
BIOCHIMICA ET BIOPHYSICA ACTA 411 

BBA 45976 

PREPARATION AND P R O P E R T I E S  OF SMOOTH MUSCLE MYOSIN FROM 

HORSE ESOPHAGUS 

MASAHIRO YAMAGUCHI, YUJI  MIYAZAWA* ANn TAKAMITSU SEKINE 

Department of Biochemistry and Nutrition, School of Physical Education, Department of Biochemistry, 
School of Medicine, Juntendo University, and* Department of Chemistry, Faculty of Science, Uni- 
versity of Tokyo, Tokyo (Japan) 

(Received April 6th, 197 o) 

SUMMARY 

Myosin was prepared from smooth muscle of horse esophagus in good yield 
(about 15 ° mg/Ioo g tissue) and was designated myosin S. I ts  properties were compared 
with those of myosin A from skeletal muscle. 

The ratio of the absorption of myosin S at 280 nm to that  at 26o nm was about 
1.8, and the amount of contaminating phosphorus was only o.91 g/io 5 g of myosin S, 
indicating that  the latter is free of nucleic acid. The purity of this protein was examined 
by ultracentrifugation, gel filtration in the presence of 0.5 M KC1 and 6 M urea and 
chromatography on DEAE-cellulose columns. These experiments all indicated that  
myosin S was homogeneous, like highly purified rabbit  skeletal myosin A. 

Amino acid analyses showed differences in the composition of smooth and skele- 
tal myosins. Myosin S contained the same amount of sulfhydryl groups per lO 5 g of 
protein as horse and rabbit  skeletal myosin A (about 8 moles/Io 5 g of protein). But 
it contained more asparatic acid or asparagine, more leucine and less lysine, glycine 
and proline. 

Ca~+-ATPase of myosin S in the presence of 0.5 M KC1 and Mg2+-ATPase in 
the presence of 0.05 M KC1 at 37 ° were very similar to those of skeletal myosin A. 
On the other hand, EDTA-ATPase and Ca~+-ATPase in the presence of 0.05 M KC1 
were much lower than those of skeletal myosin A. Lowering the temperature from 
37 to 25 °, the degree of decrease of the ATPase activities was much larger in myosin S 
than in skeletal myosin A. The reaction of N-ethylmaleimide with myosin S caused 
inhibition of the EDTA-ATPase but did not affect the Ca2+-ATPase activity. This 
behaviour was different from that  of skeletal myosin A which exhibited an inhibition 
of EDTA-ATPase and an activation of Ca2+-ATPase during the course of the reaction 
of sulfhydryl groups of myosin with N-ethylmaleimide. These facts suggest that  the 
structure of the active site of myosin S ATPase differs significantly from that  of skele- 
tal myosin A. These differences appear to influence the interaction of myosin with 
F-actin, so that  the rate of superprecipitation found in an actomyosin reconstituted 
from myosin S and F-actin was only one fortieth of that  found with skeletal myosin A. 

Abbreviations: myosin S, smooth muscle myosin; $1, the sulfhydryl residue necessary for 
demonstrating the EDTA-ATPase activity of skeletal myosin A. 
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INTRODUCTION 

The difference in the speed of contraction of skeletal and smooth muscles is 
generally considered to be due to the differences in the processes taking place in the 
excitable membrane and in the arrangement of contractile filaments 1, Recently, 
several investigators have reported on myosin extracted from smooth muscle tissues: 
NEEDHAM AND WILLIAMS 2 a n d  COHEN et al. 3 on uterus myosin, HAMOIR 4 and RC'EGG 32 
on carotid muscle myosin, named tonomyosin, and B.X, RANY et al. 5 o11 chicken gizzard 
myosin. These myosins differ from myosin A (EC 3.6.1.3) of rabbit skeletal muscle 
in some respects, i.e. the dependence of their ATPase activity on KC1 concentration 
and the degree of the activation of Mg2+-ATPase induced by F-actin. These facts 
suggest that  differences in the physiological properties of the two types of muscles 
might also be due to differences in the properties of myosin molecules. To study this 
problem, highly purified myosin had to be obtained from smooth muscle tissues, which 
contain more lipids and nucleic acids than skeletal muscle tissues. 

The present investigation describes the purity, the amino acid composition 
and the enzymatic properties of highly purified myosin (myosin S) obtained from 
horse esophagus. 

EXPERIMENTAL PROCEDURES 

Preparation of myosin S 
Fat  was removed from the lower part  (white region) of fresh horse esophagus 

and the smooth muscle layer was separated from the tunica adventitia and mucus 
membrane. The isolated muscle layers were washed several times with cold distilled 
water and then homogenized 5 times at o ° with an equal volume of cold 0. 7 % glycerol 
solution for 30 sec. The homogenate was blended with 5 vol. of distilled water and the 
residue was collected by high-speed centrifugation. I t  was suspended in 2 vol. of 
0.6 M KC1 containing I mM ATP and 20 mM histidine buffer (pH 7.0) and was stirred 
overnight in a cold room. After removal of the residue by centrifugation, the super- 
natant  was filtered through filter paper. Actomyosin was precipitated from the filtrate 
by dilution with water. I t  was purified by  means of four solution-precipitation treat- 
ments between 0.5 and 0.05 M KC1 and finally dissolved in 0.6 M KC1. The acto- 
myosin thus obtained was dissociated into actin and myosin by adding IO mM ATP, 
IO mM MgSO 4 and 20 mM Tris-HC1 (pH 8.0). After centrifuging this solution at 
105000 × g for 18o rain, the myosin remaining in the upper layer of the supernatant 
(about 75% of the total volume) was fractionated by precipitation using a 45 55% 
saturated solution of (NH4)2SO4 containing IO mM EDTA (pH 6.8). This saturation 
range is 5% higher than that  used for the preparation of skeletal myosin A. The 
precipitated myosin was dialyzed exhaustively against 0. 5 M KC1 containing 5 mM 
Tris-HC1 buffer (pH 7-4)- A transparent solution was final!y obtained by centrifuga- 
tion at 105000 × g for 12o min. Approx. 15o mg of myosin S were isolated from ioo g 
of muscle mince by this procedure. 

Preparation of actin 
The actomyosin solution from the smooth muscle which was used for the myosin 

S preparation was diluted with IO vol. of distilled cold water containing 0.2 mM 
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NaHCO 3. The prec ip i ta te  which formed was collected b y  cent r i fugat ion  and washed 
3 t imes  wi th  3, 2 and I vol. of acetone,  resp. Act in  was ex t r ac t ed  from this  acetone-  
d r i e d  powder  using 20 vol. of 2 • lO -4 M ATP (pH 7-5) a t  o °. E x t r a c t s  were clarified 
b y  cent r i fugat ion  for 60 min at  7500 × g. These ex t rac t s  were ad jus t ed  to 0.05 M KC1 
b y  add i t ion  of 2 M KC1. Usua l ly  this  ma te r i a l  was left s t and ing  overnight  in a cold 
room at  this  stage. The po lymer iza t ion  of the  smooth  muscle act in  thus  ob ta ined  
was checked b y  the me thod  of MOMMAERTS 6. F -ae t in  was collected b y  centr i fugat ion 
a t  lO5OOO × g for 12o min.  The superna tan t s ,  which were devoid  of birefringence,  
were discarded.  The pellets  were dissolved in cold 0.05 M KC1 solut ion conta in ing 
i • lO -4 M ATP (pH 7-5)- F ina l ly  the  F-ac t in  solut ion was clarified by  cent r i fugat ion  

at  7500 x g for IO min. 

Protein concentration 
The concent ra t ion  of myosin  S and F-ac t in  was de te rmined  by  the b iure t  reac- 

tion 7. This react ion was s t andard ized  for myosin  using a value s ob ta ined  for myosin  
A of r abb i t  skele ta l  muscle and  was s t andard ized  for act in  using dr ied  act in  powder  
of r abb i t  skele ta l  muscle.  

Determination of impurity 
Gel f i l t rat ion of myos in  S was per formed on Sephadex  G-2oo in the presence 

of 6 M urea  b y  the procedure  of PORATH AND FLOmN 9. 13 mg of myosin  S, dissolved 
in 2 ml of a solut ion conta in ing  0.5 M KC1, 6 M urea  and 20 mM Tris-HC1 buffer (pH 
7.5), were appl ied  to the  column (3 cm × 43 cm). The same solut ion was used for 
elut ion at  room tempera tu re .  DEAE-cel lu lose  column c h r o m a t o g r a p h y  was performed 
using the  me thod  of TAKAHASHI et al. 1°. 

Sedimenta t ion  was per formed in a Hi tach i  UCA Model I u l t racentr i fuge at  a 
cons tan t  t e m p e r a t u r e  of 5 ° . 

Viscosities were measured  with  a Os twa ld - type  v i scometer  wi th  an outflow 
t ime of 40-5 ° sec at  IO ° in a final volume of 2.0 ml conta in ing  a b o u t  3 mg of myos in  
per  ml in 0.5 M KC1 and  4 mM Tris-HC1 buffer (pH 7.2). ATP  sens i t iv i ty  was calcu- 
l a t ed  using the  equa t ion  of WEBER AND P O R T Z E H L  11, 

lOgrel - -  logrel  ATP 
A T P  s e n s i t i v i t y  ~ X i o o  

logrel  A T P  

The con t amina t i ng  phosphorus  of the myosins  was measured  as follows. Abou t  
2o mg of myos in  were inc inera ted  wi th  I ml of 2.5 M H~SO 4 and the inorganic  phos- 
pha te  p roduced  was de te rmined  b y  the me thod  of FISKE AND SUBBAROW 12. 

Amino acid analysis 
Myosin S (horse esophagus) and  myosin  A (horse and r abb i t  skele ta l  muscle) 

were t r e a t ed  wi th  iodoacet ic  acid to de te rmine  cyste ine  as S -ca rboxymethy lcys t e ine  13. 
20 mg of recrys ta l l ized  iodoacet ic  acid, 0, 7 g of urea  and o . i  ml  of I M Tris-HC1 
buffer (pH 8.0) were a d d e d  t o  i ml of a solut ion conta in ing IO mg of myosin.  The 
nf ixture  was al lowed to s t and  a t  room t empera tu r e  for I h. Then,  0.5 ml of o.I  M 
/~-mercaptoethanol  was added  to the  react ion mix ture  to s top  the ca rboxyme thy l a -  
t ion of cysteine,  and  the solut ion was d i lu ted  with  5 vol. of water .  The ca rboxy-  
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methylated myosin was precipitated with 5°,/0 trichloroacetic acid. The precipitate 
was washed successively with 5% trichloroacetic acid, 95% ethanol, a mixture of 
ethanol and ether (3:1, v/v) and finally with ether. The dried protein samples were 
hydrolyzed with 6 M HC1 (I ml) in a sealed evacuated tube for 24, 48 and 72 h at 
IiO °. The hydrolysates were dried completely, then dissolved in o.2 M citrate buffer 
(pH 2.2) and examined in a Hitachi automatic amino acid analyzer, Type KLA, 
Model I I I .  Values for serine, threonine, tyrosine and methionine were extrapolated 
to zero to correct for losses during hydrolysis. For all other amino acids the average 
of the 24- and 48-h values was used. 

A TPase assay and modificatio~z with N-ethylmaleimide 
ATPase activities of myosin were measured at 37 ° and 25 ° by determining the 

inorganic phosphate liberation by the method of FISKE AND SUBBARO~ "12 in the pre- 
sence of 0. 5 M or 0.05 M KC1 containing 20 mM histidine buffer (pH 7.6) and I mM 
ATP, using I mM EDTA, 5 mM CaCI~ or I mM MgC12 as a cofactor. ATPase activities 
of actomyosin were measured under the same conditions as those used for super- 

o/ precipitation. The reaction was stopped by adding 5/o perchloric acid at appropriate 
times after addition of ATP. The inorganic phosphate liberated was determined by 
the method of MARTIN and DOTV 14. Chemical modification of myosin with N-ethyl- 
maleimide was carried out by the method of SEK~NE .aND YAMAGUCH115 with a slight 
modification as follows: 5 mg of myosin S or skeletal myosin A were incubated at o ° 
with o.I/~mole of N-ethylmaleimide in I ml of a mixture containing o.5 M KCI and 
2o mM Tris-HC1 buffer (pH 7.o). After an adequate time of incubation, a o.I-ml 
portion of the reaction mixture was diluted lO-2O times with o.5 M KC1 containing 
o.o 5/,mole of fl-mercaptoethanol. ATPase assays were carried out by adding o.i ml 
of this diluted myosin solution to o. 9 ml of the reaction mixture for assay. 

Measurement of superprecipitation 
Superprecipitation of actomyosin reconstituted from myosin (o.14 mg/ml} 

and F-actin (0.07 mg/ml) was started by adding o.I mM ATP in o.o5 M KC1, I mM 
MgC12 and 20 mM Tris-Maleate buffer (pH 6.5) at 25 ° and the change in absorbance 
at 660 nm was followed using a Hitachi automatic recording spectrometer Type 
EPS 3, according to the method of EBAStt116. 

RESULTS 

Purity of myosin S 
Fig. i depicts the homogeneity of myosin S as shown by an analytical ultra- 

centrifuge. Myosin S sedimented as a single peak, as indicated by pictures taken at 
30, 60, 9 o, 13o and 21o rain. Recently, KOTERA et al. 1~ showed that the sedimentation 
coefficients of myosin S from horse esophagus and skeletal myosin from rabbit were 
virtually identical at corresponding concentrations. 

Fig. 2 shows the absorption spectrum of myosin S. The wavelengths of minimum 
and maximum absorption were 252 and 279 nm, resp. The ratio of the absorption 
at 280 nm to that at 260 nm was about 1.8. The pattern of the absorption spectrum 
of myosin S was the same as that of highly purified myosin A from rabbit skeletal 
muscle prepared by the method of KIELLEY AND BRADLEY 18. From this fact, it was 
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considered that  the contaminating nucleic acid of this myosin S was much less than 
that of the chicken gizzard myosin prepared by B~R~,NY et al. 5. The above considera- 
tion was also confirmed by the content of phosphorus of myosin S (Table I). The total 
phosphorus was o.91 g/ioSg of myosin S, which was almost the same as that of highly 
purified skeletal myosin A from rabbit (0.77 g/io 5 g of myosin A). 

In Table II, the viscosity drop of myosin S upon the addition of ATP was 
compared with that of rabbit skeletal myosin A. As with a purified skeletal myosin A 
no ATP sensitivity was observed for myosin S. The results of the above experiments 

Fig. i .  U l t r acen t r i fuga l  p a t t e r n  of myos in  S. D iag rams  ob ta ined  a t  5 ° in the  presence of o. 5 M 
KC1 and  0.0067 M p o t a s s i u m  p h o s p h a t e  buffer (pH 7.5). P ro te in  concent ra t ion ,  1.6 mg/ml .  Speed, 
43 7 °0 rev . /min .  

T A B L E  I 

P H O S P H O R U S  C O N T E N T  O F  T H E  P R E P A R E D  S M O O T H  A N D  S K E L E T A L  M Y O S I N  

Sample Protein P,  (/tg) Pf (g) / Average 
No. * (rag) Protein (g) 

(Io ~ g) 

Myos in  S 

I 21.2 0.20 0.94 o.91 
2 25. 7 o.23 o.89 

Rabbit skeletal myosin A 

i 18. 7 o.I 5 0.80 0.77 
2 22. 4 o.17 0.75 

* I and  2 are  the  n u m b e r  of different  samples  of myosins .  

T A B L E  I I  

A T P . S E N S I T I V I T Y  O F  M Y O S I N  S A N D  S K E L E T A L  M Y O S I N  A 

Pro te in  concen t r a t i ons  are  2.9 mg  of myos in  S and 2.8 mg  of r a b b i t  ske le ta l  myos in  A per  ml.  
Solu t ions  con t a in  0. 5 M KC1 and  4 mM Tris-I-IC1 buffer (pH 7.2) in the  presence and  absence  
of i mM ATP. 

log~lrel log~lrel ATP A T P  sensitivity (%) 

Myosin  S o.250 0.245 2.o 
Myosin  A 
( rabbi t  skeletal)  0.209 0.202 3.0 

Bioehim. Biophys.  Acta, 216 (197 o) 411-421 



416 M. YAMAGUCHI gt al. 

show that  the myosin S preparation is completely free of'F-actin or F-actin-like protein. 
To detect possible contaminating components tightly bound to myosin S, gel 

filtration of the preparation was carried out on Sephadex G-2oo colunm equi- 
librated with o.5 M KC1, containing 6 M urea and 2o mM Tris-HC1 buffer (pH 7.5). As 
can be seen in Fig. 3, the first component elnted in the void volume of the colunm 
contained 97-98% of the original protein. Gel filtration of myosin A from rabbit  
skeletal muscle gave the same elution pattern. 

The chromatographic behavior of myosin S on a cellulose column (Fig. 4} 
was similar to that  of myosin A obtained from rabbit  skeletal muscle 19. The first 
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Fig. 2. Absorpt ion spec t rum of myosin  S. o.8 mg of myosin S per ml, containing o. 5 M KCI and 
o.oo67 M potass ium phosphate  buffer (pH 7.4). 

Fig. 3. Gel filtration of myosin  S on a Sephadex G-2oo cohlmn in the presence of 0. 5 M KCI con- 
ta ining 6 M urea. 13 mg of myosin  S dissolved ill 0. 5 M KCI, 6 M urea and 20 mM Tris-HC1 buffer 
(pH 7.5) were applied to the  column (3 cm × 43 cm). The sample was eluted with 0. 5 M KC1, 
6 M urea and 2o mM Tris-HC1 buffer (pH 7-5)- The eluate was collected in 8-ml fractions. The 
absorbance of each tube was determined at 280 nm. 
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Fig. 4. Chromatographic  behavior  of myosin  S on DEAE-cellulose column. 2 ml of myosin S 
solution (3 mg/ml) in o.3 M KC1-2o mM Tris-HC1 buffer (pH 7.4) were applied to the column 
(i.8 cm × 26 cm). Elut ion by  gradient  to 1.5 M KCl-2o mM Tris-HC1 buffer (pH 8.2) was applied 
at the arrow. 
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peak, eluted with o.3 M KC1, and the second, eluted with 1.5 M KC1, contained 95 and 
5% of the original protein, respectively. The major and minor peaks had the same 
specific activity of ATPase as reported by  TAKAHASHI et al. TM for rabbit  skeletal 
myosin A. 

Amino acid analysis 
The amino acid compositions of myosin S from horse esophagus and of myosin 

A from horse and rabbit  skeletal muscles are shown in Table I I I .  The skeletal myosin 
A samples for amino acid analysis were prepared bv the same procedures as those 
used for the preparation of myosin S (see EXPERIMENTAL PROCEDURES) except that  
(NH,)2SO 4 fractionation was carried out using a 40-50% saturated solution of the 
salt. Analysis of rabbit  skeletal myosin A gave the same results as those obtained 
by KOMINZ et al. 2°, suggesting that  the different method of preparation used did not 
nfluence the results of the amino acid analyses. 

T A B L E  I I I  

AMINO ACID COMPOSITION OF MYOSIN S A N D  SKELETAL MYOSIN A 

N u m b e r  of amino acid was expressed as residues in moles/ioZ g protein. 

Amino acid Myosin S Myosin A Myosin A 
(horse esophagus) (horse skeletal (rabbit skeletal) 

Asp lO3 80 85 
Thr  38 36 4 I 
Ser 33 36 38 
Glu 178 172 175 
Pro 17 22 19 
Gly 28 37 36 
Ala 77 75 76 
Val 38 4 ° 4 ° 
Met 21 21 22 
I l e  33 34 4 ° 
Leu 99 79 73 
Tyr  14 14 14 
Phe 27 29 29 
CM-Cys * 8.4 8.2 8.2 
Lys 76 90 95 
His 12 15 15 
Arg 43 46 42 
Total  845. 4 834.2 848.2 

* S-Carboxymethylcysteine.  

As can be seen in Table III, myosin S contained more asparatic acid plus 
asparagine, more leucine and fewer lysine, glycine and proline residues than did 
skeletal myosin A. The variations corresponding to those amino acids appeared 
larger than the experimental error. On the other hand, the amount of cysteine in 
myosin S was equal to that  in horse skeletal myosin A. I t  should be noted that  the 
amino acid compositions of skeletal myosins are very similar to each other regardless 
of the enzyme source, horse or rabbit  (Table III). 
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A TPase activities and modification with N-ethylmaleimide 
Table IV summarizes the ATPase activities of myosin S and horse skeletal 

myosin A. The respective specific activities of the ATPase, which was activated at 
37 ° by CaC12 in 0.5 M KC1 or by MgC12 in the presence of 0.05 M KC1, were similar to 
each other in these two samples. On the other hand, the great differences were found 
in EDTA-ATPase activity at high ionic strength and in Ca2÷-ATPase activity at low 
ionic strength. These activities of myosin S were only one third or one fourth of those 
of skeletal myosin A. As can be seen in Table IV, at low temperature (25 °) the ATPase 
activities of myosin S were much lower than those of skeletal myosin A; the EDTA- 
ATPase, the Ca2÷-ATPase in 0.5 M KC1, the Ca2÷-ATPase in 0.05 M KC1 and the 
MgZ÷-ATPase of the former being one fourth, one half, one tenth and one half of the 
latter, respectively. Namely, the ATPase activities of myosin S are influenced much 
more than those of skeletal myosin A by a change in temperature. It  was also 
shown that in contrast to the case of skeletal myosin A, the Ca2+-ATPase activity of 
myosin S was higher in 0.5 M KC1 than in 0.05 M KC1. 

T A B L E  IV 

ATPase  ACTIVITIES OF MYOSIN S AND SKELETAL MYOSIN A (nORSE SKELETAL MUSCLE) 

ATPase  a c t i v i t y  was  measured  in a sy s t em con ta in ing  I mM ATP  and  2o mM h i s t id ine  bu i te r  
(pH 7.6). Ca~+-ATPase in  the  presence of 5 mM CaC12 and  e i the r  o. 5 M or 0.05 M KC1; Mg ~+- 
ATPase ;  i mM MgC1, z and  0.05 M KC1; E D T A - A T P a s e ;  i mM E D T A  and 0. 5 M KCI. 

Temp. A TPase activity (AP,, I~moles/min per mg of protein) 

EDTA - Ca2+- Ca2+- Mg~+- 

(0.5 IVI KCl) (0.o5 M KCl) 

Myosin  S 37 ° 1.37 o.8o 0.39 o.o3o 
25 ° o.61 o.28 o.13 o.oo42 

Ske le ta l  37 ° 3.80 0.73 i .67 0.032 
myos in  A 25 ° 2.42 0.54 i .25 0.0080 

I t  has been reported by several workers ls,zl,22 that the activities of EDTA- 
ATPase and Ca2+-ATPase of rabbit skeletal myosin A were inactivated and activated 
by the chemical modification of the fast reactive sulfhydryl groups, respectively. 
Fig. 5 shows the effect of N-ethylmaleimide on the ATPase activities of myosin S 
and horse skeletal myosin A. The ATPase of the latter exhibited the same response 
to the blocking of sulfhydryl groups with N-ethylmaleimide as that of rabbit skeletal 
myosin A. The activities of EDTA-ATPase of myosin S and skeletal myosin A de- 
creased during the course of reaction of the sulfhydryl groups with N-ethylmaleimide, 
although the inactivation of myosin S was slightly less than that of skeletal myosin 
A. I t  should be emphasized, on the other hand, that Ca2+-ATPase activities of myosin 
S were not at all affected during this reaction. 

Superprecipitation and A TPase of aetomyosin 
Superprecipitation of actomyosin at low ionic strength represents a simple 

model which demonstrates some of the properties of a contracting muscle system ~3. 
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The superprecipitation of myosin S and horse skeletal myosin A in the presence of 
F-actin obtained from the smooth muscle of horse esophagus were compared to 
obtain an insight into whether or not the speed of contraction depends on the origin 
of myosin. 
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Fig. 5. Change  in the  A T P a s e  ac t iv i ty  of m y o s i n  S and  skeletal  myos in  A (horse) caused  by  t he  
reac t ion  wi th  N-e thy l ma l e i mi de .  Myosins  p re incuba t ed  wi th  N - e t h y l m a l e i m i d e  a t  o ° in o. 5 M NC1 
a n d  2o m M  Tris-HC1 buffer  (pH 7.o). AT P ase  ac t iv i ty  was  measu red  a t  37 ° in a s y s t e m  con ta in ing  
0. 5 M KC1, 2o m M  his t id ine  buffer  (pH 7.6), I m M  A T P  and  e i ther  5 m M  CaC12 or i m M  E D T A .  
Open  symbols ,  m y o s i n  S; closed symbols ,  skeletal  m y o s i n  A. &, ~k, Ca2+-ATPase;  G,  0 ,  E D T A -  
ATPase .  

Fig. 6. Superprec ip i t a t ion  of r econs t i t u t ed  a c t o m y o s i n s  of s m o o t h  and  skeletal  musc le  m y o s i n s  
wi th  F-ac t in .  Reac t ion  m i x t u r e  con ta ined  o.14 m g / m l  m y o s i n  and  o.o 7 m g / m l  F -ac t in  in t he  
presence  of o.o 5 M KC1, i m M  MgC12, 2o m M  T r i s - m a l e a t e  buffer  (pH 6.5) and  o.I m M  ATP.  
The  reac t ion  was s t a r t ed  a t  25 ° b y  add ing  o. i  ml  of 3 m M  A T P  to 2.9 ml  of reac t ion  mix tu r e .  
A, a c t o m y o s i n  con ta in ing  m y o s i n  S and  F-ac t in ;  B, a c t o m y o s i n  con ta in ing  horse  skeletal  m y o s i n  
A a n d  F-ac t in .  

As can be seen in Fig. 6, the superprecipitation of myosin S and horse skeletal 
myosin A in the presence of smooth muscle F-actin were compared. The maximum 
extent  of superprecipitation as determined by the net change in absorbance was 
proportional to either myosin or actin concentration and was approximately the same 
for both myosins at the same concentration. The time required for the superprecipi- 
tation to reach 5o % completion (t, A) differed markedly for myosin S and skeletal myosin 
A. Fig. 6 shows about 4 sec with skeletal myosin A and about 154 sec with myosin 

T A B L E  V 

C O M P A R I S O N  OF MG2+-ATPAsE ACTIVITIES OF MYOSIN AND RECONSTITUTED ACTOMYOSINS 

Reac t i on  m i x t u r e  con ta ins  myos i n s  and  r econs t i t u t ed  ac tomyos in s  u n d e r  t he  s ame  cond i t ions  
as descr ibed in Fig. 6, 

Mg2+-A TPase activity (l, moles Pi/min per mg of myosin) 

Myosins Reconstituted actomyosins 

Myosin  S o.oo43 o .o i46  
Horse  skeletal  m y o s i n  A o.oo81 o. 17 ° 
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S as the t~i value. So, actomyosin containing myosin S superprecipitated at a rate 
of about one fortieth of that  containing skeletal myosin A. 

Table V summarizes the results of the actin-activated ATPase activities during 
the superprecipitation. The actin-activated ATPase activity of myosin S was about 
one twelfth of that  of skeletal myosin A, whereas the ATPase activity of myosin S 
without F-actin was about a half of that  of skeletal myosin A. One of the charac- 
teristic properties found in myosin S, that  its Mg~+-ATPase was activated a little by 
F-actin, has also been found in chicken gizzard s and uterus smooth muscle 2. 

DISCUSSION 

I t  has been very difficult to obtain a pure preparation of myosin from smooth 
muscles and especially to eliminate completely the nucleic acids bound to myosin 
by electrostatic force. 24 Our preparation of myosin S was free from nucleic acid, 
F-actin and other molecular species, as shown by  an A2sonm/A26onm ratio (Fig. 2), 
sedimentation pat tern (Fig. I), ATP sensitivity (Table II), gel filtration in 6 M urea 
(Fig. 3) and DEAE-cellulose column chromatography (Fig. 4)- 

Recently, KOTERA et al. 17 determined the molecular weight of myosin S (horse 
esophagus) prepared by our method and found it to be 6 • lO 5, which was the same 
as that  of rabbit  skeletal myosin A 25. The result shown in Table I indicates, therefore, 
that  the total phosphorus corresponds to only o.I8 mole/mole of myosin S. 

Also, the amounts of carbohydrates and collagen contaminating the myosin 
preparation, which were determined by the anthrone method 26 and by the method of 
NEUMA~ AND LOGAN 27, respectively, were practically negligible, although the results 
are not shown. 

Thus, our preparation of smooth muscle myosin was shown to be very pure. 
Such a high puri ty might assure precise comparative studies on the myosin molecule. 

The minor components shown by gel filtration of myosin S in the presence of 
6 M urea (Fig. 3) might part ly account for the so-called "small component ''~8 ~o. 
We were able to demonstrate at least two bands of some low-molecular-weight 
component from myosin S by  disc electrophoresis (to be published). 

The first step of a comparative study on enzymatic properties of extremely 
purified myosin S revealed some interesting facts as follows; differences were found 
between skeletal and smooth muscle myosins of the same animal, horse, in (i) pat tern 
of changes in enzymatic activity induced by effectors (Table IV), (2~ activation energy 
suggested by the values obtained at 25 and 37 ° (Table IV), (3) KC1 concentration 
dependence of Ca2+-ATPase (o.o 5 M and o.5 M KC1) (Table IV), (4) change of Ca ~*- 
ATPase activity produced by chemical modification with N-ethylmaleimide which 
marked activation in skeletal myosin and no change in smooth muscle myosin 
(Fig. 5). These facts strongly suggested that,  although skeletal and smooth myosins 
can be regarded as an isozyme because of the same molecular weight 17, the same 
molecular shape 17 and their sharing the same substrate, there are definite differences 
in the structure of the active site of both ATPases. 

I t  is of interest that  these two isozymes have the same eight cysteine residues 
per lO 5 g myosin but that  their responses to modification with N-ethyhnaleimide 
are remarkably different. A fast reactive sulfhydryl group of skeletal myosin A with 
N-ethylmaleimide, which is one residue per 2" lO 5 g of the protein, has been found and 
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named S 1 by SEKINE and co-workers 21,22 and is suspected to be a key residue in the 
allosteric site of the myosin moleculO 1. A fast reactive sulfhydryl group of myosin S 
can be regarded as a residue corresponding to S~ of skeletal myosin A, as it is respon- 
sible for the activity of EDTA-ATPase (Fig. 5)- However, no change in Ca2+-ATPase 
was observed at all in myosin S. 

As mentioned above, no obvious species specificity was found in the amino 
acid composition of myosin (Table III, cf. ref. 5). Therefore, the difference found in 
the amino acid compositions of skeletal and smooth mucsle myosins may reflect 
substantially on the structure of the active site, resulting in remarkable differences 
found in the catalytic properties of the two kinds of myosin. 

The differences described in this paper as to the structure and function of two 
types of myosin molecules are expected to relate to the velocity of superprecipita- 
tion of actomyosins. In fact, the rate of superprecipitation of actomyosin containing 
myosin S was found to be only one fortieth of that of actomyosin containing skeletal 
myosin A (Fig. 6). This corresponds apparently to the rates of contraction in living 
muscles. Tile experimental result, shown in Fig. 6, also leads us to a very important 
conclusion that the rate limiting step involved in the processes of superprecipitation 
is related to a specific tertiary structure around the active site of myosin. 
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