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Summary 

Vesicular fragments of  sarcoplasmic reticulum were isolated from pectoralis 
muscle of  normal and dystrophic chicken. Purification of  both preparations 
was equally satisfactory, as shown by a prominent  ATPase band in electro- 
phoresis gels. 

Measurements of  ATPase phosphorylat ion,  Ca 2÷ transport and Pi cleavage by 
rapid quench methods revealed a lower specific activity of  the dystrophic 
vesicles with respect to all of  these functions. On the other hand, Ca2÷-indepen - 
dent ATPase activity was found to be increased in dystrophic vesicles. It is 
suggested that a fraction of  ATPase units of  dystrophic sarcoplasmic reticulum 
is not  activated by Ca 2÷, owing to an altered protein assembly within the mem- 
brane bilayer. In fact, when the membrane structure is perturbed by detergents 
normal and dystrophic preparations acquire an equally high Ca2÷<tependent 
ATPase. 

Introduction 

Biochemical studies of  contractile proteins obtained from dystrophic muscle 
[1--7] do not  show abnormalities which could explain the alterations in con- 
tractile behavior observed in physiological studies [8--14].  On the other hand, 
the possible involvement of  the sarcotubular membrane system is suggested by 
structural alterations which are well evident in the electron microscopic appear- 

Abbreviation: EGTA, ethylene glycol bisO3-aminoethyl ether)-N,N'-tetraacetic acid; Mops, morpholino- 
propanesulfonic acid. 
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ance of dystrophic muscle [15--19] .  Fur thermore ,  sarcoplasmic reticulum 
vesicles isolated from dystrophic muscle display ultrastructural abnormalities 
and reduced levels of Ca 2÷ uptake in the presence of  ATP [19--25] .  

The mechanism for the reduced levels of Ca 2÷ uptake observed in isolated 
sarcoplasmic reticulum vesicles is no t  understood.  In fact, kinetic characteriza- 
tion of  Ca 2÷ transport  ATPase in conditions permitt ing maximal steady-state 
activity, such as in the presence of detergents, fails to reveal any difference in 
preparations obtained from dystrophic as compared to  normal muscle [19,26].  

The present study was designed to define rapid kinetic parameters of  Ca 2÷ 
uptake and ATPase activity in an a t tempt  to clarify the nature of the impair- 
ment  in Ca 2÷ accumulation by dystrophic vesicles. 

Materials and Methods 

Sarcoplasmic reticulum vesicles were isolated from breast chicken muscle as 
described by Scales et al. [19] for the standard preparation. Normal (line 412) 
and dystrophic (line 413) chicken were obtained from the University of 
California at Davis, Depar tment  of Avian Sciences, and killed at 5--7 weeks of 
age. Preparations were assayed within one day from isolation. Special care was 
taken in the blender homogenizat ion step so as to keep the pH between 6.8 and 
7.0, which insured a good yield of active preparation.  In addition, it was found 
that  after the centrifugation which follows the 1-h incubation with 0.6 M KC1, 
a soft as well as a hard pellet was present at the bo t t om of the centrifuge tubes. 
They both represent contaminant  fractions. Careful transfer of  the supernatant 
microsomal fraction into new tubes avoided removal of the soft pellet and 
yielded a pure preparation. 

Rapid kinetics measurements were done with a Durrum D-113 multimixing 
apparatus. Equal volumes of  reacting media contained in two syringes were 
rapidly mixed to start the reaction. The solution in each syringe contained all 
reactants except  ATP and sarcoplasmic reticulum which were present sepa- 
rately in one of  the two syringes. Quenching was obtained by addition of  an 
equal volume of either 7% trichloroacetic acid or a 10 mM EGTA quenching 
solution [27].  Detailed procedures for  Ca 2÷ uptake [27] and phosphorylat ion 
and Pi product ion  measurements [28] were previously described. All rates were 
measured at 30 ° C. Sodium dodecyl  sulphate-polyacrylamide gel electrophoresis 
was carried out  according to the method of Weber and Osborn [29].  

Results and Discussion 

The initial phase of Ca 2÷ uptake by sarcoplasmic reticulum vesicles can be 
moni tored with radioactive tracer in rapid quench experiments.  This method 
involves the use of  a rapid mixing device with two mixing chambers to start and 
quench the reaction by sequential additions of  ATP and EGTA [27].  Complete 
quenching of  t ransport  activity is obtained upon addition of  sufficient EGTA 
to reduce the Ca 2÷ concentrat ion below 10 -8 M, which prevents fur ther  binding 
of  activating Ca 2÷ to the enzyme transport  sites. Following quenching, the 
leakage of  calcium from the vesicles within 30 s is negligible, thereby allowing 
sufficient time for separation of loaded vesicles f rom the medium by filtration. 
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Fig. 1. Init i tal  v e l o c i t y  o f  Ca 2+ transport  and p h o s p h o e n z y r a e  format ion .  Ca 2+ transport  wa s  in i t iated  by  
addi t ion  o f  A T P  in the  prese lme o f  4SCaC12 and the  r e a c t i o n  was  q u e n c h e d  by  E G T A  ( le f t ) .  P h o s p h o -  
e n z y m e  i n t e r m e d i a t e  f o r m a t i o n  was  f o l l o w e d  b y  stazt ing the  reac t ion  w i t h  [ 7 - 3 2 p ] A T P  in the  presence  o f  
nonrad ioac t ive  CaCI 2 and the  reac t ion  w a s  q u e n c h e d  by acid (right) .  R e a c t i o n  m e d i u m  was  2 0  raM Mops  
( p H  6 . 8 ) ,  8 0  r a m  KC1, 5 raM MgC12. 1 r a M  A T P ,  4 0  p M  CaC12 and 0 . 2 5  nag prote in /ra l .  Sarcoplasraic  
r e t i c u l u m  ves ic les  ~ o r a  n o r m a l  (o )  and d y s t r o p h i c  ( e )  m u s c l e  were  used.  

The residual calcium in the medium is then estimated by determination of  
radioactivity. 

A very interesting feature of  the EGTA quench method is that it allows 
detection of  an early burst o f  Ca 2÷ uptake upon addition of ATP. The time 
course of  the Ca 2÷ burst is identical to that of  enzyme phosphorylation from 
ATP [30].  The burst corresponds to the translocation of  calcium already 
bound to the active sites, immediately following phosphorylation. The size of  
the burst is related with a 2 : 1  stoichiometric ratio to the level of  phos- 
phorylated intermediate [27,30] .  It is apparent that the Ca 2* burst represents 
the first cycle of  uptake of  each activated enzyme unit. Thus, measurements of  
Ca 2÷ burst and phosphorylated enzyme can indicate the number of  activated 
transporting units per mg of  protein. 

In Fig. 1 it is shown that enzyme phosphorylation reaches maximal levels 
within 20 ms at saturating ATP concentrations and is maintained constant in 
both normal and dystrophic preparations. In the latter the levels of  phospho- 
enzyme varied from 1.5--2.4 nmol/mg protein in four different preparations 
tested which is lower than in the normal preparations (2.8--3.8 nmol/mg pro- 
tein). Ca 2÷ uptake measured in identical conditions reveals that in dystrophic 
microsomes there is also a reduction in the size of  early Ca 2÷ burst (Fig. 1, left). 
The 2 : 1 stoichiometric ratio of  Ca 2÷ translocated to phosphorylated enzyme 
is maintained in both preparations. This is an indication that fewer enzymic 
units are functioning in dystrophic microsomes, but those that are activated 
will couple phosphorylation to Ca 2÷ translocation in a normal way. 
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Fig.  2. In i t i a l  ve loc i t i e s  o f  Pi p r o d u c t i o n  in  the  p r e sence  of  Mg 2+ and  Ca 2+ ( o , • )  and  in  the  p resence  o f  
Mg 2+ and  E G T A  (AA).  Sa~coplasmic  r e t i c u l u m  vesicles  f r o m  n o r m a l  ( o p e n  s y m b o l s )  and  d y s t r o p h i c  (full  

s y m b o l s )  musc l e  were  used.  R e a c t i o n  s t a r t e d  by  a d d i t i o n  of  A T P  and  q u e n c h e d  w i t h  ac id ,  in  a m e d i u m  
iden t i ca l  to  Fig.  1. F o r  M g 2 + - d e p e n d e n t  Pi p r o d u c t i o n  (z~A) CaC12 was  o m i t t e d  and  1 m M  E G T A  was  
inc luded .  

The l inear initial v e l o c i t y  o f  Ca 2÷ uptake  f o l l o w i n g  the  burst is 52 .0  + 
5 .6  n m o l  Ca :+ • m g  -1 • s -1 in normal ,  and 24 .3  +_ 5.4 n m o l  Ca 2÷ • mg  -1 • s -1 in 
dys troph ic  m i c r o s o m e s  (3 preparat ions  tes ted) .  Under  ident ical  c o n d i t i o n s ,  i .e.,  
in the  presence  o f  b o t h  Ca 2÷ and Mg 2÷, the  Pi p r o d u c t i o n  during this phase  is 
also linear. Fig. 2 s h o w s  a typica l  e x p e r i m e n t  where  the  ve loc i ty  is 1 2 0  n m o l  
Pi " mg -1 " s - l ,  for  b o t h  n o r m a l  and d y s t r o p h i c  preparat ions .  H o w e v e r ,  there  is 

T A B L E  I 

Ca 2. U P T A K E  A N D  A T P a s e  A C T I V I T Y  

N o r m a l  (N)  D y s t r o p h i c  (D)  D / N  P 

( n m o l ' m g  -1 . s  -1 )  ( n m o l . m g  -1 . s  -1 )  

In i t i a l  ve loc i ty  o f  Ca2+-dependen t  Pi 73 .2  + 5.3 (3) 
p r o d u c t i o n  * 

In i t ia l  ve loc i ty  o f  Ca 2+ u p t a k e  ** 52.0  + 5.6 (3) 

S t eady- s t a t e  level o f  p h o s p h o e n z y m e  
Burs t  o f  Ca 2+ u p t a k e  ** (Ca 2+ t r a n s l o c a t e d  

w i t h i n  f i rs t  20 m s )  
S t ead y - s t a t e  levels  o f  Ca 2+ u p t a k e  ***  

32.4  +__ 4.1 (3) 0 .44  < 0 . 0 1  

24.3 + 5.4 (3)  0.47 < 0 . 0 1  

( n m o l  - m g  -1 ) ( n m o l  • m g  -1 ) 

3 .13 ± 0 .31 (4) 1 .95  +- 0.37 (4) 0 . 6 2  < 0 . 0 5  
6.5 - - 7 . 5  3.5 - - 4 . 5  0.57 

43.4  + 8.5 (4)  29.9 + 6.5 (4)  0.69 < 0 . 0 5  

* D e t e r m i n e d  f r o m  e x p e r i m e n t s  s imi l a r  to  t h a t  o f  Fig.  2. 
** D e t e r m i n e d  f r o m  e x p e r i m e n t s  s imi la r  to  t h a t  o f  Fig.  1, lef t .  

***  D e t e r m i n e d  f r o m  e x p e r i m e n t s  s imi l a r  to  tha t  o f  Fig .  3. 
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a large fraction of this hydrolyt ic  activity which is not  Ca 2+ dependent.  This 
activity is 50 nmol Pi " mg -1 " s-1 in the normal preparation and 80 nmol Pi " 
mg -1 • s -~ in the dystrophic. Therefore, the calculated velocity of  Ca~÷<tepen - 
dent ATPase is 70 and 40 nmol Pi " mg -1 " s-~ for normal and dystrophic micro- 
somes, respectively. 

Table I summarises the significant differences found. The reduction in phos- 
phoenzyme level and in Ca2+<tependent Pi production suggests fewer active 
enzyme units per protein unit weight of dystrophic microsomes. 

The phosphoenzyme levels obtained under conditions expected to yield 
maximal phosphorylation, i.e., saturating ATP and Ca 2÷ concentrations, can be 
taken as a good estimate of  the number of total activated sites per mg of pro- 
tein. From these levels and the initial velocities of  Ca2÷~lependent Pi produc- 
tion obtained one can calculate the turnover of the enzyme to be 18--20 s -~ 
at 30°C for both preparations. 

It should be pointed out that  in spite of  a normal 2 : 1 ratio of initially 
translocated Ca 2÷ to phosphorylated enzyme (Fig. 1) the efficiency of net 
transport,  expressed as the ratio between velocities of net Ca 2÷ uptake and 
Ca2+<lep endent Pi production is 0.7 in both preparations. This is an indication 
that  translocated Ca :÷ leaks back at a considerable rate. The presence of a 
high passive outward diffusion of Ca 2÷ could explain the lower levels of 
accumulated Ca 2÷ which are obtained in dystrophic preparations (Fig. 3). In 
fact, a high passive Ca :÷ permeability of chicken microsomes becomes evident 
when one compares the half-time of passive Ca 2÷ efflux in both normal and 
dystrophic chicken preparations [31], i.e., 0.5 min, to that  of  rabbit prepara- 
tions [32], which is 5 min. 

The reduced steady-state level of Ca 2÷ uptake in dystrophic chicken micro- 
somes is probably related to a lower number of actively transporting units 
per membrane area, in the presence of  a significant passive efflux. 

Microsomes obtained from normal and dystrophic mice were also found to 
have a ratio of  Ca 2÷ transport/ATP hydrolysis of  0 .6 -0 .8  [25]. A decreased 
phosphoenzyme level and a reduced steady-state rate of Ca 2÷ uptake in the 
presence of oxalate were also reported [25], suggestive of fewer transporting 
units in dystrophic mouse preparations. 

Following the procedures described in the Methods, we obtained chicken 
preparations with a high degree of  purity, as evidenced by a predominant 
100 000 dalton ATPase band in gel electrophoresis (Fig. 4) of both normal and 
dystrophic microsomes. Therefore, dilution of ATPase with contaminating 
proteins does not  explain the decreased number of  actively transporting units 
of  dystrophic preparations. Rather, a modification in the membrane assembly 
of  the ATPase chains, as expressed by an altered particle distribution in freeze 
fractured faces [19], may be responsible for the alteration in the functional 
properties of  the ATPase. In fact, following perturbations of membrane struc- 
ture with detergents, dystrophic and normal microsomes acquire an identical 
specific activity for Ca2+-dependent ATPase, while the Ca2+-independent 
ATPase is reduced [24]. 

In view of an increased Ca2÷-independent and a decreased Ca2+-dependent 
ATPase in dystrophic sarcoplasmic reticulum, it is tempting to speculate that a 
mechanism of interconversion of  the former to the latter enzyme, similar to 
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Fig. 3. S t e a d y - s t a t e  levels o f  Ca 2+ u p t a k e  m e a s u r e d  s p e c t t o p h o t o m e t r i c a l l y  in  t h e  p r e s e n c e  o f  t h e  
i n d i c a t o r  m u r e x i d e .  R e a c t i o n  m i x t u r e :  2 0 r a m  M o p s  ( p H  6 .8) ,  8 0  m M  KCI,  1 0 r a M  MgC12, 10O #M 
CaC12, 1O0 ~M m u t e x i d e  a n d  0 .8  m g  p r o t e i n / m l .  The  r e a c t i o n  w a s  s t a r t e d  b y  t h e  a d d i t i o n  o f  A T P  t o  a 
f ina l  c o n c e n t r a t i o n  o f  0 . 6 7  raM.  D i f f e r e n t i a l  f igh t  a b s o r p t i o n  w a s  m o n i t o r e d  w i t h  a n  A m i n c o  d u a l  wave-  
l e n g t h  s p e c t r o p h o t o m e t e r ,  se t  a t  5 0 7  a n d  5 4 0  n m  w a v e l e n g t h .  M a x i m a l  levels o f  u p t a k e  a re  58  a n d  
37  n m o l  Ca 2 +]mg p r o t e i n  f o r  n o r m a l  (N)  a n d  d y s t r o p h i c  (D)  s a r c o p l a s m i c  r e t i c u l u m ,  r e spec t i ve ly .  

Fig.  4.  Gel  e l e c t r o p h o r e s i s  o f  s a r c o p l a s m i e  r e t i c u l u m  m e m b r a n e  p r o t e i n s  a f t e r  SDS so lub i l i za t i on .  The  
1 0 0  0 0 0  d a l t o n  e a l c i u m - A T P a s e  r e p r e s e n t s  ove r  8 0 %  of  t h e  t o t a l  p r o t e i n  in b o t h  n o r m a l  ( r igh t )  a n d  
d y s t r o p h i c  ( lef t )  p r e p a r a t i o n s .  The  a m o u n t  o f  p r o t e i n  p e r  gel was  25  ~g ( n o r m a l )  a n d  1 9  pg  ( d y s t r o p h i c ) .  

that suggested by Inesi et al. [33],  may be impaired in the dystrophic mem- 
brane, due to abnormal protein assembly in a membrane of  higher lipid content 
[19].  With regard to muscle mechanics and impairment of  excitation~ontrac- 
tion coupling, we have here provided further evidence for the involvement of  
sarcotubular membranes by the dystrophic process. 
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