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A B S T R A C T  

In the frog skeletal muscle cell a well defined and highly organized system of tubular 
elements is located in the sarcoplasm between the myofibrils. The sarcoplasmic component 
is called the sarcotubular system. By means of differential centrifugation it has been possible 
to isolate from the frog muscle homogenate a fraction composed of small vesicles, tubules, 
and particles. This fraction is without cytochrome oxidase activity, which is localized in 
the mitochondrial membranes. This indicates that the structural components of this frac- 
tion do not derive from the mitochondrial fragmentation, but probably from the sarco- 
tubular system. This fraction, called sarcotubular fraction, has a Mg++-stimulated ATPase 
activity which differs from that of muscle mitochondria in that it is 3 to 4 times higher on 
the protein basis as compared with the mitochondrial ATPase, and is inhibited by Ca ++ 
and by deoxycholate like the Kielley and Meyerhof ATPase. We therefore conclude that 
the "granules" of the Kielley and Meyerhof ATPase, which were shown to have a relaxing 
effect, are fragments of the sarcotubular system. The isolated sarcotubular fraction has a 
high RNA content and demonstrable activity in incorporating labeled amino acids, even 
in the absence of added supernatant. 

I N T R O D U C T I O N  

Three main types of structures are present in the 
cross-striated muscle fibers, namely, myofibrils, 
mitochondria, and the interfibrillar component 
called "sarcoplasmic reticulum" or "sarcotubular 
system." Myofibrils and rnitochondria have been 
the object of intense morphological and biochemi- 
cal studies in the past decade. 

The interfibrillar component was described long 
ago by, among others, Retzius (1) and Veratti 
(2), and more recently by Bennett and Porter (3), 

Andersson (4, 5), and Porter and Palade (6). From 
these studies the suggestion was advanced that the 
interfibrillar component might be involved in the 
transmission of the excitatory impulse from the 
cell membrane to the contractile material. The 
possibilities were also considered that the sarco- 
tubular system could be analogous to the endo- 
plasmic reticulum of other cells and that it could 
be involved in the extramitochondrial metabolism 
of the sarcoplasm. However, no report has yet ap- 
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peared concerning the isolation of the sarcotubular  
system and the study of its biochemical  properties. 

O n  the other  hand,  impor t an t  biochemical  
activities have been found associated with the 
"granu les"  prepared  from muscle homogenate.  A 
pa r t  of these "granules"  consist of mi tochondr ia  
(7), in tac t  or f ragmented,  and  has been used for 
studies on the mechanism of electron t ranspor t  
and  oxidative phosphorylation.  " G r a n u l a r "  
preparat ions  have also been used in the studies of 
muscle physiology and  biochemistry,  since it was 
found tha t  muscle "granules"  are needed for the 
relaxat ion of the muscle fibers and  the inhibi t ion 
of the myofibri l lar  ATPase  (8-14). 

Fur thermore ,  muscle "g ranu les"  of different 
sizes have been found to exhibi t  ATPase  I activity 
(15, 16). An  ATPase  prepara t ion  has been iso- 
lated by Kielley and  Meyerhof  (17, 18) and  
demonst ra ted  to be l ipoprotein in nature.  I t  was 
suggested tha t  this p repara t ion  was related to the 
"microsomal" component  of the muscle. However,  
after the demonst ra t ion  tha t  muscle mi tochondr ia  
also had  an  ATPase  activity, it became difficult to 
decide whe ther  the Kielley and  Meyerhof  ATPase  
prepara t ion  was the result of a f ragmenta t ion  of 
mi tochondr ia ,  or due to the presence among  the 
myofibrils of " g r a n u l a r "  structures endowed with 
a completely different physiological function (19). 

The  present  investigation was under taken  to 
identify, by means of a correlated morphological  
and  biochemical  study, the muscle "g ranu les"  
separated by differential centr ifugation from a 
muscle homogenate ,  and  to isolate a purified 
fraction from the sarcotubular  system of frog 
skeletal muscle. 

The  term "sa rco tubu la r  f ract ion"  will be used 
in the following presentat ion to denote  a fraction 
obta ined  by means of differential centrifugation 
of muscle homogenate .  As will be shown later, 
exper imental  suppor t  for the use of this term is 
given bo th  by the morphological  appearance  of 
the structures present in the sediments, and  by 
biochemical  properties which exclude any possible 
der ivat ion of these structures from fragmenta t ion 

1 The following abbreviations are used: RNA, ribo- 
nucleic acid; ATP, adenosine triphosphate; GTP, 
guanosine triphosphate; PEP, phosphoenolpyruvate; 
tris, tris(hydroxymethyl)aminomethane buffer; DOC, 
deoxycholate; TCA, trichloroacetic acid; DPNH, 
reduced diphosphopyridine nucleotide; Pi, inorganic 
phosphate; ATPase, adenosine triphosphatase activ- 
ity. 

of mitochondria ,  the lat ter  being the only com- 
ponents  in the in tac t  muscle cell expected to give 
rise to similar structures upon  homogenizat ion.  

M E T H O D S  

Frogs (Rana temporaria) weighing 20 to 30 g. were 
killed by decapitation and the hind legs were quickly 
skinned. One head of the sernitendinosus muscle and 
sometimes also the sartorius muscle were immediately 
prepared for electron microscopy. The other muscles 
from the legs were excised, dropped into a chilled 
solution of 0.25 u sucrose, and weighed. The muscles 
were then blotted with filter paper, very finely cut 
with scissors, and transferred to chilled 0.88 ~ sucrose. 
An all glass Potter-Elvehjem homogenizer with a 
loosely fitting pestle was used for the homogenization 
of the minced muscle. The homogenization was not 
prolonged beyond 20 seconds, and the homogenized 
material was kept in an ice water bath. The homoge- 
nate was diluted with 0.88 ~ sucrose to a volume of 
10 times the initial weight of the muscle, and centri- 
fuged in a model L Spinco ultracentrifuge. 

In the experiments where a fraction termed "sarco- 
tubular fraction" was used, the muscle homogenate 
was first centrifuged at 75,000 g for 40 minutes, in 
order to sediment nuclei, myofibrils, mitochondria, 
connective tissue, and intact cells. Although a part  
of the sarcotubular system was lost in the sediment, 
this centrifugal force was selected in order to avoid 
contamination by mitochondrial fragments. The 
supernatant obtained from this centrifugation was 
centrifuged for 60 minutes at 105,000 g. The white, 
translucent pellet was resuspended in 0.25 ~x sucrose 
and used for biochemical analysis. 

In the experiments where a fraction termed "mito- 
chondrial fraction" was used, the muscle homogenate 
in 0.88 M sucrose was first centrifuged at 2,000 g for 
7 minutes in order to sediment nuclei, myofibrils, 
and intact cells. The supernatant was centrifuged at 
15,000 g for 10 minutes and the pellet obtained from 
this centrifugation was resuspended in 0.25 ~ sucrose. 
In some cases frog muscle mitochondria and sarco- 
tubular fraction were prepared by using the Chappcll 
and Perry tris-KC1 medium (20). 
Biochemical Analysis." The cytochrome oxidase ac- 
tivity was measured according to the procedure de- 
scribed by Potter (21). Concentration of the reagents 
in a final volume of 1.5 ml. was as follows: 33 mM 
phosphate buffer (pH. 7.4), 0.08 mM cytochrome C, 
0.4 mu  AICIa, 11.4 m~s Na-ascorbate. The tempera- 
ture was 30°C. 

The RNA content was measured according to 
Schneider (22). 

The ATPase activity was measured on the mito- 
chondrial and sarcotubular fractions in a medium of 
the following composition in a final volume of 2 ml. : 
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50 mM KC1, 25 mM tris (pH 7.5), 5 mM ATP. The 
reaction was started by addition of 1 ml. of enzyme 
suspension (about 1 mg. protein per ml.) in 0.25 M 
sucrose and the tubes were incubated for 20 minutes 
at 30°C. with gentle shaking. The reaction was 
stopped by addition of 1 ml. 1 M perchloric acid, 
and the inorganic phosphate was analyzed according 
to the modified Martin and Doty method (23). 

The protein concentration was measured by the 
biuret reaction. 

Concentration of the reagents in the test system 
used for determination of the DPNH-cytochrome C 
reductase activity was as follows: 10 m~ KCN, 2 
rag. cytochrome C, 0.22 rag. DPNH, 20 mM phos- 
phate buffer (pH 7.5), 0.1 to 1.0 rag. protein, and 
200 mM sucrose. Final volume was 3 ml. 

The amino acid incorporation was measured on 
the sarcotubular fraction in a medium of the follow- 
ing composition in a final volume of 1 ml: 10 mM 
MgCI2, 25 mg  KC1, 35 m~ tris (pH 7.8), 250 mM 
sucrose, 1 mM ATP, 10 mM PEP, 0.2 mM GTP, 15 
~g. pyruvate kinase, 1.6 rag. adenylate kinase, 0.08 
mM 14C-l-leucine, and resuspended sarcotubular 
fraction corresponding to 4 rag. of protein. After 
incubation at 20°C., 0.2 ml. of saturated solution of 
dl-leucine and TCA to a final concentration of 5 
per cent was added to the tubes. The protein content 
was adjusted to the same amount and the protein 
was extracted as described by von der Decken and 
Hultin (24). The radioactivity was measured by a 
Tracerlab thin mica window counter. The activity 
values were recalculated for infinite sample thick- 
ness by means of an empirical saturation curve. 
Electron Microscopy: The semitendinosus and sar- 
torius muscles of the frog were fixed at rest length in 
toto in 1 per cent isotonic osmium tetroxide solution 
buffered with veronal acetate to pH 7.2. The prepa- 
ration and immersion in the fixative were made at 
room temperature. The fixation for 4 hours, the 
rinsing in Ringer solution, and the dehydration in 70 
per cent alcohol overnight were carried out at -t-2°C. 
The final dehydration in increasing concentrations of 
alcohol was carried out again at room temperature. 

Two embedding media were employed, Araldite 
(25) and Epon (26). Before embedding, the muscle 
was cut into smaller pieces. The sectioning was per- 
formed with a Sj6strand ultramicrotome and an 
LKB 4800 ultrotome. Both unstained sections and 
sections stained with saturated uranyl acetate (27, 28) 
were examined. The electron microscopes used were 
the RCA 3A at 100 kv. and the Akashi Transcope 
50D. 50 ~ molybdenum apertures were used in the 
objective pole pieces. The primary magnifications 
were 8,000 to 25,000. 

Electron microscopical analysis of the pellets ob- 
tained by differential centrifugation was carried out 
as follows: The different layers of the fractions were 

most often separated by differential centrifugation, 
and each subfraction was prepared for electron 
microscopy. The pellets were fixed in situ for a few 
minutes with precooled 10 per cent formalin in 
veronal acetate buffer (pH. 7.2). Small pieces con- 
taining all layers were removed from the pellet and 
transferred to precooled, isotonic buffered 1 per cent 
osmium tetroxide solution. In the sectioning, care 
was taken to include all the different layers of the 
pellet. 
Materials: ATP, GTP, cytochrome C, DPNH, and 
tris were obtained from Sigma Chemical Co., St. 
Louis, Missouri; PEP and pyruvate kinase from C. F. 
Boehringer und S6hne, Mannheim, Germany; 14C-l- 
leucine (5.75 mc./mmole) from the Radiochemieal 
Centre, Amersham, England; adenylate kinase was 
prepared from rabbit muscle and purified as de- 
scribed by Colowick and Kalckar (29). 

R E S U L T S  

The Muscle Cell: Fig. 1 shows a longitudinal sec- 
tion through a frog semitendinosus muscle cell. 
Myofibrils, a mitochondrion,  a well defined inter- 
fibrillar vesicular component,  and small particles 
appear  in the picture. 

The myofibrils in the figure show the ordinary 
cross-striations (A, M, I, and Z bands) which are 
observed in a relaxed muscle cell. The mito- 
ehondria in the frog muscle are rather few in number  
in comparison with those in other types of muscle 
(for example, pigeon breast or mouse intercostal 
muscle). They are irregularly distributed between 
the myofibrils. In its detailed structure the mito- 
chondrion shows the classical organization with 
an outer double membrane  and a system of inner 
double membranes  (30, 31). 

Between the myofibrils there is a highly or- 
ganized membranous  system of tubules which is 
referred to as the sarcotubular system or sarcoplasmic 
reticulum. 

As previously pointed out (5), the amount  of 
this interfibrillar component  varies in different 
skeletal muscle cells of the frog. The muscle cell 
illustrated in Fig. 1 represents the most common 
type appearing in the frog leg muscle. 

The sarcotubular system seems to be composed 
of different parts. At the level of the A band of the 
myofibrils the sarcotubules, with a diameter  of 
about 300 A, run parallel with the myofibrils. At 
level of the I band, the interfibrillar structures 
have a larger diameter  (Fig. 1). At the Z band 
level a three-component  structure, a " t r i ad"  (6), 
is located. In a longitudinal section the " t r i ad"  
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FIGURE 

Distr ibut ion of cy tochrome oxidase activity and  R N A  in the  fractions obta ined  by differential centr ifu-  
gat ion of frog skeletal muscle  homogenate .  After each centr i fugat ion the  s u p e r n a t a n t  was poured  
into a new tube  for the  next  centr i fugat ion and  the pellets were resuspended  in 0.25 M sucrose. Ali- 
quots  f rom each suspension were taken  for de te rmina t ion  of cy tochrome oxidase and  of R N A  and  
protein  content .  For the  cy tochrome oxidase de te rmina t ions  each W a r b u r g  vessel con ta ined  33 mM 
K-Na2PO4 buffer (pH 7.4), 0.08 mM cytochrome C, 0.4 m ~  A1C13, 11.4 mM Na-ascorbate ;  final 
volume,  1.5 ml.;  gas phase,  air; t empera ture ,  30°C.;  0.2 ml. 2 M K O H  in the  center  well. The  solid 
line shows the cy tochrome oxidase activity and  the dashed one the  R N A / p r o t e i n  N ratios. 

a p p e a r s  as two la rger  vesicles loca ted  a t  e a c h  side 

o f  the  Z b a n d .  T h e  vesicles a re  e l o n g a t e d  in  

a d i r ec t i on  t r ansve r se  to the  myof ibr i l s  a n d  h a v e  

the i r  sur faces  f l a t t ened  aga i n s t  e ach  other .  T h e  

space  b e t w e e n  these  sur faces  is a b o u t  500 A. I n  this  

i n t e r space  a sma l l  t u b u l a r  o r  ves icu la r  s t r u c t u r e  

appea r s .  O n l y  one  " t r i a d "  a p p e a r s  in e a c h  sarco-  

mere .  

T h e  c o n t i n u i t y  of  the  d i f fe ren t  pa r t s  of  the  

s a r c o t u b u l a r  s y s t e m  of  t he  f rog  m u s c l e  cell h a s  n o t  

ye t  b e e n  a n a l y z e d  in deta i l .  

Sma l l  particles wi th  a d i a m e t e r  of  a b o u t  150 A 

are  i r r egu l a r l y  d i s t r i bu t ed  in the  s a r cop la sm.  T h e  

par t ic les  a re  n o t  a t t a c h e d  to the  s a r c o t u b u l a r  

m e m b r a n e s .  

Fractionation of the Muscle Homogenate: I n  Fig. 2 

a n d  in T a b l e  I d a t a  f r o m  two d i f fe ren t  exper i -  

m e n t s  a re  r e p o r t e d  c o n c e r n i n g  the  c y t o c h r o m e  

ox idase  ac t iv i ty  as well  as the  R N A  a n d  p ro t e in  

c o n t e n t  of  va r i ous  f rac t ions  s e p a r a t e d  by  differ-  

ent ia l  c en t r i fuga t ion  f rom a frog musc l e  h o m o g -  

enate .  F rog  skeletal  musc l e  as the  t issue a n d  0.88 

F I G U R E  ] 

Electron mic rog raph  of a longi tudinal ly  sectioned semitendinosus  muscle  cell of  the  
frog. Different  bands  of the  myofibrils arc indicated in one sarcomere  (A, M,  I, and  
Z bands) .  In  the  upper  por t ion of the  picture,  par t  of  a mi tochondr ion  (Mi) is seen. 
Sarcotubules  appear  between the myofibrils. T h e  intcrfibrillar componen t s  located 
at the  I band  level of  the  myofibrils appear  as vesicular profiles. Arrows point  to 
the  th ree -componen t  s t ructure,  the  triad. Small  dense particles not  a t t ached  to the  
m e m b r a n e s  are observed in the  sarcoplasm. T h e  specimens,  fixed in o smium tctroxide, 
were c m b e d d e d  in Araldite.  X 43,000. 
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T A B L E  I 

Biochemical Properties of Various Fractions of Frog Skeletal Muscle Homogenate 

Fraction Centrifugal force 

Cytochrome oxidase 
mg. protein mg. RNA mg. RNA 

per g. /~1. O~/g. #1. O~/mg. per g. per mg. 
muscle muscle/hr, protein/hr, muscle protein 

Homogenate 166.0 1826 l 1.0 6.64 0.040 
Myofibrils, nuclei 400 g )< 7 min. 129. l0 516.40 4.0 1.30 0.010 
Mitochondria 6,500 g X 10 " 3.85 701.85 182.3 0.19 0.049 
Mitochondria 10,000 g X 10 " 1.52 257.94 169.7 0.10 0.067 
Mitochondria  40,000 g X 30 " 1.86 174.46 93.8 0.13 0.070 
Sarcotubules 75,000 g X 30 " 1.40 49.0 35.0 0.26 0.185 
Sarcotubules 105,000 g N 60 " 0.72 0 0 0.27 0.375 
Sarcotubules 105,000 g X 180 " 0.92 0 0 0.21 0.228 
Final supernatant  17.0 0 0 3.70 0.218 

Experimental  conditions as in Fig. 2. The gravity at which each fraction was obtained is indicated in 
the second column. 

M sucrose as the homogenizing medium were se- 
lected after a number  of prel iminary experiments 
were carried out in which muscle of different ani- 
mals (rat, mouse, and pigeon) and varying con- 
centrations of sucrose in the presence or absence of 
ions (MgCI~, KC1) were tested. When media con- 
taining ions or when muscles with a large number  
of mitochondria  were used, the separation of the 
various components present in the muscle homog- 
enate was less complete. For example, it was 
difficult to avoid the presence of mitochondrial  
fragments in the fractions sedimented at higher 
centrifugal force. 

From the data of Fig. 2 and Table I it appears 
that  the cytochrome oxidase activity was recovered 
in the fractions sedimenting at lower centrifugal 
force. Because of the presence of high cytochrome 
oxidase activity these fractions have been termed 
"mitochondrial  fractions." About one-third of the 
cytochrome oxidase activity remained in the 
myofibrillar fraction, indicating that a large 

number  of the mitochondria  were not separated 
from the myofibrils during the muscle disintegra- 
tion. The presence of mitochondria within intact 
parts of the muscle fibers was also confirmed by 
electron microscopical analysis performed on the 
myofibrillar fraction. 

The fractions obtained at higher centrifugal 
force revealed different properties. The cyto- 
chrome oxidase activity disappeared and the 
RNA content  increased considerably. This in- 
crease in RNA content together with a decreased 
amount  of protein resulted in high RNA/p ro t e in  
ratios in these fractions. 
Properties of the Mitochondrial Fragments: In order 
to exclude the possibility that  the structures present 
in the fractions separated at higher centrifugal 
force could be derived from the fragmentation of 
the mitochondria,  a detailed morphological and 
biochemical study was performed on the mito- 
chondrial fragments obtained by mechanical  treat- 
ment  of the mitochondrial  fraction, and the 

FIGURE 8 

Electron micrograph of mitochondrial fragments. The mitochondria were isolated by 
differential ccntrifugation between 15,000 g for 10 minutes and 40,000 g for 30 minutes, 
after treatment with the Ultra-Turrax blender. The homogenization medium used 
was 0.88 M sucrose. The rather tightly packed structures are mainly vesicles of dif- 
ferent sizes, and tubular elements. Some of the vesicles contain smaller vesicles or a 
dark area. Tubular elements (arrows) with high density are scan. A few small particles 
arc observed. A very high cytochrome oxidasv activity is present in this fraction. Thc 
fraction, fixed in formalin and in osmium tctroxide, was embedded in Araldite. The 
section was stained in uranyl acetate. X 70,000. 
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properties of the mi tochondr ia  at  different stages 
of f ragmenta t ion  were compared  with the 
morphological  properties of the sarcotubules. 

Figs. 3 and  4 show electron micrographs from 
sections of mi tochondr ia l  fragments. These frag- 
ments  were isolated by centrifugation between 
15,000 g for 10 minutes and  40,000 g for 30 minutes 
in 0.88 M sucrose (Fig. 3) or between 10,000 g for 
10 minutes  and  40,000 g for 25 minutes  in Chap-  
pell and  Perry tris-KC1 saline solution (Fig. 4). 
In  bo th  micrographs  a large n u m b e r  of r a the r  
t ightly packed vesicles with  a d iameter  up  to 0.35/z 
are seen. The  vesicles were mostly bounded  by a 
single m e m b r a n e  with a thickness of abou t  50 A. 
Most  of the vesicles appeared  empty,  but  in some 
cases they conta ined double-l ined membranes ,  
smaller vesicles, or dark  areas, the lat ter  being 
usually located at  the periphery.  Small particles, as 
well as single or diffuse aggregations,  appeared  in 
bo th  preparat ions ,  bu t  they seemed to be more 
a b u n d a n t  in the fragments  obta ined wi th  Chappel l  
and Perry med ium (Fig. 4). In  the preparat ions  ob- 
tained with sucrose medium,  several tubular  
elements (arrows, Fig. 3) with a high density are 
present between the vesicles. If  the micrographs 
in Figs. 3 and  4 are compared  with those obtained 
from the sarcotubular  fractions (Figs. 5 and  6), the 
different average size of the vesicles present in the 
two preparat ions  is part icularly evident. 

The  biochemical  analysis showed that  the mito- 
chondrial  fragments  il lustrated in Figs. 3 and  4 had  
the following properties:  (a) D P N H - c y t o c h r o m e  
C reductase activity; and  (b) high cytochrome 
oxidase activity. In addi t ional  experiments  (Table 
II)  it was demonstra ted that  extensive f ragmenta-  
tion of the muscle mi tochondr ia ,  by t rea tment  with 
an  Ul t r a -Tur rax  blender  ( f r o m J a n k e  and  Kunke l  
KG,  Staufen),  was not  able to abolish the 
cytochrome oxidase activity. The  mi tochondr ia l  
fraction showed also a Mg++-st imulated ATPase 
activity; but,  as will be shown later, this ATPase 

activity was 3 to 4 times lower than  that  of the 
sarcotubular  ATPase,  and,  in addit ion,  it was not  
inhibi ted by Ca ++ . 
Properties of the Sarcotubular Fraction." In  Figs. 5 
and 6 are shown electron micrographs  from 
sections of the sarcotubular  fractions. The  sarco- 
tubular  fraction illustrated in Fig. 5 was obta ined 
by centrifugation between 75,000 g for 40 minutes  
and  I05,000 g for 60 minutes,  and  the muscle was 
homogenized in 0.88 M sucrose. The  structures 
present  in this fraction are membrane- l imi ted  
profiles and  small granules or particles. The  mem-  
branes  appear  ei ther  as single- or double-l ined 
circular profiles of different size, or as small tubu-  
lar elements. The  vesicles have a d iameter  of 200 
to 500 A and the tubules of about  150 to 200 A. 
The  particles have a d iameter  of abou t  150 A 
and  are not  a t tached to the membranes .  In the 
pictures with  higher  resolution the particles seem 
to be constructed of smaller, dark  subunits  in a less 
dense ground substance. The  n u m b e r  of particles 
increases and  the vesicles decrease in amoun t  in 
the layers obtained at  higher  centrifugal force. In  
the latter layers there also appear  thin  filaments. 

The fraction illustrated in Fig. 6 was obta ined 

between 40,000 g for 30 minutes and  75,050 g for 

30 minutes, and  the muscle was homogenized in 

Chappel l  and Perry saline solution. The  lower 

viscosity and  the composition of this medium,  con- 

taining MgSO4 (0.005 M) and a high concentra-  

tion of KC1 (0.1 M), seemed to change the char- 

acteristics of the fractions. The  40,000 g to 75,000 

g pellet in saline medium,  for instance, contains 

mostly free particles, while in the fraction obta ined  

at the same centrifugal force in 0.88 M sucrose 

practically no particles are visible in the electron 

micrographs.  The  thin filaments also are much  

more a b u n d a n t  in the fraction prepared  in the 

Chappel l  and  Perry med ium (Fig. 6). I t  is very 

probable  tha t  these filaments are derived from 

FIGL~E 4 

Electron micrograph of mitochondrial fragments. The mitochondria were isolated by 
differential centrifugation between 10,000 g for 10 minutes and 40,000 g for 95 minutes, 
after t reatment with an all glass Potter-Elvehjem homogenizer. The homogenization 
medium used was the Chappell-Perry tris-KC1 solution. Tightly packed vesicles of 
different sizes appear in the picture. Some of them contain smaller vesicles or dark 
spots mostly located at the periphery. Single small dark particles or aggregates are 
also observed. The fraction shows a very high cytochrome oxidase activity. The prep- 
aration for electron microscopy was as in Fig. 3. M 70,000. 
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TABLE II 

Cytochrome Oxidase Activity in Intact and Fragmented 
Frog Skeletal Muscle Mitochondria 

Material 

Cytoehrome oxidase 
activity 

#1. Oe/mg. pl. O~/g. 
protein/hr, muscle/hr. 

In tac t  mi tochondr ia  105 388 
Fragmented  mi tochondr ia  

Total  fraction 102 377 
Subfract ion at  15,000 g X 10 82 199 

rain. 
Subfract ion at 105,000 g X 60 285 177 

rain. 

Exper imental  conditions as in Fig. 2. The  frog 
skeletal muscle mi tochondr ia  were isolated from a 
muscle homogenate  in 0.88 M sucrose by differential 
centr i fugat ion between 2,000 g for 7 minutes and 
15,000 g for l0 minutes. One par t  of the mitochon-  
drial  suspension was tested for cytochrome oxi- 
dase activity, another  par t  was t reated for 60 min-  
utes with an U l t r a -Tur rax  blender.  The f ragmented 
mi tochondr ia  were ei ther  directly tested for cyto- 
chrome oxidase activity or divided into two sub- 
fractions, the first precipi ta ted at 15,000 g for 10 
minutes,  and the second at 105,000 g for 60 minutes.  

myofibrils. This  suggestion is supported by the 
fact tha t  myofibri l lar  proteins are more easily 
extracted from the myofibrils by saline solution, 
especially in the presence of ATP.  

The  fractions il lustrated in Figs. 5 and  6 upon  
examinat ion  yielded the following biochemical  
observations:  (a) no cytochrome componen t  was 
found in the absorpt ion spectra;  (b) the cyto- 
chrome oxidase and  the D P N H - c y t o c h r o m e  C 
reductase activities were absent ;  (c) a high M g  ++- 
st imulated,  Ca++-inhibi ted  ATPase  activity was 
present. 
The ATPase Activity of the Sarcotubular Fraction: 

As ment ioned  in the introduction,  a Mg++-st imu- 
lated and  Ca++-inhibi ted  ATPase  activity has 
been reported by Kielley and  Meyerhof  (17, 18) 
in a l ipoprotein fraction from muscle. A M g  ++- 
st imulated ATPase has recently been found in the 
microsomal fraction of liver cells (32). The  fol- 
lowing experiments were performed in order  to 
test whe ther  the sarcotubular  fraction isolated 
from frog muscle contained a Mg++-st imulated 
ATPase  different in properties from tha t  found 
to be associated with muscle mitochondria ,  and  
whether  the sarcotubular  ATPase corresponded 
to the "soluble muscle ATPase"  described by 
Kielley and  Meyerhof. 

Fig. 7 shows the s t imulat ion of the ATPase  ac- 
tivity of the sarcotubular  fraction isolated at  
105,000 g in 0.88 M sucrose by various concentra-  
tions of M g  ++. Low concentrat ions of M g  ++ 
st imulated 6 to 8 times the ATPase  activity, 
whereas the s t imulat ion was progressively lost a t  
higher  M g  ++ concentrations.  At  a M g + + / A T P  
ratio of 1.6 (Fig. 7) the st imulat ion was already re- 
duced to about  50 per  cent. At  a M g + + / A T P  ratio 
of 10, used in the amino acid incorporat ion ex- 
periments,  the Mg++-st imulated ATPase  activity 
was inhibi ted up  to about  90 per  cent. 

An  interest ing characteristic of the M g  ++- 
st imulated ATPase  of the sarcotubular  fraction is 
its sensitivity to Ca ++ (Fig. 8). Addi t ion  of 0.4 mM 
Ca ++ inhibi ted about  50 per  cent or more of the 
ATPase  activity s t imulated by 4 m• M g  ++. How- 
ever, increasing concentrat ions of Ca ++ were not  
able to abolish completely the ATPase activity. 

The  sarcotubular  ATPase  was found to be de- 
pendent ,  as in the case of the Kielley and  Meyerhof  
ATPase,  on the main tenance  of the l ipoprotein 
structure. As shown in Fig. 9, addi t ion of low con- 
centrat ions of deoxycholate,  which brings abou t  a 
solubilization of the l ipoprotein structure,  strongly 
inhibi ted the sarcotubnlar  ATPase.  

FIGURE 5 

Electron micrograph of part  of the sarcotubular fraction. This fraction was obtained 
by differential centrifugation between 75,000 g for 40 minutes and 105,000 g for 60 
minutes. The medium used during the homogenization was 0.88 M sucrose. The main 
structures appearing are single- or double-lined vesicles, smaller in mean diameter 
than those appearing in Figs. 3 and 4. Tubular  elements (at arrows) and a few small 
granules or particles are also seen. The biochemical analysis of the fraction revealed 
no cytochrome oxidase activity, a high Mg++-stimulated Ca++-inhibited ATPase 
activity, and a high RNA content. The preparation for electron microscopy was as in 
Fig. 3. X 70,000. 

210 THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY ' VOLLrME 10, 1961 



MUSCATELLO ET AL. Sarcotubular System oj~ Skeletal Muscle 211 



212 THE JOURNAL OF BIOPUYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME 10, 1961 



50 

40  

¢- 

~ 50  
c:  

L~ 
o 
Q.. 

E 
h" 

-~ 2o 
0 
E 

,o/ 
i 

I I | 
4 8 12 

Conc. Mg ++, mM 

I 

16 

PIGURE 7 

Effect of various M g  ++ concentra t ions  on the  ATPase  activity of the  sa rco tubular  fraction. Each  
tube  conta ined  50 m ~  KC1, 25 mM tris buffer  (pH 7.5), 5 mM ATP,  125 mM sucrose; final volume,  2 
ml ;  t empera ture ,  30°C.;  incuba t ion  t ime,  20 minutes .  T h e  ATPase  activity was measu rcd  as 
tzmolcs of Pi l iberated by I rag. of sa rco tubular  protein in 1 hour .  T h e  sarco tubular  fract ion was 
tha t  shown in Fig. 5. 

FIGURE 6 

Electron mic rog raph  of par t  of the  sarcotubular  fraction. T h e  fraction was obta ined  
by differential centr i fugat ion be tween 40,000 g for 30 minu tes  and  75,000 g for 30 
minutes .  T h e  m e d i u m  used dur ing  the  homogeniza t ion  was the  Chappel l -Per ry  tris- 
KC1 solution. T h e  s t ructures  seen are vesicles of  different sizes, a large n u m b e r  of  
small  particles, and  filaments. T h e  small  particles are composed  of densely packed 
subuni t s  in a less dense g round  med i um.  T h i n  f i laments appear  in bundles  (an-ows) 
or are spread out  be tween the other  structures.  T h e  biochemical  analysis revealed a 
very low cytochrome oxidase activity, a h igh  R N A  content ,  and  a h igh  ATPase  activity. 
T h e  prepara t ion  for electron microscopy was as in Fig. 3. X 70,000. 
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FIGURlg 8 

Inhibition by Ca ++ of thc Mg++-stimulated 
ATPasc activity of the sarcotubular fraction. Ex- 
perimental conditions as in Fig. 7. 4 mM MgC12 
was added to all tubes. In the absence of added 
MgC12, 2 pmoles Pi/mg. protein/hour  were 
liberated by this preparation. The ATPase activity 
was measured as ~moles of Pi liberated by l nag. 
o f  sarcotubular protein in l hour. The  sarcotu- 
bular fraction was obtained as in Fig, 5, 

The  different features of the Mg++-st imulated 
ATPase  found in the mi tochondr ia l  and  sarcotub- 
ular  fractions are i l lustrated in Table  I I I .  The 
Mg++-st imulated ATPase  activity was consider- 
ably higher  in the sarcotubular  fraction than  in 
the mitochondria .  About  8 to 10 #moles P i /mg.  
p r o t e i n / h o u r  at  30°C. were split by the mito- 
chondrial  ATPase,  whereas 3 to 4 times more Pi 
was l iberated by the sa rcombula r  ATPase.  Fur-  
thermore,  addi t ion of Ca ++, in a molar  ratio of 
1:5 in relat ion to the M g  ++ concentrat ion,  pro- 
duced an  inhibi t ion by about  80 per  cent of the 
Mg++-st imulated ATPase  of the sarcotubular  
fraction, bu t  virtually did not  interfere with  the 
Mg++-st imulated ATPase  of the mi tochondr ia l  

fraction. Fragmenta t ion  of the mi tochondr ia  
with  an  Ul t r a -Tur rax  blender  did not  change this 
pat tern .  The  Mg++-st imulated ATPase  of the 
f ragmented mi tochondr ia  was increased by about  
25 per  cent, bu t  no inhibi t ion by Ca ++ appeared.  
Amino Acid Incorporation into the Sarcotubular Fraction: 
As shown in Table  I, a relatively h igh R N A / p r o -  
tein ratio together with  a lack of cytochrome oxi- 
dase activity was found in the fraction obta ined by 
centrifugation between 75,000 g for 30 minutes  
and  105,000 g for 60 minutes  in 0.88 M sucrose. To 
characterize this fraction as a fraction correspond- 
ing to the microsomes of other  tissues, the abili ty 
to incorporate  labeled amino acids into protein 
was investigated. As shown in Table  IV, in- 
corporat ion of amino acids was obta ined also in 
the absence of soluble supernatant .  Addi t ion of 
105,000 g superna tan t  from frog muscle even in- 
hibi ted the incorporat ion slightly, whereas a small 
increase was observed in the presence of rat  liver 
supernatant .  The  rate of amino acid incorporat ion 
was constant  over a period of 2 hours;  as shown in 
Fig. 10, the increase in isotope content  was pro- 
port ional  to the t ime of incubat ion.  

As shown in the electron micrographs (Figs. 5 
and  6), the particles found in the sarcotubular  
fractions were not  a t tached to the membranes .  In 
spite of this lack of structural  relation, the possi- 
bility of a functional relat ion between the particles 
and  the sarcombular  membranes  dur ing  the 
process of amino acid incorpora t ion was investi- 
gated. The  distr ibution of radioactivi ty after 2 
hours of incubat ion  is shown in Table  V. Most  of 
the radioactivity was found in the deoxycholate- 
insoluble fraction, which contained the r ibonu-  
cleoprotein particles. The  radioactivi ty of the 
deoxycholate-soluble fraction, which probably  

corresponds to the m e m b r a n e  par t  (33) of the sar- 

cotubules, was almost negligible. Abou t  16 per  cent  
of the total  activity was released from the r ibo- 

nucleoprotein particles to the superna tant .  

D I S C U S S I O N  

As described under  Results, the components  pres- 
ent  in the fraction termed sarcotubular  fraction 
were single- or double-l ined small vesicles and  
tubules, together with a certain n u m b e r  of small  
particles not  a t tached to the membranes .  I t  seems 
that  this fraction is not  representat ive of the whole 
sa rcombular  system present in the intact  muscle 
cell. The  necessity of avoiding mi tochondr ia l  con- 
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t amina t ion  has restricted the range of centrifugal 
force wi th in  which the sarcotubular  membranes  
could be isolated. I t  is plausible to believe, and  
some exper imental  suppor t  has already been ob- 
tained for this conclusion, tha t  some vesicles, 
or iginat ing from the larger sarcotubules located 
at  the I band  level, were sedimented at  lower 
centrifugal force. 

A large par t  of the present  investigation was de- 
voted to the question of the possible presence of 
mi tochondr ia l  fragments  in the sarcotubular  frac- 
tion. The  conclusion tha t  the fraction obta ined at 
higher  centrifugal forces contains little or no con- 
t amina t ion  from mitochondr ia l  fragments  was 
supported by the morphological  and  biochemical  
analysis. 

2 0 -  

The  different morphological  appearance  of the 
vesicles in the electron micrographs,  the presence 
and  absence of cytochrome oxidase and  D P N H -  
cytochrome C reductase activities and  cytochrome 
absorpt ion spectrum, together  wi th  the different  
features of the ATPase  activities, were considered 
sufficient cri teria to dist inguish between mi tochon-  
drial  f ragments  and  sarcotubular  structures. 

The  following evidence strongly supports the 
conclusion tha t  the Kielley and  Meyerhof  ATPase  
prepara t ion  corresponds to the sarcotubular  
ATPase :  (a) Both ATPases are strongly inhibi ted  
by  Ca++; (b) bo th  ATPases  are inh ib i t ed  by  
a damage  to the l ipoprotein structure. O n  the 
contrary,  the other  two ATPases present  in a 
muscle homogenate ,  the myofibri l lar  and  the 
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Inhibition by deoxycholate of the Mg++-stimulatcd ATPase activity of the sarcotubular fraction. 
Experimental conditions as in Fig. 7. 4 mM MgC12 was added to all tubes. In the absence of added 
MgCl:, 0.54 ~moles Pi/mg. protein/hour were liberated by this preparation. Resuspended sarco- 
tubular fraction, corresponding to 0.50 mg. protein, was added to each tube. The ATPase ac- 
tivity was measured as ~moles of Pi liberated by 1 rag. of sarcotubular protein in I hour. The 
sarcotubular fraction was obtained as in Fig. 5. 
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TABLE III  

A TPase Activity of Intact and Fragmented Mitochondria 
and of the Sarcotubular Fraction from 

Frog Skeletal Muscle 

Material 

ATPase activity (~moles 
Pi/mg. protein/hr.) 

Without With With Mg ++ 
Mg ++ Mg ++ and Ca ++ 

Intact  mitochondria 0.66 7.49 6.93 
Mitochondrial  frag- 0.76 9.49 8.77 

merits 
Sarcotubular fraction 1.41 23.13 5.47 

Experimental conditions as in Fig. 7 .4  mr~ MgCle 
and 0.8 mM CaC12 were added when indicated. The 
mitochondrial  fraction was isolated by centrifuging 
a frog muscle homogenate between 2,000 g for 7 
minutes and 15,000 g for 10 minutes. The sarcotu- 
bular fraction was isolated by centrifuging the 
supernatant ,  after sedimentation of the mitochon- 
dria, between 75,000 g for 40 minutes and 105,000 
g for 60 minutes. The mitochondria were tested for 
ATPase activity either directly or after being frag- 
mented by t reatment  with an Ul t ra-Turrax blender 
for 60 seconds. 

mitochondrial  ATPases, are not inhibited by Ca ++ 
or by lipoprotein-solubilizing agents. 

I t  seems thus possible to distinguish among three 
types of muscle ATPase: (a) a water-insoluble, 
Mg  ++- and Ca++-stimulated ATPase, which be- 
longs to the myofibrils; (b) a granular,  Mg  ++- 
stimulated ATPase, which belongs to the mito- 
chondria;  (c) a granular, Mg++-stimulated and 
Ca++-inhibited ATPase, which belongs to the 
sarcotubules. At present, however, the possibility 
cannot  be excluded (35, 36) that  a part  of the 
mitochcndrial  Mg++-stimulated ATPase is due 
to the presence in the mitochondrial  fraction of 
part  of the sarcotubular system (37). 

The high R N A  content  and the amino acid 
incorporating capacity of the sarcotubular frac- 
tion would seem to indicate a certain analogy 
between the sarcotubules and the microsomes of 
other  cells (38). However,  the significance of this 
type of correlation is diminished by the following 
facts: (a) In  both the intact  muscle cell and the 
pellets, the r ibonucleoprotein particles are free and 
not at tached to the surface of the membranes;  and 
no significant amino acid incorporation was found 
in the protein in the deoxycholate-soluble frac- 
tion. (b) When the amino acid incorporating 

TABLE IV 

Incorporation of 14C-l-Leucine into Protein by the 
Sarcotubular Fraction of Frog Skeletal Muscle 

Mater ia l  C.P.M./Cm. 2 

Complete system 34 
Complete system plus 105,000 g super- 24 

natant  from frog skeletal muscle 
Complete system plus 105,000 g super- 40 

natant  from rat liver 

Quantit ies of the reagents in a final volume of l ml. 
were as follows: 10 mM MgCle, 25 mM KC1, 35 m~ 
tris buffer (pH 7.8), 250 mM sucrose, 1 mM ATP, 
10 mM PEP, 15 #g. pyruvate kinase, 0.08 mg  
l~C-/-leucine, and resuspended sarcotubular frac- 
tion corresponding to 4 rag. of protein. The sarco- 
tubular fraction was obtained as in Fig. 5. The 
added frog muscle supernatant  and rat  liver super- 
natant  (34) contained 5 mg. and 1 mg. of protein, 
respectively. After incubation for 30 minutes at 
20°C., 0.2 ml. of a saturated solution of dl-leucine 
and TCA to a final concentrat ion of 5 per cent 
were added to the tubes. The protein content  was 
adjusted to the same amount and the protein was 
extracted as described previously (24). The radio- 
activity was measured by a Tracerlab thin mica 
window counter. The activity values were recal- 
culated for infinite sample thickness by means of 
an empirical saturation curve. 

capacity of the frog sarcotubular fraction was 
compared with that  of rat liver microsomes on the 
basis of protein or R N A  content,  a lower activity 
was found in the muscle preparation.  From a care- 
ful study of the electron micrographs obtained 
from different fractions and their relative RNA 
content, it seems that  the R N A  data are higher 
than might  be accounted for by the number  of 
particles present in the electron micrographs. The 
possibility cannot be excluded that  at least par t  
of the R N A  may be present in the muscle in a 
physicochemical state different from that known 
to occur in the case of the " rough"  membranes  of 
the liver and pancreas cells, which might render 
it more difficult to observe in the electron micro- 
graphs. We would suggest, as an alternative ex- 
planation, that part  of the R N A  may not be in the 
form of compact  ribonucleoprotein particles and 
that  its presence in the sarcotubular fraction may 
be due to some structural relation of the R N A  
with the vesicular components of the sarcotubular 
fraction. A similar conslusion was recently reached 
for the liver microsomes by Moul~ et al. (39). 
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T A B L E  V 

Distribution of Radioactivity after Incorporation of 
14C-l-Leucine into Protein by Frog Skeletal 

Muscle Sarcotubular Fraction 

Total 
Material count c.P.M./cm3 

Unfrac t iona ted  system 336 48 
105,000 g superna tan t  60 20 
Sarcotubular  fraction, D O C ex- 9 4 

t ract  
Sarcotubular  fraction, DOC resi- 291 166 

due 

Exper imental  conditions as in Table  IV, except 
tha t  the final volume was 4 ml., pyruvate  kinase 
was added to 4-fold amounts,  and  adenylate  kinase 
was omitted. Ra t  liver superna tan t  (12 rag. protein)  
was also included. The  sarcotubular  fract ion was 
obta ined as in Fig. 5. The  system was incubated  for 
120 minutes  at  20°C. A sample of 0.7 ml. was taken 
for de terminat ion  of radioact ivi ty  in the unfrac- 
t ionated system. The  remain ing  incubat ion  mix- 
ture was centr ifuged at 105,000 g for 1 hour  to iso- 
late the supernatant .  The  pellet obtained was 
homogenized in 2.5 ml. of 0.25 per  cent DOC and 
centrifuged for 1 hour  at  105,000 g to give soluble 
fract ion and  residue. The  three fractions obta ined 
were precipi ta ted with TCA and extracted as de- 
scribed in Table  IV. The  total  number  of counts 
was calculated from the activity values. 

The  isolation of the sarcotubular  fract ion with- 
out  con tamina t ion  by mi tochondr ia l  fragments 
raises the question of the composit ion of the 

muscle-relaxing factor system (RFS or Marsh  
factor) which is known to be associated with the 
muscle "granules . "  Since muscle "granules"  ap- 
parent ly  can be derived from the f ragmenta t ion  
of ei ther the mi tochondr ia  or the sarcotubular  
system, one of these two components  should con- 
tain the active principle of the relaxing factor 
system. The  possibility cannot  be excluded at  
present tha t  the mi tochondr ia l  fragments,  which 
are certainly contained in large a m o u n t  in the 
"granules"  so far used, migh t  part ic ipate  in in- 
ducing the relaxing effect. I t  is to be noticed, how- 
ever, tha t  the procedures used for the isolation or 
the storage of the relaxing factor system are not  
compat ible  with  the main tenance  of the most 
typical mi tochondr ia l  activities. Fur thermore ,  the 
conclusion is reached in the present  paper  tha t  the 
sarcotubular  ATPase  corresponds to the Kielley 
and  Meyerhof  ATPase  prepara t ion ,  which  re- 
cently has been reported (40) to have a relaxing 
capacity.  F rom the above guidances the sugges- 
t ion is here advanced tha t  the sarcotubular  struc- 
tures constitute the active par t  of the relaxing 
factor system. Of  special significance therefore is 
the effect of Ca  ++, which induces a strong in- 
h ibi t ion of the Mg++-st imulated ATPase  of the 
sarcotubules, a t  the same t ime as it completely 
removes the relaxing effect of the "granu les"  
(9, 41). The  relaxing effect of the sarcotubular  
prepara t ions  and  the relat ionship be tween the 
archi tec ture  of the sarcotubular  system in the in- 
tact  muscle and  its possible physiological role in 
the process of muscle contrac t ion and  relaxat ion 
will be discussed in for thcoming papers. 
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FIGURE 10 

Time curve of incorporation of labeled amino acids into protein by the sarcotubular fraction. In- 
corporation system as in Table IV, but with 2 mg. sarcotubular protein and 2 mg. rat  liver super- 
natant.  Adenylate kinase was omitted. The sarcotubular fraction was obtained as in Fig. 5. 
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