myosin light-chain 

kinase was found in the first peak and the modu

lator protein was found in the trailing edge of the 

third peak at around 0.4 M NaCI. The fractions 

containing modulator protein were precipitated 

at 90% saturation of ammonium sulfate. The 

precipitates of four runs, each started from 600 g 

of muscle mince, were combined and dissolved in 

10 mm Tris-HCI (pH 8.0). The solution was 

dialyzed overnight against 0.25 M NaCI and 10 mm 

Tris-HCI (pH 8.0) and rechromatographed using 

one-step elution on a DEAE-cellulose column 

(1.2 cm •~ 28.5 cm) equilibrated with 0.25 M NaCl 

and 10 mm Tris-HCI (pH 8.0). As shown in Fig. 

1, the modulator protein preparation was separated 

into two protein fractions. The second peak was

 identified as modulator protein by the activation 

test using modulator-deficient myosin light-chain 

kinase with 0.05 mg/ml of protein taken from 

each tube. Incorporation of 32P into g2 light

chain at 20 min after addition of [ƒÁ-32P]ATP was 

measured and the amounts are plotted in Fig. 1. 

Tube numbers 15 to 19 were combined. About 

16 mg of modulator protein was obtained from 

2.4 kg of muscle mince. Inset a of Fig. 1 shows 

the pattern of SDS-PAGE (10% gel) of the com

bined fraction, indicating that the modulator
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Fig. 1. Purification of the modulator protein by 

DEAE-cellulose column chromatography. Crude modu

lator protein (9.5 ml, A280=2.0 cm-1) dialyzed against 

0.25 M NaCI and 0.01 M Tris-HCl (pH 8.0) was applied 

to a DEAE-cellulose column (1.2 cm x 28.5 cm) equi

librated with the same solvent. After application, the 

column was eluted with the same solvent. The flow 

rate was 15 ml/h, and 5 ml fractions were collected. 

p, A,80; •~, 32P incorporated into myosin (mol/mol). 

Incorporation of 32P into myosin was measured under 

the following conditions in a total volume of 0.1 ml: 

0.04 mg/ml modulator protein-deficient myosin light

chain kinase, 0.05 mg/ml from one of tube numbers 5 

to 20, 4.1 mg/ml myosin, 5.2 mm [ƒÁ-32P]ATP, 20 mm 

MgC12, 1 mm CaCl2, 0.2 M KCI, and 45 mm His-KOH 

(pH 6.8) at 25•Ž. At 20 min after addition of [ƒÁ-32p]

ATP, 70 pl of the sample was assayed. Two SDS

PAGE (10% gel) patterns show the results for 10 jig of 

the combined modulator protein fractions (a) and 

mixture of 5 ƒÊg of the modulator protein and 200 ƒÊg 

of rabbit skeletal myosin (b). The gels were stained 

with Coomassie brilliant blue.

protein fraction is homogeneous. All of the 

following experiments were performed using this 

combined fraction. Gel b shows the pattern of a 

mixture of 5 ƒÊg of the modulator protein and 

200 ƒÊg of rabbit skeletal myosin. The modu

lator protein migrated with a mobility between 

those of g2 and 93 light chains. The molecular 

weight of the modulator protein was 16,500 as 

estimated previously using rabbit skeletal actin 

(MW 43,000) (11), g, (MW 25,000), g2 (MW 18,000), 

and g3 (MW 15,000) (12) as molecular weight 

standards.

Preparation Method B-The modulator pro

tein prepared by this method was not as homog

eneous as that prepared by method A. However, 

a fairly pure modulator protein can be obtained in 

2 days by this method and the modulator protein 

preparation can be used for affinity chromatog

raphy as described in the following paper (7). The 

modulator protein was prepared from 1.8 kg of 

frozen mince of rabbit skeletal muscle. It was 

homogenized with 4 liters of a solution containing 

5 mat Na EDTA and 50 mm sodium phosphate 

buffer (pH 5.7 at 0•Ž) as described above. Fifty 

percent trichloroacetic acid (240 ml) was added to 

the supernatant (about 4.1 liters) at 4•Ž with 

vigorous stirring to give a final trichloroacetic acid 

concentration of 3%. After 10 min of gentle 

stirring, the pH of the suspension was adjusted to 

5.2 by the addition of 6 N NaOH. After 30 min 

of gentle stirring the suspension was centrifuged 

(5,000 rpm •~ 15 min) and the supernatant was 

filtered (Toyo No. 2 filter paper) to remove small 

floating particles. Next, 1.14 kg of solid ammo

nium sulfate was dissolved into 3.8 liters of the 

filtrate. After standing for 30 min, the precipitate 

was removed by centrifugation (5,000 rpm x 25 

min) and a further 1.20 kg of ammonium sulfate 

was added to the supernatant. The resulting 

suspension was allowed to stand for 1 h. The 

precipitate was collected by centrifugation (5,000 

rpm •~ 30 min) and dissolved in 30 ml of 10 mm 

Tris-HCI (pH 8.0). The solution was dialyzed 

overnight against 1 liter of 10 mm Tris-HCl (pH 

8.0). Into the dialysate (100 ml containing 1.6 g 

protein), 49 g of solid urea was dissolved to make 

6 M urea solution. The solution was dialyzed 

against 400 ml of 6 M urea and 50 mm Tris-HCI 

(pH 8.0) for 3 h, and applied to a DEAE-cellulose 

column (2.2 cm •~ 34 cm) equilibrated with 6 M urea 

and 50 mm Tris-HCI (pH 8.0). After washing the 

column with 140 ml of the solvent, the modulator 

 protein was separated by a linear concentration

 gradient of NaCI from 0 to 0.3 M in a total volume 

 of 800 ml. The modulator protein was eluted at
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Fig. 2. Preparation of the modulator protein on a DEAE-cellulose column in the presence 

of 6 M urea. About 1.6 g of protein in 100 ml of 6 M urea and 50 mm Tris-HCI (pH 8.0) 

was applied to a DEAE-cellulose column (2.2 cm •~ 34 cm) equilibrated with 6 M urea and 

50 mm Tris-HCl (pH 8.0). After washing out the break-through fraction with 120 m1 of 

the equilibration solvent, a linear gradient of NaC1 concentration from 0 to 0.3 M (total 

volume, 800 ml) was applied. Fraction sizes were 20 g/tube (Nos. 1 through 14) or 

10g/tube (Nos. 15 to 103). The flow rate was 35m1/h. (p, x); A280. Tube numbers 

66 to 69 contained modulator protein and they were combined.

0.15 M NaCI (Fig. 2). Fractions 66 to 69 were 
combined and dialyzed against 1 liter of 10 mm 
Tris-HCI (pH 8.0) for 3 h. The protein in 40 ml 

was concentrated by addition of 26.5 g of solid 
ammonium sulfate. About 29 mg of the modu
lator protein was obtained as a precipitate. It 
was more than 90% pure, though a small amount 
of 80,000 dalton component was detected as a 
contaminant on SDS-PAGE; this was not the 
myosin light-chain kinase.

Properties of the Modulator Protein-Absorp
tion spectra of the modulator protein measured in 
various solvents are shown in Fig. 3. The spec
trum a in Fig. 3 was measured in the absence of 
Ca2+ and b in the presence of Cat+. As described 

previously (3), the two spectra are almost the same 
as the corresponding ones of the modulator pro
tein obtained from bovine brain as an activator 
of cyclic nucleotide phosphodiesterase. The ab
sorption intensity of b was smaller than that of a, 
especially in the range between 250 and 290 nm. 
From spectrum a, A277 for a 1 mg/ml solution of 
the modulator protein was determined to be

Fig. 3. Absorption spectra of modulator protein . The 
spectra were measured under the following conditions; 

(a) 0.61 mg/ml modulator protein, 0.1 M NaCI, 10 mm 
MgC12, 20 mm His-KOH (pH 6.8), and 0 .3 mm EGTA, 
(b), 0.29 mm CaC12 was further added to give pCa 5.0, 
and (c) the difference spectrum.
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0.19 cm-1 when the protein concentration was 

measured by the usual biuret method (10). The 

protein concentration determined by the method of 

Bradford (13) gave A277 of 0.15 cm-1 for I mg/ml 

(3). The Call-induced spectral change was mea

sured as a difference spectrum (c in Fig. 3). Blue

shift of the tyrosine chromophore and red-shift 

of the phenylalanine chromophore were observed. 

 The dependence of the spectral change on 

Cal} concentration is shown in Fig. 4. ‡™A286 

changed between pCa 6 and 5, and the half-maxi

mal change was at pCa 5.5. This value was 

close to the Call concentration giving half-maximal 

activation of the myosin light-chain kinase (pCa 

5.1) (7).

Using the equilibrium dialysis method, Ca 2+ 

binding to the modulator protein was measured. 

As shown in Fig. 5, substantially no Ca 2+ binding 

was observed at Call concentrations less than 

1 /M. In the absence of Mg2+, Ca 2+ binding 

became apparent above pCa 6 and 2.9 mol of

Ca 2+ was bound per mol of the modulator protein 
at pCa 4. Heterogeneous Ca2+ bindings were 
indicated, with strong binding of 2 mol of Ca 2+ 
This tendency was clearly observed in the presence 
of 5 MM MgC12: half-saturation of the stronger 
2 Ca 2+ binding was obvious at pCa 5.2 and 2 mol 
Ca 2+ was bound at pCa 4.5. The stronger 2 Ca2+ 
binding appears to be responsible for both the 
structural change of the modulator protein (Fig. 
4) and the activation of myosin light-chain kinase, 
as will be described in the following paper (7).

The amino acid composition of the modulator 

protein is shown in Table I, assuming that 2 Tyr 
residues are present per molecule. The amino 
acid composition is very similar to that of the 
brain modulator protein (14). The molecular 
weight determined by summation of integers shown 
in Table I was 18,373, which is close to the molec
ular weight of 16,500 determined by SDS-PAGE. 
The very acidic properties of the modulator pro
tein are reflected in the high mobility on urea

TABLE I. Amino acid compositions' of modulator proteins.

a Given as mol of amino acids per mol of modulator protein. b Free SH of 22 ƒÊM modulator protein in 1.5% 

SDS was determined by the method of Ellman (4). a Taken as 2 Tyr residues per mol. d Peak eluted between 

His and Lys. The amount was calculated using the constant for Lys. e 25.0 ƒÊM modulator protein in 6 M guani

dine-HCl was used for spectrophotometric measurements (5). f From Watterson et al. (1976) (14). g From 

Dabrowska et al. (1978) (17).
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Fig. 4. Ca2+ concentration dependence of ‡™A286 of 

the Cal-induced difference spectrum of modulator 

protein. The conditions were those given in the legend 

to Fig. 3. Ca2+ concentration was calculated using 

EGTA-Ca2+ buffer. The concentration of contaminat

ing Ca2+ was not calibrated.

Fig. 5. Cal} binding to modulator protein. Ca2+ 

binding was measured by the equilibrium dialysis 

method using EGTA buffer at 25•Ž. •~ ; 0.146 mg/ml 

(8.85 ƒÊM) modulator protein, 0.1 M KCI, and 20 mm 

His-KOH (pH 6.8). O ; 0.144 mg/ml (8.74 ƒÊM) modu

lator protein, 4.98 mM MgCl2, 0.1 M KCI, and 20 mm 

His-KOH (pH 6.8). pCa values were corrected for 

Ca2+ contamination in the stock solution of modulator 

protein, as determined by the atomic absorption 

method.

PAGE performed at pH 8.9. The mobility was 

a little higher than that of troponin C, which has 

an isoelectric point of 4.1 or 4.4 (15).

The results shown in this paper confirm the 

previous conclusion on the identification of the 

activator protein of myosin light-chain kinase as 

the brain modulator protein (3): the Ca2+ binding 

properties shown in Figs. 4 and 5 are similar to

those reported for the phosphodiesterase modu
lator protein from bovine and pig brain (3, 14, 16). 

Furthermore, the Cat+-induced difference UV 
absorption spectra of the bovine brain modulator 

protein were nearly identical with those shown in 
Fig. 3 (Yazawa, M., Yagi, K., and Kakiuchi, 

S., unpublished results). A difference spectrum 
similar to ours has already been reported by Klee 
for activator protein of pig brain phosphodiesterase 

(16). The amino acid composition of the modu
lator protein from rabbit skeletal muscle, which 
is shown in Table I, is quite similar to those of 
the modulator proteins from bovine and pig brain 

(14, 16) and also to that of the protein from 
chicken gizzard smooth muscle (17), except that 
the content of Gin in skeletal muscle modulator 

protein found in this study is a little higher.
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