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A B S T R A C T  

Sarcoplasmic vesicles and ~-glycogen particles 30-40 m# in diameter were isolated from 
perfused rabbit  skeletal muscle by the differential precipitation-centrifugation method. 
This microsomal fraction was subjected to zonal centrifugation on buffered sucrose gradi- 
ents, in a B X I V  Anderson type rotor, for 15 hr at 45,000 rpm in order to separate the two 
cytoplasmic organelles. Zonal profiles of absorbance at 280 m/~, proteins, glycogen, and 
enzymatic activities (phosphorylase b kinase, phosphorylase b, and glycogen synthetase) 
were performed. Whereas the entire synthetase activity was found combined with the gly- 
cogen particles, 39% of phosphorylase and 53% of phosphorylase b kinase activities, 
present in the microsomal fraction, were recovered in the purified vesicular fraction (d = 
1.175). This latter fraction consists of vesicles, derived from the sarcoplasmic reticulum, 
and of small particles 10-20 m~ in diameter attached to the outer surface of the mem- 
branes. These particles disappear after a-amylase treatment. Incubat ion of the sarcovesi- 
cular fraction with ~*C-labeled glucose-l-phosphate confirms the localization of a poly- 
saccharide synthesis at the level of the membranes. "Flash activation" of phosphorylase b, 
i.e. Ca "activation" of phosphorylase kinase followed by a conversion of phosphorylase b 
into a, was demonstrated in the purified sarcovesicular fraction. Moreover, the active 
enzymatic sites were detected on the membranes by electron microscopy. The presence 
of binding sites between the membranes of the sarcoplasmic vesicles and a glycogen- 
enzyme complex suggests that this association plays a role in the glycogenolysis dunng  
muscle contraction. 

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

Many  efforts were devoted to extracting, identi- 
fying, and purifying the different cell constituents, 
and now complementary works strive to reconsti- 
tute integrated functional systems similar to those 
existing in living cells by recombining isolated 

elements Glycogen is an example among many 
others: it has been extracted from different tissues 
and then washed or treated to eliminate the con- 
taminating substances. This last step in the puri-  
fication is significant because the 3 -5% proteins 
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which "contaminate"  glycogen prepared with 
mild methods @Vanson and Drochmans, 1968 a) 
represent mainly enzymes involved in the synthe- 
sis and breakdown of the polysaccharide. 

The  binding of phosphorylase to glycogen has 
been established very early and its physicochemi- 
cal properties have been studied by Madsen and 
Cori  (1958). In  a quanti tat ive approach to the 
distribution of phosphorylase in fractions isolated 
from liver homogenates, Ta ta  (1964) showed 
that  70-80% of the activity was present in the 
microsomal fraction and that the majority of the 
recoverable enzyme was associated with the glyco- 
gen particles More  recently, Meyer  et al (1970) 
and, in the same laboratory, Heilmeyer et al 
(I970) extended the concept of an enzyme-glyco- 
gen complex by proposing an integrated func- 
tional system which includes particulate glycogen, 
phosphorylase, and phosphorylase kinase. 

A further relationship between particles of 
glycogen and membrane-bound structures in 
liver cells has been investigated with very critical 
assays by Luck (1961). Impressed by the mor- 
phological observations of Porter and Bruni 
(1959), he studied the distribution of the glycogen 
synthetase in the microsomal components ex- 
tracted from a liver homogenate. He confirmed 
the observations of Leloir and Goldemberg (1960), 
according to which the enzyme involved in the 
synthesis of glycogen was firmly bound to the 
polysaccharide, and concluded decisively that the 
membranes- of the smooth endoplasmic ret lculum 
were not directIy engaged in the process 

In  our laboratory, we met  similar problems of 
distribution and functional association of en- 

zymes with either glycogen or membranous struc- 

tures (Drochmans, 1964, Wanson and Droch- 

mans, 1968 a, b), and we chose the glycogen-sar- 

covesicular fraction isolated from skeletal muscle 

to investigate the gIycogen-enzyme-membrane 

interplay The present paper deals with the en- 

zyme-glycogen complexes and their possible asso- 

ciation with membrane-bound structures observed 
in skeletal muscle. 

I t  will be confirmed that  the synthetase presents 

a strong and specific affinity exclusively for the 

glycogen particles as already clearly demonstrated 

for liver glycogen and that  significant amounts of 

phosphorylase and phosphorylase kinase are 

bound together with small particles of glycogen 

and sarcoplasmic vesicles. In  some experimental 

conditions, these "ensembles" are located as 
active sites on the surface of the membranes 

I ~ A T ~ E R I A L S  A N D  I ~ I E T H O D S  

Reagents 

Adenosine monophosphate (AMP), glucose-i- 
phosphate, uridine diphosphate glucose (UDPG), 
and a-amylase, twice crystallized, were purchased 
from Nutritional Biochemicals Corporation (Cleve- 
land, Ohio); adenosine tmphosphate (ATP), glucose- 
6-phosphate, and commercial shellfish glycogen were 
purchased from Sigma Chemical Co. (St. Louis, 
tV[o.). Activators and inhibitors of enzymatic reac- 
tions, such as sodium fluoride (NaF), magnesium 
acetate (Mg~+Ac.4H:O), calcium chloride (CaC12. 
2H~O), magnesium chloride (MgC12.6H..O), and 
ethylenedlaminetetracetate (EDTA. 2H~O), as well as 
buffers (tris[hydroxymethyl]aminomethane [Tris~, 
sodium glycerophosphate, cysteine, glycine, maleate), 
were products of E. Merck AG (Darmstadt, Ger~ 
many). 

Uridine diphosphate glucose-14C was obtained 
from NEN Chemicals (Frankfurt, Germany) and 
o~-n-glucose-a4C-l-phosphate from The Radiochem- 
ical Centre (Amersham, England). The specific 
activity of these radioactive compounds was respec- 
tively, 230 and 150 mC1/mmole. Purified crystalline 
phosphorylase b was a gift from Dr De Wulf (Lab- 
oratoire de Chimie Physiologique, Umversit& de 
Louvain). 

Isolation and Purification of the 
Sarcovesicular Fraction S V  

Normally fed domestic rabbits, weighing 3-4 kg 
each, were sacrificed by sectioning the blood vessels 
of the neck, after anesthesia by intravenous injection 
of Nembutal (1 mg/kg body weight; Abbott Labora- 
tories, North Chicago, Ill.). Bleeding was improved 
when 300 unlts/kg body weight of heparine (Liqu6- 
mine, S. A. Roche, Belgium) were added to the anes- 
thetic. In some experiments, when specified in the 
text, an additional precaution was taken to prevent 
amylase activity due to blood which might contami- 
nate the preparations. Therefore, both hind legs were 
perfused by intraaortic injection of 250 ml of chilled 
saline. This is enough to wash out most of the blood 
accumulated in the muscles. The adductor magnus 
and quadriceps, which consist predominantly of white 
muscle fibers, were excised, cut into small pieces, and 
immediately lrnmersed in chilled 0.033 ~ phthalete 
buffer, pH 4.8. A microsomal fraction, composed of 
glycogen particles and vesicles derived from the sarco- 
plasmic reticulum, was isolated from the skeletal mus- 
cles according to the precipitation-centt~fugation 
method previously described (Wanson and Droch- 
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roans, 1968 a) and summarized as follows. (a) Muscle 
pieces were homogenized by treatment for 30 see 
with a blender in phthalate buffer, at the final pI-I of 
6.0; (b) preliminary centrifugations were performed 
at 2500 rpm for 15 min (Internatxonal centrifuge, 
model PR 1, head 284, International Equipment 
Co,  Needham Heights, Mass.) to discard intact cells, 
nuclei, and myofibrils and were completed by re- 
peated up-and-down runs at 15,000 rpm (Spinco, 
model L2 65B centrifuge, No. 30 rotor, Spineo Div,  
Beckman Instruments, Inc., Paio Alto, Calif.) to 
eliminate agglutinated material remaining in sus- 
pension; (c) centrifugation at 25,000 rpm for 125 
rain (Spineo, model L2 65B centrifuge, No. 30 rotor) 
of the postmitochondriai supernatant allowed the 
recovery of a microsomal fraction, the so-called 
glycogen-sarcovesicular fraction (G.Sv.F.). 

To obtain a purified fraction of sareovesicles, 
devoid of glycogen particles, the choice was given 
between two additional manipulations: either a 
zonal centrifugation which clearly separates the two 
components of the G Sv F. or an incubation which 
activates the digestion of the polysaccharide. In 
method one the zonal centrifugatlon of the G.Sv.F. 
was carried out in the Spinco, model L2 65B cen- 
trifuge, equipped with a B X I V  rotor of the Ander- 
son type (600 ml capacity). In a first step, the run- 
ning rotor (3000 rpm) was loaded at a flow rate of 
15 ml/min by means of a Beckman pump, type 411 
(Beckman Instruments, Inc.), with a sucrose density 
gradient which occupies a volume of 350 ml. The 
linear density gradient with extreme densities of 
1.095 (0.7 M, 22% sucrose) and 1.265 (2.0~, 55% 
sucrose) was buffered with 0.010~a imidazole- 
0.005 M EDTA, pH 7.0. Thin gradient was layered 
between a heavy cushion composed of 200-225 ml of 
2.0 ~ sucrose and the sample (25-50 ml) covered by 
an overlay of 50 ml of the solvent used to suspend 
the G.Sv.F. Temperature was kept between 3 ° and 
7°C during loading and at 3°C during eentrifuga- 
tlon. Once loaded, the speed of the rotor was in- 
creased to 45,000 rpm and maintained for 15 hr. 
The unloading was accomplished by pumping 2.0 M 
sucrose at a flow rate of 7.5 ml/min into the rotor 
60 fractions of 7.5 red each were collected in a sample 
collector (Technicon, Dublin, Ireland). The refrac- 
tive index was measured by means of the Abbe 
refractometer (Carl Zeiss, Ober Koehen, Germany) 
and density at 20°C was deduced from these data. 
In the series of experiments which took advantage of 
these techniques of centrifugation, the perfusion of 
the muscle legs mentioned above was a prerequisite 
manipulation to avoid breakdown of glycogen 
during the long runs. In method two the incubation 
of the G Sv.F. in the presence of amylase, which 
normally contaminates the fraction obtained from 
nonperfused muscles, led to vesicles which are easy 
to separate from the breakdown products. The 

degree of degradation of the glycogen was followed, 
during incubation, by iodine reacttons and by glu- 
cose determinations according to Nelson (1944). The 
separation of the sarcovesicles from the oligosaecha- 
rides at the end of the incubation, generally after 120 
min, was performed by layering the incubated frac- 
tion on top of a sucrose density gradient (0.7-2.0 M) 
and by centrifuging the tubes in swinging buckets 
(Splneo, rotor SW 27) at 24,000 rpm for 5-15 hr. 
The gradients were then fraetionated in 1 ml frac- 
tions from top to bottom. 

Analytical Methods 

Glycogen was determined by the method of Kris- 
man (1962) in the different fractions isolated by 
differential and density gradient eentrifugation. In 
some cases, proteins, which interfere with the glyco- 
gen-iodine reaction, had to be removed by adding 
trichloroacetic acid at a final concentration of 5% 

Total protein content was estimated by the micro- 
method of Lowry et al. (1951), using crystalline 
bovine serum albumin (Pentex Biochemical, Kanka- 
kee, Ill.) as standard. The zonal profile of absorbanee 
at 280 m/~ was determined by means of a Uvicord 
(LKB Produkter, Stockholm, Sweden) and compared 
with the profile obtained by protein determinations. 

Enzymatic Assays 

PHOSPHORYLASE b AGTIVITY* The phospho- 
rylase b activity (E.C. 24.1.1) was assayed by 
measuring the release of inorganic phosphate from 
twice-crystallized 0.1 M glucose-l-phosphate when 
the subcellular fractions were incubated for 5 and 
10 min at 37°C in the presence of 0.02 ~ sodium 
fluoride (NaF), 0 003 M adenosine monophosphate 
(Ah/[P), and 2% commercial shellfish glycogen. The 
primer was added, although glycogen was presertt in 
the fractions under study, except in the experimental 
conditions stated in the next paragraph. Inorganic 
phosphate was estimated by the eolorimetric method 
of Fiske and Subbarow (1925), with a Gilford spec- 
trophotometer (model 300 N, Gilford Instrument 
Labs,  Inc., Oberlin, Ohio). The enzymatic activity 
was expressed in mieromoles of phosphorus liberated 
per minute per milligram of glycogen or per gram 
of muscle. 

The phosphorylase b activity was also determined 
without adding a primer to the sarcovesicular frac- 
tions in order to measure the reaction which takes 
place only at sites where a phosphorylase-primer 
comFlex is present, possibly related to the mem- 
branes. This was accomplished by incubating" the 
sarcoplasmic membranes purified by zonal eentrifu- 
gation or by digestion of the glycogen particles. The 
test was carried out as follows: 1.1 ml of a suspen- 
sion of sareovesicles, containing 0.5 nag protein/ml, 
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were added  to 1.1 ml  of the  react ion m e d i u m  com- 
posed of 0.1 M labeled g lucose- l -phosphate ,  0 02 M 
NaF,  and  0 003 M A M P  T h e  14C-labeled glucose-i-  
phospha te  presented a radioact ivi ty of 2 -4  /zCI 100 
tzM At  various times, samples  were t aken '  par t  
(0.1 ml)  was used to de te rmine  the  phospha t e  release 
and  to establish the  polysaechar ide- iodme spec t rum 
and  par t  (2 ml) was layered on top of a l inear ~mida- 
zole-buffered sucrose grad ien t  and  centr i fuged at 
24,000 r p m  for 5-15 hr.  T h e  grad ien t  was then  fi-ac- 
t ionated in 1 ml  samples  and  each  sample  was 
t reated with 1 ml  of h y a m i n e  hydroxide  (Packard 
I n s t r u m e n t  Co., Downers  Grove, Illinois) at  50°C 
for 1 h r  and  finally added  to 13 ml  of Bray solution 
(Bray, 1960) to be counted  in a Nuclear  liquid 
scintdlat ion counter ,  M a r k  A (Nuclear-Chicago,  
Des Haines,  I l l . )1  T h e  count ing  efficiency, deter- 
mined  against  an  external  s tandard ,  reached 4 0 %  
For  each exper iment  the  quench ing  curve was 
established to conver t  the  counts  per n~nu t e  Into 
dis integrauons per  minute .  

Snml a r  incubat ions  of sarcovesicular f racuons  were 
carr ied ou t  wi th  larger quant i t ies  of mater ia l  bu t  
with unlabeIed substrates to obta in  prepara t ions  for 
electron microscopm examinat ions .  

P H O S P H O R Y L A S E  K I N A S E  A C T I V I T Y  T h e  
phosphorylase  kinase activity (E.C. 2.7.1.38) was de- 
te rmined  according" to the  technique  proposed by 
Krebs  et al. (1964) and  Krebs  (1966) and  adap ted  to 
our  exper imenta l  condit ions I t  consists of two steps 
in a pre l iminary  part ial  react ion 0 2 ml  of pellet 
suspension was added  to 0.1 ml  of  0 125 M Tris- 
g lycerophosphate  buffer, p H  8.6, and  0.2 ml of 
AMP-free  phosphorylase  b solution conta in ing  130 
Hers  units  of  e n z y m e / m l  (Hers, 1964) T h e  react ion 
started by adding 0 1 ml  of 0.06 M M g  2+ ace ta te -0  018 
M adenosine t r iphosphate  (ATP),  p H  7.0 After 5 
m m  of incubat ion  at  30°C, a 0.1 mi  sample  was 
transfered to 0 9 ml  of chilled 0.04 ~ glycerophos- 
p h a t e - 0  03 ~ cysteine buffer, p H  6.8. T h e  second step 
reveals the  phospho~vlase activi ty according to Heis  
(1964). 50 Izl of the  last  react ion mix tu re  was added  
to 50 /~1 of the  incubat ion  m e d i u m  conta in ing 0.1 M 
glucose- l -phosphate ,  2°70 shellfish glycogen, 0.2 M 
NaF ,  and  0 001 M caffeine dissolved in 0 2 ~ Tr~s 
buffer, p H  6.1 Incuba t ion  occurred at  37°C for 5 and  
10 rain Inorganic  phospha te  released by the  react ion 
was de te rmined  by the  m e t h o d  of Fiske and  Subbarow 
(1925). Caffeine was added,  as ment ioned ,  to inhibil  
the  phosphorylase  b activity (De ~Vulf, personal 
communica t ion) .  

T h e  Ca  2+ activation of kinase, also called ~flagh 
act ivat lon" by HeiImeyer  e t a l .  (I970), was tested in 
the  G.Sv F a n d  in the  zonal  purified sarcovesicular  
fraction. T h e  following system, proposed by  these 

1 Measu remen t s  were carr ied out  in the  Labora to ry  
of Nuclear,  Medic ine ,  Univers i ty  of  Brussels. 

authors,  was used:  0.9 ml of  biological mater ia l ,  0.05 
ml  of 0.I ~ MgCl . . ,  0.05 ml  of 0.02 M CaCI. , ,  and  
0.02 ml  of 0 05 M A T P  in order to s tar t  the  reaction.  
At various times, samples  were removed,  d i lu ted  
10-fold in 0 1 ~ g lycerophosphate  buffer,  p H  6 8, 
and  assayed for phosphorylase  a activity. 

T h e  polysacchar lde synthesis p roduced  by phos- 
phorglase a, ob ta ined  after flash act ivat ion of the  
phosphorylase  kinase,  was followed by electron mi-  
croscopy, and  its precise localization on the  m e m -  
b rane  s t ructures  unde r  s tudy  was de termined .  Puri-  
fied sarcoveslcles p repared  by  zonal  centr i fugat ion 
and  reeoncent ra ted  to a final concent ra t ion  of 1.5-4.0 
m g  p r o t e m / m l  were incuba ted  in the  presence of 5 
rnM MgC12,  1 m ~  CaCI2 ,  100 mM gluhose- l -phos-  
phate ,  20 mM NaF,  1 rn~ caffeine, 1 m ~  ATP,  and  
0 2 ~ Trls,  p H  6.8. 

U D P G - G L Y C O G E N  T R A N S F E I ~ A S E '  g D P G -  
glycogen transferase (E.C 2 4  I .I1)  was assayed bv  
measu r ing  the  mcorpora t ion  of radioact ive  glucose 
f rom 14C-labeled U D P G  into glvcogeu. I ncuba t i on  
was carried out  a t  30°C in the  presence of the  follow- 
m g  med ium,  described by Vll lar-Palasi  a n d  L a r n e r  
(1961). 0.025 M U D P G ,  0 05 M Tris  malea te  bu f fe r -  
0.0025 M E D T A ,  p H  8 0, 0.02 M glucose-6-phosphate  
(added when  the total transferase activity was mea-  
sured),  and  0.5~o commerc ia l  shellfish glycogen. 
l~C-labeled U D P G  was  added  to this m e d i u m  in  
such  an a m o u n t  tha t  15,000 e p m  were present  in  
each measured  sample.  T h e  different  tested subfrae-  
tions adequate ly  di luted were incuba ted  for 5 and '  10 
ram.  The  enzymat ic  react ion was s topped by the  
additaon of cold t r ichtoroaceac  acid to a final con- 
cent ra t ion  of 5%,  and  the  newly synthesized poly- 
sacchar ide  was precipi ta ted wi th  alcohol after the  
addi t ion of 10% commercml  shellfish glycogen, used 
as a earner .  T h e  isolated glycogen was once more  
precipitated,  resolubihzed m distilled water,,  and  
treated with h y a m i n e  hydroxide  .before coun t ing  in a 
N'uclearTChicago counter ,  model  M a r k  A (count ing 
efficiency of 45%).  Counts  were expressed in micro-  
moles of glucose incorporated into glycogen per hour ,  
per  m i l h g r a m  of glycogen or per  g r a m  of muscle  

Electron fli  icroscopy 

T h e  different fractions obtain~ed by  differential  
and 'dens i ty  g rad ien t  cgntrffugations were fixea dur ing  
2 hr,  at 4°G, wi th  0.1 )x phosphate-buffered ,  disulled 
g lu tara ldehyde,  2 .5%,  p H  7,2, or wi th  0. t M phos-  
phate-buffered  o smium tetroxide, l e/~, p H  7.2, T h e  
g lu tara ldehyde '  fixation was followed by several  shor t  
washmgs  in 0.15 M phospha te  buffer, p H  7.2, and  by 
a postfixation with 0.1 g phos~)hate-buffered o s m i u m  
tetroxide, 1 ~0, p H  7.2. 

These  fixations were also performed on, the  pelIets 
obta ined f rom the  macro incuba t ion ,  tests: the  blocks 
dehydra ted  in graded  e thanol-water  series u p  to 
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FIGVa~ 1 Glycogen sarcovesieular fraction. Densely lead-stained E-glycogen particles, 80.40 mg in 
diameter, are packed between the sarcovesicles. This disposition of the sarcoplasmic elements recon- 
stitutes a picture similar to that found in muscle tissue. X 80,000. 
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100% ethanol were embedded in Epon 812 (Shell 
Chemical Co,  New York), cut on an LKB Ultrotome 
(LKB Produkter), and double stained with uranyl 
acetate and lead citrate. 

Two specific histochemical methods were used to 
demonstrate the polysaecharide nature of small glyco- 
gen particles and of the newly synthesized material 
obtained after incubation in the presence of glucose- 
1-phosphate: (a) o~-amylase digestions on sections 
were performed according to the techmque proposed 
by 1V[onneron and Bernhard (1966), using purified, 
twice-crystalhzed o~-amylase diluted in phosphate 
buffer, 0 2 M, pH 6 9 at  the final concentration of 
0.5% After 3 hr  of incubauon at 37°C, the treated 
sections were double stained with uranyl acetate and 
lead citrate. ControI sections were incubated in 
distilled water at 37°C during the same time. (b) The 
specific glycogen staining following the method of 
Perry (1967) was applied on sections they were 
oxidized for 30 rain at room temperature with peri- 
odin acid, 1%, rinsed with distilled water, dried, 
and stained with lead citrate. The sections were 
examined in a Siemens Elmiskop I electron micro- 
scope at 80 kv. 

R E S U L T S  

T h e  G.Sv F which  was used in the present  work 
for fur ther  f rac t ionadon  and  enzymat ic  studies 
was isolated by  differential  precipi ta t ion-cen-  
t r i fugadon of a muscle homogenate .  I t  is com- 
posed of two componen ts '  glycogen /3-particles 
which  const i tute  most  of the  compac t  bo t tom p a r t  
of the pellet, and  sarcoplasmic vesicles which  form 

a superficial fluffy layer Fig. 1 illustrates a section 
of a pellet  m which  bo th  components  may  be 
dist inguished I t  reconsti tutes a s i tuat ion which  is 
similar to t ha t  found in the  muscle sarcoplasm, 
where  vesicles and  glycogen particles present  
close topographical  relat ionships (Wanson  and  
Drochmans ,  1968 a). 

Distribution of Glycogen, Proteins, and 

Enzymatic Activities after Differential 

Centrifugation of a 2IiuscIe Homogenate 

Chemical  da ta  concerning the  pos tmi tochon-  
drial, G Sv F (microsomal),  and  postmicrosomal  
fractions are listed in Tab le  I. The  pos tmi tochon-  
drial  supe rna tan t  was found to be the  most  appro-  
pr ia te  fract ion to refer to, when  recovery of enzy- 
mat ic  activities was evaluated  

Ha l f  (55%) of the total  glycogen con ten t  pres- 
ent  in the pos tmi tochondr ia l  supe rna tan t  was 
recovered in the  G.Sv F., after discarding of tissue 
debris, nuclei, mi tochondr ia ,  and  most  of the  
myofi laments by repeated low speed centr i fuga-  

tions Less was found in the  microsomal  superna-  

ran t  T h e  total  glycogen recovery in microsomal  

and  mierosomal  supe rna t an t  amounts  to 70% If  

we strike the  ba lance  of proteins,  most  of t hem 

were recovered in the  microsomal  superna tan t ,  

only 4 5 %  in the G S v F . ,  the total  in  the  two 

la t ter  fractions amount ing  to a b o u t  8 5 %  T h e  

TABL~ I 
Glycogen, Protein Content, and Enzymatw Actwzttes of Different Fractwns Obtained by 

P~ee~ ,itatwn-Centr~fugatzon of the Rabbit ..1,[uscle Hornogenate 

Fractions GIvcogen Protem 

mg/g % 
muscle 

3 3 )0 
~0.62 

1.82 ~5 0 
E0.27 :8 1 

0.45 3 . 6  
r-O 30 :9.0 

,~g/e 
muscle 

41.0~ 
~-3 51 

1 8~ 
t=0.12 

33.3: 
h1 .2  

Postmitochon-  
dr ial  super- 
n a t a n t  

Mmrosomal  
fract ion 
G.Sv.F 

2¢Iicrosomal 
superna tan t  

Phosphorylase b 

u~zls 
un~gs 

% ' enzyme ~ 
/mg ~nzyme/g ] 

muscle I 
glycogen 

100 40 65 143 771 
4-5.96 kl1.571 

4.5 57.61 87.141 
4-0 4 4-10.14 4-7.96[4 

81.2 57 80 23 331 
4-3.1 -4-11.43 4-3.26]-t 

Phosphorylase b kmase 

IIM e/m~n pe~" I~M P/m~n ~M glucose/ 
% pet r, zg hr per 

glycogen : g muscle 

0( 70 33 286.2 / 
4-20.50 4-127.9 

~;0.6 30 60 61.9 / 
:5 6 4-17 72 =t=33.1 

6 .2  100.0 226.2 
:2.3 4-25.1 4-18.1 

UDPG-glycogen 
transferase 

NM 
glucose/ 

% h~ pet g 
mg 

glycogen muscle 

?0 15 4C 34.35 
4-7.12 4-7.37 

21.61 19 0C 28.67 
i 

l1.6 4-4 23 4-2.86 

) 06 13.50 1.15 
5 5 4-9.03 4-0.22 

% 

100 

83 5 
4-8.3 

3.4 
4-0.6 

All the mean values and  their  s tandard  deviations recorded in this tab le  were calculated from da ta  ob- 
ta ined from 12-20 experiments.  
* Units  enzyme = micromoles of inorganic phosphorus l ibera ted  per  minu te  of incuba t ion  at 37°C. 
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high proportion which remained unsedimented 
corresponds mainly to soluble contractile proteins. 

Most of the phosphorylase b activity (60%) 
was present in the G.Sv.F° This enzyme was essen- 
tially in its inactive b form, displaying less than 
5% activity when measured in the absence of 
AMP.  This proportion of 95 : 5 % of the b : a form 
of the enzyme was systematically found in all the 
fractions and subfractions isolated by differential 
and zonal centrifugation. On  the other hand, 
phosphorylase kinase sedimented only at the rate 
of 21% in the G Sv.F., most of this latter enzyme 
activity remaining in the postmicrosomal super- 
na tant  (79%). These data  expressed in Table I 
were obtained by measuring the kmase activity at 
pI-I 8.6, in the presence of A T P - M g  2+. Notme, 
however, that  phosphorylase kinase was not com- 
pletely in an inactive form in the different frac- 
tions isolated by centrifugation: it displayed, 
when measured at p H  6 8 in the absence of Ca ~+ 
15% of the activity measured at p H  8.6. 

UDPG-glycogen transferase activity, asgayed 
in presence of glucose-6:phosph~te, w~as practically 
entirely detected in the microsomal fraction 
'(83%). The  relative proportion of glucose-6- 
phosphate-dependent  and independent forms of 
enzyme activity correspdnded to a constant ratio 
of 60:40 

No enzyme inactpAty or inhibition was detected 
at this level of the isolation process: a recovery of 
90-95% of the original activities present in the 
first supernatant  was obtained for the three above- 

mentioned enzymes I t  appeared, thus, that  the 
G Sv F. is representative of the glycogen content 
and of the enzymatic activities involved in poly- 
saccharide degradation and synthesis found m situ 
I t  constitutes a material of choice for the analysis 
of enzyme distribution at the level of cell organ- 
elles 

Distribution of Enzyme  Activities in 

Relation to the Glycogen Particles and the 

Sarcoplasmic Vesicles Isolated f rom 

the G.Sv.F. 

The two main components of the G Sv F. were 
identified after their subfractionation by com- 
bined biochemical and morphological examina- 
tions Biochemical data from one experiment, 
corresponding to the profiles of Fig 3, are listed 
m Table  I I  Per cent values of the total amount  
present in the G Sv .F ,  calculated from data 
obtained in 12 experiments, are expressed in 
Table  I I I  

GZYCOOEN: The  glycogen particles in all 
experiments sedimented in the fractionation 
tubes 35-55 (Fig-. 2) at a level where the mean 
density reaches 1.25, a value which remains far 

below the density proper to glycogen (1 6) The  

complete glycogen subfraction represents 46% of 

the total amount  layered on top of the gradient 

Although no glycogen was traced in the rest of 

the gradient, it was possible to recover a signifi- 

TABLE II  
Glycogen, Protein, and Enzymatic Content of the Dzfferent Subfractmns Obtained 

after Zonal Centrzfagation of the G S. Ve. Fraetwn 

Phosphorylase UDPG-glycogen 
Fractions Glycogen Protean Phosphorylase b kmase tralasferase 

Glycogen sarcovesicular 
fraction 

mg mg un*~ en~me pM P/m~n pall glucose#r 

1'80.0 150.0 7040 3629 4200 

Nonsedimented - -  41.6 805 520 - -  
material  

Purified sarcovesicles 5.0 63.0 1421 1850 ~40 
Purified glycogen 112.5 25~0 205 153 1680 

Recovery 117.5 I30 0 2431 2523 1680 

Values presented in this table correspond to the total content of different subfractions 
expressed in milligrams, units enzyme, and micromoles of molecules released by the 
enzyme activity. They are calculated from the data of one experiment, which enter 
into the graphic representation of Fig. 3. 
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cant  a m o u n t  of it in the  subfract ion of sarco- 
vesmles (tubes 10-25) by concent ra t ing  the 
mater ia l  and  extract ing the po lysacchande  from 
the resulting pellet  wi th  potassium hydroxide.  
Th~s small  quan t i ty  of glycogen, amount ing  to 
2 .5% of tha t  submi t ted  to zonal  centrifugaUon, 

responds to an  iodine test by giving a usual  b rown  
color and  a normal  spec t rum S~milar man ipu la -  
tions carr ied out  on the upper  por t ion  of the 
gradient ,  including the  sample zone fraction, 
reveal no glycogen. 

Paral lel  examinat ions  unde r  the electron micro-  

T A B L E  I I I  

Distribution of Glycogen, Proteins, and Enzymes m the Dfffe~ent, Subfractmns Obtained after 
Zonal Centrifu~,at~on of a ~[zcrosoraa~ Fraction on a Sucrose Density Gradzent 

Prac~ons 

Nonsed~mented 
mater ia l  

Purified sarco- 
vesicles 

Purified 
glycogen 

Recovery 

Glycogen 

% 

2 5 4 - 0 3  

4 6 3 4 - 5 4  

48.8 

Protein 

% 

29.9 4 - 4 5  

3 3 8  4 - 4 . 7  

1 7 2 4 - 0 5  

80 9 

Phosphor}lase b 

Cot- 
Uncorrected rected* 

% % 

16 9 4- 3.5 25 5 

39.2 1 9 2 4 - 2 7  

4 1 ~ 2 2  1 1 7  

40 2 76 4 

Phospherylase kmase 

Uncorrected 

% 

1 0 0 4 - 3 9  

53.0 4- 11.1 

2 3 4 - 0 7  

65 3 

Cor- 
rected* 

% 

10 0 

53 0 

4.6 

67.6 

UDPG-gl~cogen 
trans~rase 

Uncorrected 

% 

< 1 0  

,40.Tt:J= 10 5 

0 0  / 

Cor- 
rected ~ 

% 

___]..5 

8O 

80 

All values are expressed in per  cent  of the amount  of compound present in the microsor~al fract ion dis- 
posed on top of the gradient  and are calculated from da ta  obta ined  in 12 experiments 
* Values corrected for inhibi t ion due to sucrose. 
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FmlmE ~ Zonal profile of protein, absorbance at  280 m/G glycogen, phosphorylase, and density at  ~0°C 
along the 0.010 ~ imidazole-0.005 ~ EDTA buffered sucrose gradient (0.7-~ 0 I~D after eentrifugation 
of the G Sv F. in the B XIV rotor of the Anderson type, at 45,000 137m for 1~_ hr. 60 fractions of 7 5 ml 
each were eolleeted:/3-glycogen paltieles sedimented in fraetlonation tubes 35-55, completely separated 
from sarcoplasmic vesicles, the sareoplasmic vesicles are isopycnically banded in fractions 10-~5 as 
demonstrated by the protein profile. The phosphorylase b activity forms three peal~s a first one at  the 
upper region of the gradient corresponds to free proteins; a second and a third one are respectively super- 
posed on the banded sarcovesicles and on the glycogen t~artieles. Biochemical data cor#esponding to these 
profiles are listed in Table II. 
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scope of the concentrated glycogen subfraction 
revealed the presence of purified/~-glycogen par- 
ticles, which confirmed previous observations 
(Wanson and Drochmans, 1968 a, b; Wanson and 
Tielemans, 1971). 

S A R C O P L A S M I O  V E S I C L E S  : The protein pro- 
file and the UV absorption curve of Figs. 2 and 3 
show a similar pattern and form three peaks: the 
first, at the upper low-density region of the gradi- 
ent, corresponds to free proteins; the second, which 
extends from fractionation tubes 10-25 with a 
mean density of 1.17, was identified with the 
sarcovesicles; and the third, lower in concentra- 
tion and optical density, was superposed onto the 
glycogen. By grouping the tubes of each sub- 
fraction, it was found (Table III)  that about 
equivalent amounts of proteins were found in the 
two first subfractions, respectively 30 and 34%, 
and less (17%) in the glycogen subfraction. 

mqZYMES: The distribution of the phospho- 
rylase b activity is superposable on the protein 
profile. Most of the activity, 39% of that placed 
on top of the gradient, was detected where the 
sarcoplasmic vesicles banded, leaving the non- 
sedimentable material with 25% of the activity; 
only I 1% followed the sedimentation of the glyco- 
gen particles 

The phosphorylase-kinase activity was appar- 
ently more firmly bound to the sarcoptasmic 
vesicles since 53 % was found in this fraction, only 
10% did not sediment, and 4 6% remained with 
the glycogen particles. 

The UDPG-glycogen transferase (glycogen syn- 

thetase) behaved differently, being essentially lo- 
calized at the level where glycogen sedimented 
(Fig. 3); this represents 80% of the activity orig- 
inally placed on the gradient. 

Per cent values of enzymatic activities men- 
tioned in the text are corrected for inhibition pro- 
duced by sucrose. Preliminary assays testing our 
three enzymes were performed in sucrose solutions 
of increasing concentration (from 0.5 to 2.0 M). 
Enzyme inhibition was linearly proportional to 
sucrose concentration, but a little more intense for 
phosphorylase b than for the two other enzymes 
(see Table III). 

D E G R E E  O F  B I N D I N G  B E T W E E N  P H O B -  

P H O l Z Y L A S E  A N D  S A R G O P L A S M I C  V E S I C L E S :  

It  must be noticed that the peaks of the phos- 
phorylase activity were always precisely super- 
posed on the banding of the proteins and the 
glycogen. Apparently, no enzyme was "floating" 
throughout the gradient. To test to what extent 
the enzyme activity remains associated with the 
vesicular structures isolated by zonal centrifuga- 
tion, the sarcoplasmic vesicles were centrifuged 
and the resulting pellet contained still 30-40 % of 
the enzymatic activity. In order to perform this 
centrifugation, a slight dilution of the suspension 
of vesicles, which were centrifuged practically at 
isopycnic equilibrium in the zonal rotor, was 
necessary. When important and brutal dilutions 
were imposed, still less, 10-20% enzyme activity, 
sedimented with the vesicles. 

Another test consisted of first treating the 
G.Sv.F. with a-amylase and then submitting the 

~-~ I10( ] 2(]- 
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l ~ m ~  9 Zonal profile of protein, glycogen, UDPG-glycogen transferase, and density at ~O°C ob- 
tained in the same conditions as described for Fig. 2. Glycogen-synthetase is essentially localized at the 
level where glycogen particles have sedimented (fractionation tubes 35-55), 
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FIGURE 4 Purified sarcoveslcles (SV), isolated by zonal centrifugatlon (fractionation tubes 10-~5) and 
concentrated in a pellet. This view is representative of the totality of the pellet. Notice the high degree 
of purity and homogeneity of the fraction. No ~-glycogen particles contaminate this fraction. X 50~000, 
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sample to a zonal centrifugation in conditions 
similar to those described for the usual separations. 
In  these experimental conditions, the sarcoplas- 
mic restates sedlmented at a slightly lower rate 
than usual, the sedimentable glycogen disap- 
peared, and the phosphorylase activity was 
entirely recovered at the top of the gradient, no 
trace being found linked to the vesicles 

M O R P H O L O G Y  O F  T H E  S A R C O P L A S M I C  

V E S I C L E S  A S S O C I A T E D  W I T H  P A R T I C U L A T E  

MATERIAL: Special attention was devoted to 
visualizing eventual particulate material bound 
to the sarcoplasmic vesicles which would repre- 
sent the morphological expression of some rela- 
tionships that may exist between glycogen (pri- 
mer), phosphorylase, and vesicles 

Pellets of the sarcoplasmic vesicles removed 
from the gradient  after zonal centrffugation were 
examined in the electron microscope. A represen- 
tative picture of this purified fraction is shown in 
Fig 4. At  higher magnification (Fig. 5), small, 
densely stained particles, 10-20 m/z in diameter, 
are detected at the surface of the vesicles (arrows) 
Most of them lay at the outer surface but  some 
seem to be projected at the inner  side, namely 
when the wall of the vesicle is sectioned obliquely. 
This has to be placed in relation to previous ob- 
servations (Wanson and Drochmans, 1968 a, b) 
of negatively stained preparations where particles 
of similar size were described. 

This same vesicular material treated with 
~x-amylase, as described in the preceding para- 
graphs on the degree of binding between phos- 
phorylase and vesicles, lost its particles (Fig 6) 

Further Isotopic and Morphological Detection 
of a Phosphorylase Activity Bound to the 
Purified Sarcoplasmic Vesicles ( SV) 

The observations reported above on the enzy- 
matic activities present in the sarcovesicutar sub- 
fractions and the coincidental demonstration on 

the vesicle membrane of particles that consist at 
least partly of a glycogen moiety, were confirmed 
and extended by incorporation studies of labeled 
substrates and by a precise localization of the 
active enzymatic sites on the membranes. 

ISOTOPIC ASSAYS" A sample of SV incu- 
bated in the presence of 14C-labeled glucose-l- 
phosphate was centrifuged on a sucrose gradient 
in a zonal rotor. Radioactive polysaccharide, 
enriched in labeled glucose by the phosphorylase, 
is precisely superposed on the sarcoplasmic 
vesicles (Fig 7). With increasing incubation 
times, the radioactivity which sediments with the 
vesicles increased and the peaks of radioactive 
polysaccharide remain superposed on the profile 
of proteins (Fig 8, curve I). A gradual shift of 
the labeled material to higher gradient densities 
was also noticed Iodine reactions carried out 
simultaneously on the different incubated samples 
show that iodine forms a complex evolving from 
a brown-red to a purple-red color with increasing 
optical density. In  parallel, 5-10 /~moles of phos- 
phate were released from glucose-l-phosphate 
(I00 ~moles) during these incubation assays. 

The following controls were executed: I~C- 
labeled glucose-l-phosphate mixed but  not incu- 
bated with the SV did not adsorb onto the mem- 
brane structures (Fig 8, curve 2); x4C-labeled 
glycogen, derived from a separate incubation 
experiment, placed in contact with purified SV, 
and recentrifuged on a gradient, remained in the 
sample zone fraction and did not sediment with 
the vesicles (Fig 8, curve 3) 

The binding between the newly synthesized 
polysaccharide and the sarcoplasmic vesicles was 
affected by c~-amylase: part  of the labeled material 
which was collected from fractionation tubes 
16-22 (Fig 8, curve 4) was treated with a-amy- 
lase, 1%, for 60 min;  part  was used as control. 
Both samples, recentyffuged on sucrose gradients 
(Fig. 9) /behaved differently, the amylase-treated 
vesicles sedimented at the usual level but  had lost 

F m m ~  5 Purified sarcovesicles (SV). This high magnification allows one to visualize at the level of 
the sarcoplasmic vesicles, in close contact with the outer membrane surface, small, densely lead-stained 
particles, (arrows), 10-20 m/x in diameter. These particles correspond to polysaccharide-enzyme units 
related to the sarcoplasmie reticulum. X 100,000. 

Fmt~aE 6 Pm-ified sarcovesicles (SV), treated with a-amylase. The polysaccharide natm'e of the small, 
dense particles, associated with the sarcoplasmic membranes, is demonstrated by their disappearance 
after 1 hr of treatment with 0.1% crystallized a~-amylase at 87°C. X 100,000. 
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I~IGU:RE 7 Purified sarcovesieular fraction incubated 
for different time intervMs (0, 2, 6, 10, 18, and ~0 
rain) at 37°C in the presence of 0.1 ~ glucose-l-phos- 
phate-14C: 0.02 ~ NaF, and 0.003 ~ AMP and centri- 
fuged at ~4,000 rpm for 5 hr on linear imidazole- 
buffered sucrose density gradients. PaCe of the newly 
synthesized and ~C-labeled polysaccharide, produced 
by the phosphorylase, is superposed on the sarcoplas- 
mic vesicles. With increasing incubation times, the 
radioactivity increases and shifts gradually to higher 
densities in association with the protein pealcs (not 
indicated here). 

their labeled polysaccharide (curve II) ,  and the 
control vesicles not  subjected to amylase digestion 
sedimented but  were loaded with labeled polysac- 
charide (curve I). 

MOI~I~I~OLOG¥: The  sites of synthesis ofpoly-  
saccharide on the membranes were detected by 
examining sarcoplasmic vesicles incubated in con- 
ditions similar to those used for the isotopic 
assays. Densely stained particles, irregular in 
shape and size, were observed in contact with or 
superposed on the wall of the vesicles. In  Fig. I0, 
an example is shown of a subfraction incubated for 
30 rain; the dense, newly formed structures some- 
times appear  as thickenings of the membranes 
(arrows); others (encircled) form particles which 
yield fine attachments to the membrane surface. 
The  polysaccharide nature of these structures 
under  synthesis was confirmed by two comple- 
mentary  techniques: the specific histochemical 
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FmlrR~ 8 Purified sarcovesicular fraction incubated 
for 15 rain with 4/xCi of glucose-l-phosplmte-Z4C and 
centrifuged at 24,000 rpm for 5 hr on an imidazole- 
buffered sucrose gradient, curve 1, protein profile; curve 
4, radioactivity profile of the incorporated glucoseJ4C; 
curves 2 and 3, controls of sarcovesicles which were 
not incubated but mixed respectively with glucose-1- 
phosphateJ~C and glucose-14C-labeled glycogen. 

staining technique for glycogen proposed by Perry 
(1967) revealed particles (Fig 11, circles) which 
bear the same morphological characteristics as the 
uranyl-lead-stained particles of the classical 
preparations, the c~-amylase treatment of the 
uhrathin sections according to Monneron and 
Bernhard (1966) digests the particles Longer 
incubation times induce the formation of densely 
stained filaments (Fig 12) radiating from a 
common growing center. 

Localization of a Phosphorylase- 

Phosphorylase Kinase Complex by 

Phosphorylase Kinase 

Flash Activation 

The flash activation of the phosphorylase 
system was obtained by adding Ca 2+ and A T P -  
Mg 2+ to the total G.Sv.F and also to the concen- 
trated purified sarcoplasmic vesicles A very fast 
but  transient conversion of phosphorylase b to a is 
achieved (Fig 13) in the total microsomal frac- 
tion (curve 1) within 3 rain In the purified sarco- 
plasmic vesicles a similar conversion occurred, but  
was less intense (curve 2). 

The  morphological demonstration of this tran- 
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Fmv~E 9 Effect of amylase digestion on the sareo- 
vesicles which have incorporated labeled glucose. 
Treated and untreated samples were centrifuged at 
~:~,000 rpm for 5 hr on imidazole-buffered sucrose 
gradients. Curve I, untreated sarcovesicles used as 
control; curve II,  sarcovesieles treated Mth 0.1% 
c~-amylase for 1 hr at g7°C. 

sltory activation entailed a slight adaptat ion of 
the original method of Hei lmeyer  et al. (1970): 
the two successive steps of kinase and phospho- 
rylase activation were carried out simultaneously 
in a single manipulation, and the reaction was 
prolonged by adding sodium fluoride to inhibit 
the phosphorylase-phosphatase. In  these condi- 
tions, the synthesis of polysaccharides at the level 
of the purified sarcovesicular fraction gave clear 
pictures. The  densely stained particles (Fig. 14) 
reach 50 m~ in diameter. Thei r  structure consists 
of a dense packing of entangled filaments which 
constitute a more or less round-shaped granule. 
Thei r  relation with the vesicular structures 
appears clearly detectable (arrows). At  the 
periphery of the granules, the filaments stick out 
and sometimes form a chain with different adja- 
cent particles (star) 

D I S C U S S I O N  

Zocalization of Synthetase, Phosphorylase b, 
and Phosphorylase b Kinase in the Subcellular 

Fractions Extracted from Sl~eletaI Muscle 

Many studies in the past few years have been 
concerned with the distribution of enzymes related 
to glycogen breakdown and synthesis in cell frac- 
tions isolated from tissue homogenates. The  
situation is very clear for the UDPG-gl¥cogen 
transferase which was found intimately bound to 
particulate glycogen isolated from liver (Leloir 
and Goldemberg, 1960; LuCk, 1961). We have 

confirmed these well-established findings in 
muscle tissue by submitting a muscle homogenate 
to the precipitation-centrifugation method:  the 
UDPG-glycogen synthetase sediments with the 
t -g lycogen particles, independently of the sedi- 
mentat ion time Furthermore,  the purified sarco- 
vesicular fraction, reconcentrated in a pellet, 
contains only traces of the enzyme, possibly related 
to the small amount  of glycogen remaining in this 
fraction The significance of this latter association 
is not  yet clear and will have to be studied in more 
detail. 

PhosphoiTlase and phosphorylase b kinase 
present also a great affinity for glycogen (Nladsen 
and Cori, 1958, Delange et a l ,  1968), but  in a 
less exclusive manner  than synthetase. Phospho- 
rylase mainly bound to glycogen is also found in 
the postmicrosomal supernatant of a hver  ho- 
mogenate in a proportion which depends upon the 
degree of depletion in glycogen (Tara, 1964) of 
the tissue Phosphorylase b kinase is even less 
bound and appears, for some authors, as a "sol- 
uble enzyme,"  since 80% is recovered in the post- 
microsomal supernatant  (Meyer et a l ,  1970). 

Zonal  centrlfugation of the glycogen-sarco- 
vesicular fraction in a B X I V  rotor results in the 
separation of both constituents, the glycogen 
particles and the sarcovesmles. The  glycogen in 
its particulate /3-form is associated with 11% of 
the phosphorylase present in the total G Sv F ,  
but  40 % of this enzyme and more than 50 % of the 
kinase are bound to the vesicles At  the same level, 
glycogen detectable with the Krisman procedure 
is present I t  was ascertained by centrifugation 
tests that  the polysaccharide once isolated from 
the membranes did sediment at a much lower 
rate than the t-part icles and that, under the elec- 
tron microscope, small particles presenting the 
staining properties of glycogen were at tached to 
the outer surface of the membranes 

Trea tment  of the membrane-polysaccharide- 
enzyme complex with o~-amylase led to the diges- 
tion of the glycogen moiety and to the release of 
the enzymes Fortuitous relocations or bindings 
were discarded by numerous tests reported in the 
Results section. Free phosphorylase b kinase 

(mol wt 1,245.106) and free phosphorylase b (mol 

wt 185,000) (Seery et a l ,  1967) would not sedi- 

ment  at  the same rate as the vesicles under the 

conditions of centrifugatlon used. I t  appeared, 
thus, that both enzymes are linked to the sarco- 

vesicles. This relatively stable association was 
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confirmed by recovery of 40% of the original 
enzymatic activities in pellets of purified sarco- 
vesicles obtained by overnight centrifugation: I t  
seems unlikely that  enzymes originally bound to 
the glycogen would have left these particles and 
finally contaminate the vesicles This hazardous 
relocation of two enzymes which differ in molecu- 
lar weight and affinity for substrates is in contra- 
diction with the reproducibility and clear associa- 
tion between these enzymes and the vesicles 

In  order to anaIyze further the association of 
the polysaccharide-enzyme complex to sarco- 
vesicles, polysaccharide synthesis induced by 
phosphorylase b was performed by incubating 
the sarcovesicles at 37°C in the presence of glu- 
cose-l-phosphate, NaF,  and AMP.  The newly 
synthesized polysaccharide molecules were specif- 
ically hnked to the sarcovesicular fraction and 
remained bound to the vesicles despite recentrifu- 
gation. Here,  also, the polysaccharide was digested 
by an incubation with oe-amylase These incuba- 
tion experiments were confirmed and sustained by 

electron microscopic examination of the incubated 

material  where the sites of polysaccharide synthe- 

sis could be demonstrated Flash-activation ex- 

periments involving a stepwise stimulation of 

phosphorylase kinase and phosphorylase b led to 

the synthesis of polysaccharide which was also 

demonstrated to be confined to the membranes of 

the sarcovesicles Caffeine was added to the reac- 

tion medium to prevent  activation of phosphoryl- 

ase b by A M P  which might  be present in the 

vesicular fraction or produced from A T P  by 

apyrase ATPase activity. 

Nature and Physiological Signification of the 
Membrane-Glycogen-Enzyme Complex 

The existence of a glycogen-enzyme complex is 
now well established I t  is not only based on the 
demonstration of a strong affinity of the enzyme 
molecules for the glycogen particle but  also on 
morphological and biochemical findings which 
suggest that  glycogen with its metabolizing en- 
zymes constitutes a functional entity (Drochmans, 
1964) This concept has been extended recently 
by a group of workers (Heilmeyer et al., 1970) 
who have demonstrated that  enzymes which 
control the metabohzing enzymes of glycogen 
participate in the glycogen-enzyme association. 
This type of functional unit  seems to occur in 
muscle tissue, when the glycogen is in its particu- 
late t - form,  but  the situation may be different 
when the polymer (mol wt 20 X 106) reduces its 
size. As a result, the enzyme-glycogen balance 
being modified, the affinity of this complex for 
other structures an d namely for the membranes 
of the sarcoplasmic reticulum may be enhanced 

The nature of such a binding remains unknown 
but it seems reasonable to postulate that  the com- 
plex with its predominant  enzyme moiety does 
not remain free in the sarcoplasm but has a ten- 
dency to join a membrane structure I t  is not 
excluded that - - S H  groups from the phosphoryl- 
ase, not concerned with enzymatic activity and 
fully exposed on the enzyme surface (Battell et a l ,  
1968), bind with equivalent groups which are 

known to exist at the outer surface of the sarco- 

plasmic vesicles (Hasselbach and Elfvin, 1967). 

The molecular composition in enzymes and poly- 

FIGURE 10 Purified sarcovesicles, incubated without the addition of polysaccharide for 80 rain at 
87°C in the presence of 0.1 M glucose-l-phosphate, 0.0~ ~ NaF, and 0 003 M AMP. Sections of these 
pellets, fixed with 0 1 1~ PO4-buffered distilled glutaraldehyde, ~.5%, were stained with uranyl acetate 
and lead citrate. The sites of polysaccharide synthesis appear clearly deteetable in the form of dense 
thickenings of the membranes (arrows) and of particles which yield fine attachments to the membrane 
surface (circles).)< 60,000. 

FIGURE 11 Purified sarcovesieles incubated as described in the legend of ]~ig. 10, treated with 1% 
periodic acid for 80 rain and stained with lead citrate according to the histoehemieal method of Perry 
(1967) for polysaecharide detection. The dense staining of the thickenings of the membrane sin{aces and 
of the particles (circles), ~0-50 m# in diameter, closely related to the membranes, confirms the poly- 
saeeharide nature of these newly synthesized structures. >( 80,000. 

FIOT51~ 1~ Purified sarcovesieles incubated for 60 rain in the same conditions as those described for 
Fig. 10. Densely stained filaments radiate from sites located on the membranes. X 50,000. 
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FIGURE 13 Flash activation of phosphorylase in the 
concentrated G.Sv.F. (curve 1) and in the concen- 
trated purified sarcovesicular fraction (SV, curve 2). 
Activation was obtained in the presence of 5 me  
MgC12, 1 me  CaCt2, and 1 m e  ATP. 

saccharide also remains hypothetical. O n  a weight 
basis, the ratio of phosphorylase b to its kinase 
would be around 2:1 (Krebs et e l ,  1964; De- 
lange et e l ,  1968) if all the phosphorylase was 
present in the b form, i e ,  in the resting muscle. 
On  a molar  basis, the ratio would be around 
12:1. Further  studies will have to define which 
ratio exists at the level of the units which are 
linked to the vesicles 

The  integration of metabolizing enzymes and 
of their control mechanisms at particular sites in 
the sarcoplasm parallels the remarkable organiza- 
tion of striated muscle tissue During muscle con- 
traction, at the beginning of the contraction- 
relaxation cycle, calcium ions are released from 
the sarcoplasmic reticulum (Ebashi, 1965; Ebashi 

et el., 1969). Once released, they would simul- 

taneously trigger the contractile system and acti- 

vate the glycogenolysis. This latter activation 

results from the phosphorylase b-to-a conversion 

FIGURE 14 Purified sarcovesicles, incubated for 80 rain at 37°C in the presence of 5 me  MgCI~, 1 m~ 
CaC12, 100 me  glucose-l-phosphate, $0 me  NaF, 1 me  caffeine, 1 me  ATP, and 0.~ e Tris, pi t  6.8. 
Newly formed polysaccharide material, synthesized under the influence of phosphorylase a, appears closely 
related to the sarcovesicles (arrows). They constitute densely lead-stained particles, 50-70 m# in diameter. 
The particles consist of entangled filamentous structures sticking out in all directions. X 100,000. 
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(Krebs and  Fisher, 1955; Cori, 1956) induced by  
phospborylase b kinase (Danfor th  and  Helmreich ,  
1964, Posner  et  a l ,  1965) C a l c m m  act ivat ion of 
phosphorylase b kinase was demonst ra ted  in pure  
enzyme prepara t ions  (Meyer  et  al., 1964) and  at  
the level of a protein-glycogen complex isolated 
from striated muscle (Hei lmeyer  et  a l ,  1970). 
Moreover,  this enzyme act ivat ion at  physiological 
Ca  ++ ion concentra t ions  was found to be reversi- 
ble (Ozawa et al., 1967) T he  demons t ra t ion  of 
flash activations at  the level of the purified recon- 
cent ra ted  sarcoplasmic vesicles argues in  favor of 
the physiological role of the  polvsaccharide- 
enzyme-membrane  complex in glycogenolysis 
accompanying  muscle contract ion T h e  presence 
all a long the sarcoplasmic re t iculum of enzymes 
which  play a role in glycogen breakdown,  as 
phosphorylase kinase and  phosphorylase b, asso- 
ciated wi th  polysaccharide molecules, would 
provide a good model  for energy supply a t  the 
onset of the  contract ion-re laxat ion cycle 
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