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Summary 

Fast (extensor digitorum longus) and slow (soleus) rat skeletal muscles 
served as the source for isolation and biochemical comparison of two distinct 
surface membrane fractions with properties of the sarcolemma and transverse 
tubular system. Enriched sarcolemmal membrane from soleus demonstrated a 
lighter density after sucrose density centrifugation. Sialic acid content was 1.5- 
fold higher in soleus (62 nmol/mg) than extensor (40 nmol/mg). The specific 
activity of (Na’ + K’ + Mg*+)-ATPase was similar (1.40 and 1.65 pmol P,/mg 
per 5 min) with the soleus enzyme displaying a (1) greater resistance to inhibi- 
tion by ouabain, and (2) broader ionic ratio (Na’/K’) requirement than 
extensor enzyme. The polypeptide and phospholipid composition showed no 
major differences between the two muscle types. 

The second surface membrane fraction, tentatively identified as transverse 
tubule, differed in membrane composition. The major polypeptide of extensor 
was of 95 000 molecular weight whereas for soleus a M, = 28 000 species was 
dominant. Total phospholipid content of soleus was 1.5-fold greater than 
extensor due mostly to increased levels of phosphatidylcholine and phospha- 
tidylethanolamine. Endogenous membrane protein kinase for the 28 000 mo- 
lecular weight polypeptide was found exclusively in this membrane. The reac- 
tion conditions were identical for extensor and soleus since both required 
divalent cations (Ca” and Mg*+) and neither was affected by cyclic AMP. 
Soleus showed a 2-fold higher capacity for phosphate incorporation than 
extensor. 

These studies show that surface membrane fractions derived from fast and 
slow muscles differ in terms of functional and compositional properties. These 
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differences are specific not only for the surface membrane but for tile muscle 
type and may relate to the known physiological differences observed between 
fast and slow mammalian muscle. 

Introduct ion 

Previous studies from our laboratory have defined two distinct surface mem- 
brane fractions derived from mixed skeletal muscle [1]. Sarcolemma has been 
identified by the presence of  high specific activities for the surface markers 
(Na ÷ + K ÷ + Mg2÷)-ATPase, a-bunga~otoxin binding and sialic acid-containing 
macromolecules [1,2]. The same membrane fraction was highly iodinated after 
intact muscle fibers were incubated with 12~I in the presence of lactoperoxi- 
dase. An additional membrane fraction also appeared to be derived from the 
surface membrane since it, too, was highly iodinated by the lactoperoxidase 
procedure. This fraction differed from the enriched sarcolemmal fraction by 
the absence of appreciable sarcolemmal marker activities and by the unique 
presence of endogenous membrane protein kinase activity for a 28 000 mol. 
wt. polypeptide substrate. We have tentatively designated this fraction as 
enriched transverse tubule membrane [1--3]. 

The availability of  a scheme for the fractionation of muscle membranes 
prompted the present biochemical characterization of the surface membrane 
constituents of two different muscle types. Fast and slow mammalian muscles 
differ with respect to the magnitude of  the resting membrane potential [4,5], 
cation permeability [6,7], sensitivity to acetylcholine [8,9], catecholamines 
[10,11], end-plate morphology [12--14], and types of neurons which form 
synapses on the muscle surface [15--17]. It, thus, seemed appropriate to com- 
pare biochemical features of these two surface membranes in an a t tempt  to 
explain the distinctive morphological and physiological characteristics of fast 
and slow muscle. 

Methods 

Membrane isolation. Adult female Wistar rats (200--250 g) were killed by 
decapitation and the extensor digitorum longus and soleus muscles removed to 
ice-cold sucrose buffer (0.25 M sucrose, 0.2 mM Na2 EDTA, 0.2 mM Tris • HC1, 

T A B L E I  

M e m b r a n e  des igna t ion  
(dens i ty )  

Sucrose range  (%) 

Nuclear  f rac t ion  Microsomal  f rac t ion  

L, light 15- -16  15- -16  
ML, middle  light 17 21 17 21 
MM, middle  middle  22 - -25  22---26 
MH, middle  heavy 26- -29  27--31 
H, heavy  3 0 - 3 5  32 - -35  
P, pel let  Pellet Pellet 
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pH 7.6). A preparation employed 65 animals from which approx. 12 g wet  
weight of  each muscle type  were obtained. Membranes were isolated as pre- 
viously described [1]. Whole muscle was homogenized and centrifuged (1000 
× g, 10 min) to separate the nuclear and microsomal fractions. Both fractions 
were extracted with LiBr. Crude membrane material was further resolved by 
sucrose density gradient centrifugation. The nuclear fraction was the source of  
sarcolemma and the microsomal fraction was the source of  sarcoplasmic reti- 
culum and transverse tubule. The fractionation scheme is summarized below: 

(1) Whole muscle 

(2) Polytron homogenization 
/ 

(3) I 1000 X g, 10 min 

Pellet Supernatant 
(nuclear fraction) 

9000 × g, 10 min 

Micro~somal -~ Pellet 
fraction (discard) 

(4) Extraction of  each fraction with LiBr medium 
(5) Differential centrifugation plus two 0.6 M KC1 wash steps 
(6) Two distilled water wash steps of crude membrane fractions 
(7) Continuous (15--35%) sucrose gradient centrifugation of  100 000 X g 

pellets of  each fraction from step 6. Membrane distributing throughout  the gra- 
dient was pooled according to Table I and studies performed on each sub- 
fraction. 
Because of a shift in density of  membranes derived from the nuclear fraction of  
soleus muscle, the fractionation was changed as described in the legend of  Fig. 
1. Throughout  the Results section membrane fractions will be referred to as 
either H, MH, MM, ML, or L which, in turn, designate the sucrose range of  mem- 
brane distribution. 

Protein determination. Protein was determined by the Lowry et al. [18] 
method using bovine serum albumin as the standard. 

Adenosine triphosphatase determination. ATPase activity was measured in 1.0- 
ml reaction volumes at 37°C. The reaction mixture contained the stimulating 
ions: (1) 100 mM NaC1, 20 mM KC1, 5 mM MgCl~; (2) 5 mM MgC12; or (3) 5 
mM CaC12. In preliminary studies reactions also contained varying concentra- 
tions of  Ca 2÷ plus Mg 2÷. However, no Ca 2÷ added Mg2÷-ATPase could be 
demonstrated.  Reactions were initiated by addition of  20 pg membrane pro- 
tein and terminated by addition of  0.2 ml of  1.2 M HCIO4. Inorganic phosphate 
was determined by the Ames method [19].  Net(Na ÷ + K÷)-stimulated activity 
was determined by the difference between Mg2÷-ATPase and (Na ÷ + K ÷ + Mg2÷)- 
ATPase. Reaction rates were linear with respect to time and protein concen- 
tration. 

Sialic acid determination. Sialic acid was isolated by a Dowex AG1-X8 (for- 
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mate form) chromatography of membrane acid hydrolysate.  Sialic acid content  
was quanti tated by the Aminoff  method [20]. 

Phospholipid analysis. 500 pg of membrane protein were extracted with 20 
volumes of  chloroform/methanol  (2 : 1, v/v) [21]. Phospholipid in the chloro- 
form phase was resolved by silica gel G thin-layer chromatography. The solvent 
systems were: 1st dimension, chloroform/methanol /concentrated NH4OH (65 : 
35 : 5, v/v); 2nd dimension, chloroform/acetone/methanol/acet ic  acid/water 
(50 : 20 : 10 : 10 : 5, v/v). Phospholipid was quanti tated by phosphate content  
[22]. 

Sodium dodecyl suifate-polyacrylamide gel electrophoresis. Membrane pro- 
tein was solubilized by boiling in a mixture containing 1~ sodium dodecyl 
sulfate, 1% 2-mercaptoethanol, 0.5 M urea and 0.1 M Tris - [tC1, pH 7.2. Sam- 
ples were applied to sodium dodecyl sulfate-polyacrylamide gel columns (6 mm 
× 12 cm) prepared as previously described [1]. Electrophoresis was performed 
at 7 mA/gel at room temperature for 15 h with 0.1 M sodium phosphate, 0.1% 
sodium dodecyl sulfate, pH 7.2, as the chamber buffer. 

Membrane protein phosphorylation determination. Membrane protein (25 
pg) was incubated at 27°C in 24 mM Tris - HC1, 12 mM MgC12 buffer, pH 7.5, 
plus 2 • 10 -s M ATP (spec. act. 1.0 Ci/mmol) in a final volume of  200 pl. The 
reaction was terminated by addition of 100 ttl of solubilizing buffer. Membrane 
protein was resolved by sodium dodecyl sulfate gel electrophoresis and radio- 
active phosphate incorporation determined as previously described [2]. 

Materials 

[3,YP]ATP was prepared by the method of Glynn and Chappel [23]. So- 
dium dodecyl sulfate was purchased from Sigma Chemical Co., St. Louis, Mo. 
Acrylamide, N, N, N', N'- tetramethylene diamine, and methylenebisacryl- 
amide were obtained from Eastman Organic Chemicals, Rochester, N.Y. Silica 
Gel G was purchased from Brinkman Instrument Co., Westbury, N.Y. Other 
chemicals used in these studies were of reagent grade and were purchased from 
the usual commercial sources. 

Results 

Membrane distribution 
In these experiments membrane fractions with the highest specific activities 

of sarcolemmal markers were isolated in the broad middle density fraction 
derived from the nuclear pellet (Fig. 1A). Soleus showed a slight density shift 
when compared to extensor (17--22% vs. 17--25% sucrose). Soleus also dis- 
played a relatively greater content  of light density membrane (15--16% 
sucrose) than extensor. 

The microsomal fraction contained two distinct membrane fractions identi- 
fied as sarcoplasmic reticulum (20--35% sucrose) and transverse tubule (15-- 
16% sucrose). Extensor showed a greater relative content  of the heavier density 
material than soleus. Light density membrane appeared enriched in soleus over 
extensor by absorbance measurements, but protein yields were the same for the 
two muscle types. The reason for this discrepancy is due to the greater turbi- 
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Fig. 1. M e m b r a n e  d i s t r ibu t ion .  Crude  m e m b r a n e  mate r ia l  was  appl ied to c o n t i n u o u s  sucrose  gradients  
(15 - -35%)  and cen t r i fuga t ion  p e r f o r m e d  as descr ibed in Methods .  M e m b r a n e  mate r ia l  der ived f r o m  the  
nuc lea r  f r ac t ion  (A)  and  the  m i c r o s o m a l  f rac t ion  (B) of  ex t enso r  ( ) and soleus ( . . . . . .  ) was col- 
l ec ted  in 0 .5 -ml  f rac t ions ,  A b s o r b a n c e  was  m e a s u r e d  at 280 nM and  m e m b r a n e  ma te r i a l  poo led  by  the  fol- 
lowing sucrose  c o n c e n t r a t i o n  ranges:  Nuc lea r  f rac t ion ,  pellet  (P), heavy  (H, 30- -35%) ,  midd le  heavy  (MH, 
26- -29%) ,  midd le  midd le  (MM, 22- -25%) ,  midd le  l ight (ML, 17- -21%),  and light (L, 15--16%).  Because of 
the shif t  of  midd le  dens i ty  m e m b r a n e s  of  soleus (A),  the  sucrose c o n c e n t r a t i o n  was  changed  for subfrac-  
t i ona t ion  to :  M H (23- -26%) ,  M M (20- -22%) ,  and M L (17- -19%).  The  m i c r o s o m a l  f rac t ion  was  subfrac-  
t i ona ted  as descr ibed  in Methods  for  b o t h  musc le  types .  

dity of  soleus membranes than that  of  extensor.  
For  biochemical studies membrane recovered after gradient centrifugation 

was subfract ionated according to the scheme used for mixed muscle studies. 
Because of  the density shift of  soleus sarcolemmal membrane,  the sucrose con- 
centrat ion range for subfractionation was changed (see legend, Fig. 1). 

Adenosine triphosphatase distribution 
The distribution and specific activities of (Na ÷ + K ÷ + Mg2÷)-ATPase and Ca 2÷- 

ATPase are compared in Figs. 2 and 3. The peak specific activity of  (Na ÷ + K ÷ + 
Mg2÷)-ATPase was found in the nuclear fraction membrane,  M M M L {Fig. 2), for 
both  extensor and soleus. There was no significant difference in activity 
between the two muscle types (1.40--1.65 pmol Pi/mg per 5 min). (Na + + K ÷ + 
Mg2÷)-ATPase activity was considerably less in the microsomal fraction (Fig. 3). 
Approx. 80.5 and 74.4% of the total  (Na + + K ÷ + Mg2+)-ATPase activity was 
located in the nuclear fraction membrane of  extensor and soleus, respectively. 

The highest specific and total activity of  Ca2÷-ATPase was found in the 
microsomal membranes (Fig. 3). 65% of the total  activity was contained in the 
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Fig ,  2.  A T P a s e  d i s t r i b u t i o n  o f  n u c l e a r  f r a c t i o n  m e m b r a n e s .  M e m b r a n e s  were  s u b f r a c t i o n a t e d  as d e s c r i b e d  

in  t h e  l e g e n d  o f  F ig .  1. ( N a + +  K + +  Mg2+) -ATPase  a n d  Ca2+-ATPase  we re  m e a s u r e d  as d e s c r i b e d  in 

M e t h o d s .  - - - ,  e x t e n s o r ;  . . . . . .  , sn l eus .  • ( N a + + K + +  Mg2+)-ATPase ;  A Ca2+.ATPase .  T h e  v a l u e s  

r e p r e s e n t  t h e  m e a n s  (~S ,E . )  o f  d u p l i c a t e  d e t e r m i n a t i o n s  o n  t h r e e  s e p a r a t e  m e m b r a n e  p r e p a r a t i o n s .  

F ig .  3.  A T P a s e  d i s t r i b u t i o n  o f  m i c r o s o m a l  f r a c t i o n  m e m b r a n e .  M e m b r a n e s  were  s u b f r a c t i o n a t e d  as 

d e s c r i b e d  in  t he  l e g e n d  o f  F ig .  1. (Na  + + K + + Mg2+) - a n d  Ca2+-ATPase  a c t i v i t i e s  we re  m e a s u r e d  as d e s c r i b e d  

in  M e t h o d s .  - - ,  e x t e n s o r ;  . . . . . .  , so l eus .  • ( N a + + K + +  Mg2+)-ATPase ;  4 Ca2+.ATPase .  T h e  v a l u e s  

r e p r e s e n t  t he  m e a n s  (+-S.E.) o f  d u p l i c a t e  d e t e r m i n a t i o n s  o n  t h r e e  s e p a r a t e  m e m b r a n e  p r e p a r a t i o n s .  

heavier density membranes (25--35% sucrose). The highest specific activity for 
Ca2+-ATPase was found in the M L region of  the gradient. Soleus showed a 
greater specific activity than extensor throughout the gradient. The nuclear 
fraction membranes also demonstrated Ca2÷-ATPase activity. In this case, how- 
ever, the activity was equivalent for soleus and extensor and was localized in 
heavier density membrane material. 

T A B L E  II 

C H A R A C T E R I Z A T I O N  O F  ( N a + +  K + +  Mg2+)-ATPase  

P r o p e r t i e s  o f  t he  (Na  + + K + + Mg2+)-ATPase  o f  e x t e n s o r  a n d  so leus .  (Na  + + K* + Mg2+)-ATPase  a c t i v i t y  was  

m e a s u r e d  in  n u c l e a r  f r a c t i o n  M M M L m e m b r a n e  as d e s c r i b e d  in  M e t h o d s .  F o r  s u b s t r a t e  s p e c i f i c i t y  s t u d i e s ,  

m e m b r a n e  m a t e r i a l  wa s  i n c u b a t e d  s i m u l t a n e o u s l y  w i t h  each  i n d i c a t e d  n u c l e o t i d e  (10  raM) p l u s  A T P  

(1 raM).  O u a b a i n  i n h i b i t i o n  was  m e a s u r e d  b y  p r e i n c u b a t i n g  m e m b r a n e  m a t e r i a l  f o r  10  m i n  w i t h  o u a b a i n  

o v e r  a c o n c e n t r a t i o n  r a n g e  o f  1 • 1 0 - q - - 1  • 10  -3 M. A t  t h e  e n d  o f  t h i s  p e r i o d  t he  r e a c t i o n  was  i n i t i a t e d  b y  

a d d i t i o n  o f  r e a c t i o n  b u f f e r  a n d  s t i m u l a t i n g  i o n s  a nd  t e r m i n a t e d  a f t e r  5 ra in .  I o n i c  r a t i o  r e q u i r e m e n t  was  
d e t e r m i n e d  fo r  r a t i o s  o f  Na+/K + f r o m  1 0  : 1 to  1 : 10  w i t h  t he  t o t a l  s t i m u l a t i n g  i o n  c o n c e n t r a t i o n  ( [ N a  +] 

+ [ K  +] + [Mg2+])  b e i n g  h e l d  c o n s t a n t .  A l l  r e a c t i o n  r a t e s  we re  d e t e r m i n e d  o v e r  a 5 ra in  p e r i o d  a t  2 7 ° C .  
Mg2+-ATPase  a c t i v i t y  was  s u b t r a c t e d  f r o m  t o t a l  (Na  + + K ÷ + Mg2+)-ATPase  a c t i v i t y  to  c a l c u l a t e  the  n e t  

( Na  ÷ + K* + M g 2 ÷ ) - s t i m u l a t e d  A T P a s e  a c t i v i t y ,  

Property Extensor Soleus 

R a t e  I 1 . 3 8  1 .65  
Na+ /K + r a t i o  5 : ] 5 : 1 - -2  : 1 

K m ( A T P )  0 . 2 - - 0 . 4  m M  0.2---0.4 m M  
S u b s t r a t e  A T P  >~ G T P  > CTP,  U T P  

O u a b a i n  150 2 "  10  - 5 -  1 • 10 -4  M 

4 "  I0 -s M 
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F i g .  4 .  Sialic  acid d i s t r ibut i on .  M e m b r a n e  h y d r o l y s i s ,  sialic acid i so la t ion  and q u a n t i t a t i o n  w e r e  p e r f o r m e d  
as d e s c r i b e d  in M e t h o d s .  U p p e r  pane l ,  n u c l e a r  f rac t ion;  l o w e r  pane l ,  m i c r o s o m a l  f rac t ion .  - - - ,  e x t e n s o r ;  
. . . . . .  , so leus .  T h e  values  r e p r e s e n t  the  m e a n s  (+-S.E.) o f  d u p l i c a t e  d e t e r m i n a t i o n s  o n  three  separate  
m e m b r a n e  preparat ions .  

Basic enzymolog i ca l  properties of  the  (Na ÷ + K ÷ + Mg2+)-ATPase o f  ex tensor  
and soleus  are compared in Table II. The inhib i t ion  o f  e n z y m e  activity by oua- 
bain and the  ionic  ratio requirement  were different  in the  t w o  muscle  types .  
Soleus  was more resistant to  inhib i t ion  by ouabain  than ex tensor  with  50% 
inhib i t ion  occurring at concentrat ions  of  1 • 10 -4 and 2 • 10 - s - -4  • 10 -s M, 
respectively.  Maximum activation of  the extensor  (Na + + K + + Mg2÷)-ATPase 
was achieved with  Na+/K ÷ ratio of  5 : 1. Soleus  e n z y m e  demonstrated  equiva- 
lent  activities at 5 : 1 and 2 : 1 ratios of  Na÷/K ÷. 

Sialic acid content 
The distr ibut ion o f  sialic acid is s h o w n  in Fig. 4. The highest  c o n t e n t  o f  

sialic acid was found  in the  nuclear fraction membrane  (panel  A, MM, ML) cor- 
responding  to  the  peak activity o f  (Na ÷ + K ÷ + Mg2÷)-ATPase. Soleus  showed  a 
1 .5- fo ld  greater c o n t e n t  of  sialic acid than extensor  (62  vs. 40  n m o l / m g ) .  
Microsomal  membrane  displayed one  half the  sialic acid c o n t e n t  o f  the  nuclear 
fraction (panel  B). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
The po lypept ide  c o m p o s i t i o n  o f  each major membrane  fraction was assessed 

by sod ium d o d e c y l  sulfate gel e lectrophoresis .  
Microsomal  membrane  (20- -35% sucrose range) showed  a p o l y p e p t i d e  o f  

95  0 0 0  mol .  wt.  to  comprise  be tween  70  and 80% of  the  tota l  Coomass ie  Blue- 
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Fig. 5. Po l ypep t i dc  c o m p o s i t i o n  of  nuc lea r  f rac t ion ,  M M M L m e m b r a n e  of  ex t enso r  and  soleus. Mem* 
b rane  ma te r i a l  (35  pg p ro te in )  was  solubi l ized by  boi l ing for  3 rain in solubil izing bu f f e r  con ta in ing  1% 
s o d i u m  d o d e c y l  sulfa te .  Solubi l ized m e m b r a n e s  were  appl ied  to s o d i u m  d o d e c y l  sulfa te  gels (7 .5% acryl-  
amide )  and  resolved as desc r ibed  in Methods .  (A)  Extensor .  (B) Soleus.  

staining material. This polypeptide was in relatively greater amounts in exten- 
sor than soleus. No differences were observed in the other minor 15 polypep- 
tides. 

The polypeptide profiles of nuclear fraction M M M L are shown in Fig. 5 for 
extensor (A) and soleus (B). Polypeptides of molecular weights 109 000, 
95 000 and 34 000, were the dominant  species. The major difference between 
extensor and soleus was the greater relative content  of  the 109 000 mol. wt. 
polypeptide in extensor sarcolemma. 

Fig. 6 shows the polypeptide composition of microsomal light (15--16% 
sucrose) membranes of  extensor (A) and soleus (B). The major component  of 
extensor was of molecular weight 95 000, whereas for soleus the 28 000 mol. 
wt. component  was dominant .  Soleus differed from extensor in the number 
and proport ion of polypeptides in the 60 000--40 000 molecular weight range. 
Soleus showed three distinct polypeptides and extensor demonstrated two 
polypeptides in that  region of  the gel. Polypeptides of 60 000 and 95 000 tool. 
wt. were relatively increased in extensor over soleus. 
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Fig .  6.  P o l y p e p t i d e  c o m p o s i t i o n  a n d  e n d o g e n o u s  p r o t e i n  k inase  ac t iv i ty  o f  m i c r o s o m a l  l i gh t  m e m b r a n e s  o f  
e x t e n s o r  a n d  so leus .  M e m b r a n e  m a t e r i a l  ( 5 0  /~g p r o t e i n )  was  i n c u b a t e d  w i th  2 4  m M  Tris  • HCI, 1 2  m M  
MgCl2 ,  [ 7 - 3 2 p ] A T P  (speci f ic  a c t i v i t y ,  1 C i / m m o l ) ,  p H  7 .5 ,  in  a v o l u m e  of  2 0 0  /zl a t  2 7 ° C .  The  r e a c t i o n  
w a s  t e r m i n a t e d  a f t e r  1 m i n  b y  a d d i t i o n  o f  1 0 0  pl  o f  so lub i l i z ing  b u f f e r .  So lub i l i z ed  m e m b r a n e  w a s  reso lved  
a n d  assessed fo r  r a d i o a c t i v e  p h o s p h a t e  i n c o r p o r a t i o n  as d e s c r i b e d  in M e t h o d s .  (A)  E x t e n s o r .  (B) Soleus .  

Protein kinase activity 
Microsomal light membranes incorporated radioactive phosphate into the 

28 000 mol. wt. polypeptide after incubation of  membranes with [~/-32p]-ATP 
(Fig. 6, dashed line). This activity was not  observed in any other membrane 
fractions. 

The time dependence of  the phosphorylation reaction is shown in Fig. 7. Ini- 
tially, extensor and soleus membranes had identical rates of phosphorylation 
(60 pmol phosphate/mg per min). At time periods after 3 min extensor no 
longer showed net incorporation, but soleus had an at tenuated rate approxi- 
mately one-third that  of the 10--120 s interval. At 10 min soleus membranes 
(163 pmol phosphate/mg) incorporated about 2-fold greater phosphate than 
extensor (92 pmol phosphate/mg). The Km for ATP was identical at 1 • 10 -s M 
for both muscle types. 

Table III summarizes the effect of various factors on the phosphorylation 
reaction. The reaction was dependent  on divalent cations since omission of 
Mg 2. or t reatment  with EGTA abolished activity. The inhibition by EGTA was 
reversed with 1 mM Ca 2÷ but not  Mg 2.. Cyclic AMP at 10 -s and 10 -6 M had no 
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Fig.  7. T i m e  course  of  e n d o g e n o u s  p ro t e in  k inase  ac t i v i t y  of  e x t e n s o r  and  soleus.  M i c r o s o m a l  l ight  m e m -  

b rane  ( 1 2 5  p g / m l )  was  i n c u b a t e d  w i t h  24 m M  Tr is  • HCI,  12 m M  MgC12 and [ 7 - 3 2 p ] A T P  (spec i f ic  act iv-  

i ty ,  1 C i / m m o l ) ,  pH  7.5,  a t  27"C.  At  the  i n d i c a t e d  t i m e  in terva ls ,  200/~1 o f  the  r e a c t i o n  m i x t u r e  w e r e  
r e m o v e d  and r ap id ly  p i p e t t e d  in to  100/xl  o f  so lub i l i z ing  b u f f e r  and  r a d i o a c t i v e  p h o s p h a t e  i n c o r p o r a t i o n  

in to  the  28 0 0 0  m o l . w t ,  p o l y p e p t i d e  assessed as desc r ibed  in Me thods .  e - - - - e ,  e x t e n s o r ;  A - - - - - - i  

soleus.  The  values  r e p r e s e n t  the  m e a n s  (+-S.E.) o f  dup l i ca t e  d e t e r m i n a t i o n s  on three  sepa ra t e  m e m b r a n e  
p r e p a r a t i o n s .  

T A B L E  I I I  

E F F E C T  O F  F A C T O R S  ON P R O T E I N  K I N A S E  A C T I V I T Y  

M i c r o s o m a l  l ight  m e m b r a n e  (25 pg p r o t e i n )  was  p r e i n c u b a t e d  w i t h  the  va r ious  f a c t o r s  at the  g iven con-  

c e n t r a t i o n s  for  10 m i n  at  27°C.  A t  t he  end  o f  th is  pe r iod  r e a c t i o n  b u f f e r  (24  m M  Tris  • HC1, 12 raM 
MgCl2,  [~ / -32p]ATP)  ( spec i f i c  ac t i v i t y ,  1 C i / m m o l ) ,  pH  7.5,  was  a d d e d  and the  i n c u b a t i o n  c o n t i n u e d  for  

1 m i n .  The  r e a c t i o n  w a s  t e r m i n a t e d  by  a d d i t i o n  o f  100  pl of  so lubi l iz ing  b u f f e r  and  r a d i o a c t i v e  p h o s p h a t e  

i n c o r p o r a t i o n  in to  the  28 0 0 0  tool. wt .  p o l y p e p t i d e  assessed as desc r ibed  in M e t h o d s .  

F a c t o r  P e r cen t  to t a l  a c t i v i t y  

E x t e n s o r  d i g i t o r u m  long'us Soleus  

Con t r o l  100 .0  100 .0  
- -Mg 2+ 0 0 

E G T A  (0.5  raM) 9.5  14.7 
+ 1 m M  Ca 2+ 92 .8  96 .4  
+ 1 m M  Mg 2+ 4.5  16.0  

10 - s  M cycl ic  A M P  100 .0  96 .2  
10  -6 M cycl ic  A M P  80.9  86 .4  
Caf fe ine  (1 m M )  87 .0  85.8  
Theop l ly l l ine  (1 raM) 90 .8  78 .4  



T
A

B
L

E
 

IV
 

P
H

O
S

P
H

O
L

IP
ID

 
C

O
M

P
O

S
IT

IO
N

 
O

F
 

S
U

R
F

A
C

E
 

M
E

M
B

R
A

N
E

S
 

P
h

os
ph

ol
ip

id
 

co
m

po
si

ti
on

 
of

 
n

u
cl

ea
r 

fr
ac

ti
on

 
m

em
br

an
es

 
m

ig
ra

ti
n

g 
at

 
17

-2
5%

 
su

cr
os

e 
(N

F
l7

_2
5)

 
an

d 
m

ic
ro

so
m

a
l 

fr
a
c
ti

o
n

 
m

e
m

b
ra

n
e
 

m
i!

Z
ra

ti
n

!Z
 

a
t 

1
5
--

1
6
%

 

(M
F

15
.1

6)
 

of
 

ex
te

n
so

r 
an

d 
so

le
u

s.
 

P
h

os
ph

ol
ip

id
 

w
as

 
ex

tr
ac

te
d 

fr
om

 
50

0 
fi

g 
m

em
br

an
e 

pr
ot

ei
n

 
w

it
h

 
ch

lo
ro

fo
rm

/m
et

h
an

ol
 

(2
 

: 
1.

 
v/

v)
. 

T
w

o-
di

m
en

si
on

al
 

ch
ro

m
at

og
ra

ph
y 

an
d 

is
ol

at
io

n
 

an
d 

qu
an

ti
ta

ti
on

 
of

 
in

di
vi

du
al

 
ph

os
ph

ol
ip

id
s 

w
er

e 
pe

rf
or

m
ed

 
as

 d
es

cr
ib

ed
 

in
 

M
et

h
od

s.
 

V
al

u
es

 
ex

pr
es

se
d 

a
s 

k
%

 
p
h
o
w

h
o
li

p
id

 
P
h

o
S
- 

p
h
o
ru

sl
m

g
 

m
e
m

b
ra

n
e
 

pr
ot

ei
n

. 
R

es
u

lt
s 

ar
e 

gi
ve

n
 

+
S

.E
.M

. 

F
ra

ct
io

n
 

P
h

os
po

h
li

pi
d 

R
at

io
 

P
h

os
ph

at
id

yl
- 

ch
ol

in
e 

P
h

os
ph

at
id

yl
- 

et
h

an
ol

am
in

e 
P

h
os

ph
at

id
yl

- 
se

ri
n

e 
P

h
os

ph
at

id
yl

- 
in

os
it

ol
 

S
ph

in
go

- 
m

ye
li

n
 

T
ot

al
 

N
u

cl
ea

r 
fr

ac
ti

on
 

(1
7-

25
%

) 
E

xt
en

so
r 

S
ol

eu
s 

10
.0

8 
f 

0.
95

 
4.

34
 

+
 0

.3
8 

1.
55

 
t 

0.
21

 
2.

04
 

f 
0.

18
 

0.
99

 
+

 0
.2

0 
19

.0
0 

* 
1.

87
 

10
.8

3 
k 

1.
20

 
3.

71
 

f 
0.

33
 

2.
34

 
k 

0.
21

 
2.

35
 

C
 0

.1
7 

1.
40

 
r 

0.
31

 
19

.6
3 

k 
1.

98
 

1.
03

 

M
ic

ro
so

m
al

 
fr

ac
ti

on
 

(1
51

6%
) 

E
xt

en
so

r 
7.

50
 

f 
0.

66
 

5.
36

 
? 

0.
47

 
3.

16
 

+
 0

.3
2 

1.
90

 
* 

0.
33

 
1.

49
 

f 
0.

12
 

19
.4

1 
+

 0
.1

2 
S

ol
eu

s 
11

.0
4 

f 
1.

23
 

8.
81

 
f 

0.
80

 
3.

10
 

+
 0

2.
3 

2.
55

 
-t

 0
.2

5 
3.

66
 

* 
0.

35
 

29
.1

6 
+

 3
.1

2 
1.

50
 



120 

stimulatory effect, and phosphodiesterase inhibitors theophylline and caffeine 
had no effect on the reaction. 

Phospholipid composition 
The phospholipid composition of nuclear fraction membranes migrating at 

17--25% sucrose (NF17-25) and microsomal light membranes (MFls__~(,) are 
compared for extensor and soleus in Table IV. Phosphatidylcholine and phos- 
phatidylethanolamine were the dominant  phospholipid constituents. Phospha- 
tidylcholine represented 53--55% of the total phopholipid in nuclear fraction 
membranes of extensor but only 38--39% of microsomal light membranes. 
There were no appreciable differences in the individual or total amounts of 
phospholipids in the nuclear fraction membranes between extensor and soleus. 
Microsomal light membranes differed markedly with respect to amount  of 
phospholipids but not with respect to their percent composition. Soleus mem- 
brane material (29.16 pg lipid Pi/mg) had 1.5-fold greater phospholipid content  
than extensor (19.41 pg lipid Pi/mg). The increased phospholipid was found 
primarily in phosphatidylcholine, phosphatidylethanolamine and sphingo- 
myelin. 

Discussion 

The criteria employed for identifying muscle membrane fractions were iden- 
tical to those previously employed for mixed muscle studies [1]. Sarcolemma 
was identified on the basis of (1) highest specific and total activity of (Na + + K + 
+ Mg>)-ATPase, (2) sialic acid content ,  (3) their identification as surface mem- 
branes by their high specific radioactivity following lactoperoxidase iodination 
of whole muscle fibers and subsequent membrane fractionation [1], and (4) 
unique polypeptide profile. This fraction was also shown to contain the highest 
specific activity of adenyl cyclase and acetylcholine receptor [3]. Light density 
membranes isolated from the microsomal fractions were tentatively identified 
as transverse tubules on the basis of (1) their identification as surface mem- 
branes by the lactoperoxidase iodination technique [1--3], (2) the absence of 
sarcolemmal markers, and (3) the presence of endogenous membrane protein 
kinase. Sarcoplasmic reticulum was identified by the following characteristics: 
(1) polypeptide of 95 000 mol. wt. comprising 70--80% of the total membrane 
protein, (2) isolation from the microsomal fraction, and (3) highest specific 
activity of Ca>-ATPase and virtually absence of surface membrane markers 
including both enzyme markers and high specific iodination. The Ca2+-ATPase 
studies do not  monitor  the Ca 2÷ transport ATPase since little activity is ob- 
served for the (Ca2+ + Mg2÷)-ATPase. This discrepancy in our experiments is 
due to the use of LiBr for surface membrane isolation. This procedure has been 
shown to inactivate the "Ca2+-pump '' and phosphoprotein phosphorylation 
activity and appears to uncouple the Ca 2÷- and Mg:+-dependent components of 
the Ca 2+ transport ATPase [24,25]. No (Ca 2÷ + Mg2+)-ATPase activity was pres- 
ent in any fraction. 

The surface membranes (sarcolemma and transverse tubules) of fast and slow 
muscles showed a number of differences in functional and compositional prop- 
erties. Sarcolemma {nuclear fraction, MM ML) differed with respect to mem- 
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brane migration on sucrose density gradients, properties of the (Na++ K++ 
Mg2+)-ATPase, and sialic acid content.  The phospholipid and polypeptide con- 
stituents were similar. Transverse tubule membranes (microsomal fraction, L) 
of soleus showed increased phospholipid content  and qualitative and quantita- 
tive differences in polypeptide composition. Endogenous protein kinase activ- 
ity was increased in soleus compared to extensor. In addition, the kinetics of 
protein phosphorylation showed soleus to possess a second phosphorylation 
stage not  present in transverse tubule membranes of extensor muscle: 

A comparison of membrane fractions between different muscle types could 
be complicated by differences in the density gradient distribution of these 
membranes. However, this situation does not  apply to the present studies. In 
both soleus and extensor, (Na ÷ + K ÷ + Mg2÷)-ATPase and sialic acid markers are 
distributed primarily in the broad middle density region of the gradient. Both 
muscle types showed little (Na ÷ + K ÷ + Mg2+)-ATPase in the microsomal ~rac- 
tion. Endogenous protein kinase activity was found exclusively in light density 
membranes identified as transverse tubule. If redistribution had occurred, these 
markers would have had a less homogeneous distribution. 

The present fractionation scheme does not  yield completely pure fractions, 
but  the fractions are markedly enriched. For example, sarcolemmal markers are 
found in low specific activity in the microsomal fraction. Mixed muscle prep- 
arations have low activities of the sarcolemmal markers adenyl cyclase and 
acetylcholine receptor in fractions designated as sarcoplasmic reticulum and 
transverse tubule. These results are not  unexpected since the initial separation 
of the nuclear and microsomal fraction depends on a 1000 X g centrifugation 
step. Since the absolute specific activity of the various markers are not  known 
for the membrane fractions, the degree of cross-contamination cannot be 
accurately estimated. However, the concordance of both total and specific 
activity in the same fraction permits the deduction that  the fractions are mar- 
kedly enriched. 

The biochemical differences observed between the sarcolemma and trans- 
verse tubule membranes of extensor and soleus may relate to certain physiol- 
ogical characteristics observed for these two muscle types. The similarity in 
(Na*+ K÷+ Mg2+)-ATPase suggests that  the difference in resting membrane 
potential between extensor and soleus is due primarily to the difference in the 
ratio of Na ÷ and K ÷ permeability. This has been confirmed by the demonstra- 
tion that  soleus possesses a lower K ÷ permeability than extensor [4,5]. 

The increased content  of sialic acid reflects an increase in glycoprotein con- 
tent  in soleus since only 10% of membrane-bound carbohydrate is in the glyco- 
lipid fraction of muscle [26]. The reason for the higher sialic content  is un- 
known, but it is of interest that  denervated muscles also have a higher mem- 
brane sialic acid than innervated muscles [1]. Glycoproteins are known to 
participate in cell-cell recognition and adhesion [27,28], and the sialic acid dif- 
ferences in the varying physiological states of muscle may represent different 
capacities for the formation of neuromuscular junctions and/or muscle fusion. 
Sarcolemma does not  show significant differences in bulk polypeptides or 
phospholipid constituents, and it would seem that  functional membrane differ- 
ences between fast and slow muscles do not  depend on gross membrane consti- 
tuents. Differences in receptors, ion conductance channels, and enzyme corn- 
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ponents appear to confer the individual character of fast and slow muscle mem- 
brane function and are obviously not reflected in gross membrane analyses. 

Membrane material identified as transverse tubule was characterized by the 
presence of endogenous protein kinase activity for a 28 000 tool. wt. polypep- 
tide substrate. Soleus showed a two-phase reaction which indicates heterogene- 
ity either in the protein kinase and/or the kinase substrate. Sodium dodecyt 
sulfate gel electrophoresis does not  resolve polypeptides of similar molecular 
weight. As a result, there is a distinct possibility that  the 28 000 mol. wt. band 
from soleus membranes contains several different phosphorylated species which 
may explain the different kinetics of phosphorylation. 

The function of membrane protein phosphorylation is unknown. It is possi- 
ble that  this reaction participates in the membrane binding and/or transport of 
calcium and thus could be related to the transfer of information from trans- 
verse tubule to sarcopiasmic reticulum [29--31]. The extent  of phosphoryla- 
tion of this membrane system may thus contribute to the different excitation- 
contraction coupling properties of fast and slow skeletal muscles. 
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