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Summary 

The usefulness of chemical cross-linking and 12SI-labeling techniques in the 
analysis of protein-protein interactions and membrane polarity was evaluated 
on sarcoplasmic reticulum membranes. Treatment of fragmented sarcoplasmic 
reticulum vesicles with glutaraldehyde, dimethylsuberimidate,  or copper-phe- 
nanthroline leads to the formation of high molecular weight aggregates of the 
Ca 2÷ transport ATPase; intermediate polymers of functionally and structurally 
interesting sizes accumulated only occasionally and in amounts of questionable 
significance. Coupling of membrane proteins with tolylene 2,4-diisocyanate- 
albumin inhibited the ATPase activity and caused the appearance of high mo- 
lecular weight aggregates and a band of about 160 000 dalton which corre- 
sponds to the ATPase-albumin complex. 

Even after the 100 000 dalton band of the C a  2+ transport ATPase was severely 
diminished by cross-linking with copper-phenanthroline or toluene diisocyanate- 
albumin, the Ca 2÷ binding proteins of sarcoplasmic reticulum remained unre- 
acted. A consistent finding was the presence of dimers of the Ca 2+ transport 
ATPase in aged preparations of sarcoplasmic reticulum which were converted 
upon reduction with fl-mercaptoethanol into 100 000 dalton units. 

Microsomes were labeled with i2sI in the presence of lactoperoxidase, glu- 
cose oxidase, and glucose and the radioactivity of the various protein compo- 
nents was measured after sodium dodecyl sulfate-polyacrylamide gel electro- 

* P r e l i m i n a r y  r e p o r t s  o f  pa r t s  o f  th i s  w o I k  were  p r e s e n t e d  at  the  N a t o  A d v a n c e d  S tud ie s  I n s t i t u t e  on  
B i o m e m b r a n e s - L i p i d s ,  P ro te ins ,  and  R e c e p t o r s  held  in Esp inho ,  Por tuga l  in  S e p t e m b e r ,  1 9 7 4  [1]  
and  at  the  F i r s t  I n t e r n a t i o n a l  S y m p o s i u m  on  Ca lc ium T r a n s p o r t  in C o n t r a c t i o n  and  S e c r e t i o n  held  

in Bres sanone ,  I ta ly  on  May ,  1 9 7 5  [2 ] .  
** To  w h o m  all c o r r e s p o n d e n c e  shou ld  be add re s sed .  

A b b r e v i a t i o n s :  T D I C ,  t o l u e n e - 2 , 4 - d i i s o c y a n a t e ;  SDS,  s o d i u m  d o d e c y l  su l fa te .  The  t e r m s  C1 and  C 2 
p r o t e i n s  r e f e r  to  ea l s eques t r i n  and  the  h igh  a f f i n i t y  c a l c ium b i n d i n g  p r o t e i n ,  r e spec t ive ly .  



115 

phoresis. The specific activity of calsequestrin was many times greater than 
that  of  the Ca 2÷ transport  ATPase suggesting that it is exposed on the oustide 
surface of the membrane.  The binding site of calsequestrin on the outside sur- 
face may be sterically hindered from access by bulky reagents (tolylene diiso- 
cyanate-albumin, ferritin-labeled anti-calsequestrin antibodies, proteolyt ic  
enzymes, etc.), as calsequestrin becomes highly reactive with these agents only 
after its release from the membrane.  

Introduct ion 

The functional and structural implications of protein-protein interactions in 
biological membranes are widely recognized primarily on the basis of  extensive 
work on the electron transport  chain of mitochondria  [3],  the structure of  the 
F1 complex [4],  the acetylcholine receptor  [5] ,  the purple membrane [6],  and 
the phosphoenolpyruvate  phosphotransferase system of bacteria [7]. 

Information is only beginning to emerge on the role of protein-protein inter- 
actions in active ion transport  systems involved in Na*+ K ÷ [8] and Ca 2÷ [2] 
translocation. 

The Ca 2÷ transport  system of sarcoplasmic reticulum is ideally suited for the 
analysis of  the functional significance of  association-dissociation equilibria 
between membrane proteins in view of its relatively simple protein composi t ion 
[9]. In fact, stable oligomers of  the Ca 2÷ transport  ATPase were commonly  
observed already in the earliest gel electrophoresis studies of  sarcoplasmic reti- 
culum [9,10] although their functional significance at that  t ime was not  recog- 
nized. Since then similar observations were made using dimethylsuberimidate 
[11,12] ,  copper-phenanthroline [2,13],  and N,N'-p-phenylenedimaleimide 
[ 14 ] as cross-linking agents, with somewhat  divergent results. 

The purpose of this report  is to evaluate the value of  chemical cross-linking 
techniques in the light of  recent electron microscopic [15] and fluorescence 
energy transfer observations [16] which indicate the existence of  ATPase oligo- 
mers in the membrane. The studies were extended to the localization of  the 
Ca 2÷ binding proteins in the membrane with the aid of  chemical cross-linking 
agents and enzyme-catalyzed iodination. 

Experimental procedures 

Fragmented sarcoplasmic reticulum was prepared from predominantly white 
skeletal muscles of rabbit  [15] and chicken muscle [17] as described earlier. 

The ATPase activity was assayed in a solution of 0.1 M KC1/10 mM imi- 
dazole (pH 7.4), 5 mM MgC12, 5 mM ATP, 0.5 mM ethyleneglycol-bis-(fl-amino- 
ethylether)-N,N'-tetraacetic acid (EGTA}, and 0.45 mM CaC12 at 25°C in a total 
volume of 2.1 ml. Protein concentrat ion was usually 0.05--0.1 mg/ml. Incuba- 
tion was stopped after 2--15 min with 0.5 ml 10% trichloroacetic acid, and 
aliquots were used for the assay of  inorganic phosphate by the method of Fiske 
and SubbaRow [18].  Protein concentrat ion was determined according to 
Lowry et al. [19].  4SCa transport  was measured by the Millipore technique (as 
described earlier [20]) .  The labeling of  the membranes with ~2sI was performed 
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in the presence of glucose oxidase and lactoperoxidase essentially according to 
Hubbard and Cohn [21,22]. Disulfide bond formation was catalyzed by cop- 
per-phenanthroline [ 23]. 

For cross-linking of membrane proteins with TDIC-albumin, bovine serum 
albumin was coupled with TDIC as described by Likhite and Sehon [24]. Con- 
ditions for the reactions of the membranes with dimethyl-suberimidate and 
glutaraldehyde are given in the figure legends. 

SDS-polyacrylamide gel electrophoresis was carried out as described earlier 
[10]. In some instances gels of lower cross-linkage were used as described by 
Murphy [ 13 ]. 

The content  of SH groups in the membranes was measured by the Ellman 
technique [25] in a medium of 0.025 M imidazole, pH 7.0, 5 mM EDTA, 
0.25 mM 5,5'-dithiobis-(2-nitrobenzoic acid) and 0.5 mg microsomal protein/ 
ml at 25°C essentially as described earlier [10]. 

Antibodies against the Ca 2÷ transport ATPase and the C proteins (Ca 2÷ binding 
protein and calsequestrin) were prepared as described earlier [26,27]. The anti- 
bodies were labeled with ferritin according to Tillack et al. [28]. 

Materials 

Glucose oxidase (Type II from Aspergillus niger) and 1,10-phenanthroline 
monohydrate  were obtained from Sigma Chemical Co., St. Louis, Mo. Milk lac- 
toperoxidase was supplied by Calbiochem., San Diego, Calif. Dimethylsuber- 
imidate was the product  of Pierce Chemical Co., Rockford, Ill.; glutaraldehyde 
was obtained from Fisher Scientific, Fair Lawn, N.J., and Na~2SI from Industrial 
Nuclear Corp., St. Louis, Mo. 

Results 

Effects of glutaraldehyde and dimethylsuberimidate upon the protein composi- 
tion and enzymatic activity of sarcoplasmic reticulum 

The typical protein composition of rabbit sarcoplasmic reticulum is shown in 
Fig. 1 (A). The major band represents the Ca 2÷ transport ATPase which usually 
forms a small amount  of dimers and traces of other oligomers which appear 
near the top of the gel. The amount  of oligomers varies from preparation to 
preparation and it usually constitutes a significant fraction only in aged micro- 
some preparations. After reduction of the vesicles with 1.6 M fi-mercapto- 
ethanol the oligomers dissociate into 100 000 dalton units (not shown) indi- 
cating that  they are stabilized by intermolecular disulfide bonds. 

Other minor components are the C1 and C2 proteins of 45 000--55 000 
molecular weight which were first observed in our laboratory [29] and were 
subsequently named calsequestrin and calcium binding protein, respectively 
[30]. Trace amounts of minor protein components  of relatively high mobility 
are observed in the area of the gel near the phospholipids. 

The relationship between electrophoretic mobility and the molecular weight 
is shown in Fig. 2. For calibration in the range of 100 000--400 000 daltons, 
rabbit muscle myosin and purified Ca 2÷ transport ATPase were used which 
upon aging formed distinct bands of dimers, trimers, and tetramers. It is noted 
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Fig. 1. Cross-l inking of  sa reop lasmic  r e t i c u l u m  pro te ins  wi th  g lu t a ra ldehyde .  Rabb i t  skeletal  m i c r o s o m e s  
(3,5 m g ] m l )  were  cross- l inked wi th  increas ing  c o n c e n t r a t i o n s  of  g l u t a r a l d e h y d e  a t  r o o m  t e m p e r a t u r e  for  
60  mi n  in 1 ml  p h o s p h a t e  b u f f e r  (0 .05  M). C o n c e n t r a t i o n  of  g lu t a r a ld eh y d e :  A, n o n e ;  B, 0.1 mM;  C, 0.5 
rnM; D, 1 mM. R e a c t i o n  was  s t o p p e d  wi th  0.01 M N H 4 H C O  3. P o l y a c r y l a m i d e  gel (5%) was p r e p a r e d  as 
desc r ibed  in Materials  and Methods .  A b o u t  200  pg m i c r o s o m a l  p ro te ins  were  used  for  each  gel. Gel  elec- 
t rophores i s  for  12 h in r o o m  t e m p e r a t u r e .  

that  the relationship between mobili ty and the log of molecular weight is non- 
linear above 100 000 daltons under the conditions used in most  experiments 
except  those in Fig. 4. 

Treatment  of  rabbit  skeletal muscle microsomes with 0.1--1 mM gluteralde- 
hyde (Fig. 1) or with 1--10 mM dimethylsuberimidate (not shown) causes pro- 
gressive disappearance of  the bands corresponding to the Ca 2÷ transport  ATPase, 
and the C1 and C2 proteins with the accumulation of high molecular weight 
aggregates that are retained on the top  of  the gel. Similar observations were 
made on microsomes isolated from the superficial pectoralis muscle of chicken. 
ATPase oligomers of  intermediate size (dimers, trimers, tetramers, etc.) accu- 
mulated only to a slight extent  at moderate  concentrations of  cross-linking 
agents, in agreement with Louis and Shooter  [11].  At higher concentrations of  
cross-linking agents the concentrat ion of oligomers initially present in sarco- 
plasmic reticulum membranes actually decreased during the cross-linking pro- 
cess, accompanied by marked inhibition of  the ATPase activity, and Ca 2÷ trans- 
port  [12,31] .  

Effect of copper-phenanthroline on the protein composition and enzymatic 
activity of sarcoplasmic reticulum 

Copper-phenanthroline catalyzes the formation of  intermolecular disulfide 
bonds and was used extensively to s tudy proximity relationships between pro- 
teins in ery throcyte  membranes [ 23 ]. 

In sarcoplasmic reticulum membranes exposed to copper  and phenanthroline 
for 2--60 min at 25°C, the 100 000 dalton band which corresponds to the Ca 2÷ 
transport  ATPase diminished with time wi thout  major change in the amount  of  
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Fig. 2. Cor re la t ion  b e t w e e n  e l e c t r o p h o r e t i c  m o b i l i t y  and  m o l e c u l a r  weight .  Condi t ions  for  e lec t rophores i s  
were  as descr ibed  earl ier  [ 10 ] .  F o r  detai ls  see text .  Inser t :  1, pur i f ied  Ca 2+ t r a n s p o r t  ATPase  f r o m  rabb i t  
s a rcop lasmic  r e t i c u l u m ;  2, m y o s i n ;  3, r abb i t  musc l e  p l iosphory lase ;  4, s e ru m a l b u m i n ;  5, aldolase.  

C1 and C2 proteins (Fig. 3). Essentially all the cross-linked protein appeared in 
the form of high molecular weight aggregates which were retained on the sur- 
face of the gel. 

There is no evidence for the accumulation of the sizeable amounts of inter- 
mediate polymers of 200 000--400 000 daltons mass. In this respect the cop- 
per-phenanthroline system shares the all or none character of reaction with glu- 
taraldehyde and dimethylsuberimidate.  With increasing cross-linking the ATP- 
ase activity is inhibited with a decrease in the titratable SH group content  of 
the membrane. Essentially no activity remains when the ATPase monomers are 
completely converted into high molecular weight aggregates. 

The absence of sizeable accumulation of intermediate polymers of 400 000 
daltons mass during cross-linking with copper-phenanthroline is in conflict with 
the observations of  Murphy [13]. In an a t tempt  to resolve this difference, the 
experiments were repeated (Fig. 4) under the cross-linking and electrophoresis 
conditions used by Murphy [13] with essentially the same results as shown in 
Fig. 3. 

Varying the concentration of phenanthroline and copper over a wide range 
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Fig. 3. The  r eac t ion  of m i c r o s o m a l  p ro te ins  wi th  c o p p e r - p h e n a n t h r o l i n e .  R a b b i t  skeletal  m i c r o s o m e s  (2 
m g / m l )  were  cross- l inked wi th  10-4 M of  1 , 1 0 - p h e n a n t h r o l i n e  and  CuSO4 for  va r ious  t imes  in an incuba-  
t ion  so lu t ion  con ta in ing  50 m M  Tris • HC1, p H  8.4. Reac t ions  were  s t o p p e d  by add i t i on  of  10 -3 M E D T A .  
P o l y a c r y l a m i d e  gels (5%) were  p r e p a r e d  as desc r ibed  u n d e r  Materials  and  Methods .  E lec t rophores i s  for  
20 h in r o o m  t e m p e r a t u r e .  I n c u b a t i o n  t imes:  A, 0 m i n ,  B, 2 rain;  C, 5 rain;  D, 10 min ;  E, 20 m i n i  F, 60  
min .  
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Fig. 4. Cross-l inking of  saxcoplasmic  r e t i c u lum p ro t e in s  w i th  c o p p e r - p h e n a n t h r o l i n e .  R a b b i t  skeletal  mi-  
c r o s o m e s  (2 m g / m l )  were  cross- l inked wi th  10  -4 M CuSO4 and  3 • 10  -4 M, 1 , 1 0 - p h e n a n t h r o l i n e  in 1 m l  
i n c u b a t i o n  so lu t ion  con t a in ing  1 m M  CaC12 and  0 .14  M m o r p h o l i n o p r o p a n o l  su l fonic  acid ad jus t ed  to  
p H  7.2 wi th  t r i e t h a n o l a m i n e  essent ia l ly  as desc r ibed  by  M u r p h y  [1 3 ] .  Reac t i on  was  s t o p p e d  wi th  10 m M  
E D T A ,  16 m M  N - e t h y l m a l e i m i d e  a nd  10 m g ] m l  SDS. P o l y a c r y l a m i d e  gels (5 .1%) were  p r e p a r e d  acco rd in g  
to M u r p h y  [ 1 3 ] .  I n c u b a t i o n  t imes :  A, 0 m i n i  B, 1 min i  C, 5 ra in;  D, 20 min i  E, 60  rain. 
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Fig. 5. E f f e c t  o f  C u S O 4  and  1 , 1 0 - O - p h e n a n t h r o l i n e  c o n c e n t r a t i o n  on the  c ross - l ink ing  of  m i c r o s o m a l  pro-  

teins.  M i c r o s o m e s  (2 m g / m l )  in 0 . 0 5  M Tris  • HC1 b u f f e r ,  pH  8.4,  were  r e d u c e d  by  1 m M  d i t h i o t h r e i t o l  a t  
4 °C  for  4 h. F ree  d i t h i o t h r e i t o l  was r e m o v e d  by  r e p e a t e d  c e n t r i f u g a t i o n .  M i c r o s o m e s  (2 m g / m l )  were  
c ross - l inked  in an i n c u b a t i o n  m i x t u r e  c o n t a i n i n g  0 .05  M Tris  • HC1, p H  8.4,  w i th  va r ious  c o n c e n t r a t i o n s  of  

C u S O  4 and  1 , 1 0 - O - p h e n a n t h r o l i n e  as i n d i c a t e d  in the  f igure .  R e a c t i o n s  were  s t o p p e d  a f t e r  1 h by  addi-  
t i on  of  0 .02  m M  E D T A  (pH 7.4).  P o l y a c r y l a m i d e  gel (5%) was  p r e p a r e d  as d e s c r i b e d  in Mater ia ls  and  
Methods .  CuSO4  c o n c e n t r a t i o n s :  A, 0; B, E, H, 10 -5 M; C, F, I, 10 -5 M; D, G, J, 10 -4 M. O - P h e n a n t h r o -  
l ine c o n c e n t r a t i o n s :  A, O, B, C, D, 10 -5 M; E, F, G, 10 -4 M; H, I, J,  10 -3 M. 

(Fig. 5) did not  lead to an increase in the concentration of intermediate poly- 
mers. Exposure of the cross-linked membrane to 1.6 M f3-mercaptoethanol, 
which reduces the intramolecular disulfide bonds, caused complete dissociation 
of the high molecular weight aggregates into ATPase monomers of 100 000 dal- 
tons. 

Cross-linking of sarcoplasmic reticulum proteins with toluene, 2,4-diisocyanate 
l~eaction of sarcoplasmic reticulum membranes in the absence of comple- 

ment  with antibodies directed against the Ca 2÷ transport ATPase leaves the 
ATPase activity and Ca 2÷ transport unaffected [26,27]. These observations 
ruled out  rotary carrier mechanism as a plausible scheme to explain Ca 2÷ trans- 
location [26,27,32]. 

In an a t tempt  to achieve immobilization of the Ca 2÷ transport enzyme by the 
covalent a t tachment  of a bulky group, we reacted sarcoplasmic reticulum with 
toluene diisocyanate-albumin (Fig. 6). Reaction with increasing concentrations 
of toluene diisocyanate-albumin progressively decreased the amount  of 100 000 
dalton protein with only slight changes in the protein content  of C~ and C2 
bands. A faint new band of about 160 000 daltons mass appeared (arrow) 
which presumably represents the ATPase-albumin complex. Most of the ATPase 
that  underwent  cross-linking appeared among the high molecular weight aggre- 
gates retained on the top of the gel. The formation of large aggregates with 
toluene diiisocyanate-albumin is presumably due to the presence of several 
reactive groups on each toluene diisocyanate-albumin molecule which allows 
formation of multiple cross-links. 



2 0 0  

I00 

55 
4 5  

12l  

A B C D E F G H I J 
Fig. 6. Cross - l ink ing  of  m i c r o s o m a l  p r o t e i n s  by  b o v i n e  s e r u m  a l b u m i n - t o l u e n e  2 ,4 -d i i socyana t e  ( T D I C -  

a l b u m i n )  con juga t e .  T D I C - a l b u m i n  c o n j u g a t e  was  p r e p a r e d  by  r e a c t i n g  0 .2  ml  of  T D I C  w i t h  100  m g  

a l b u m i n  in a v o l u m e  of  10 ml  s o d i u m  p h o s p h a t e  b u f f e r  (0.1 M, p H  8.0)  a t  0 °C  fo r  25 rain.  F ree  T D I C  
was  r e m o v e d  by  c e n t r i f u g a t i o n  at  6 0 0 0  r e v . / m i n  fo r  10 m i n .  The  s u p e r n a t a n t  c o n t a i n i n g  T D I C - a l b u m i n  

was  f u r t h e r  r e a c t e d  for  1 h at  0°C.  M i c r o s o m e s  (1 m g / m l )  were  c ross - l inked  w i t h  T D I C - a l b u m i n  by  addi-  

t ion  of  c o n j u g a t e  in i nc reas ing  a m o u n t s .  The  r e a c t i o n  was  s t o p p e d  wi th  0 .08  M NH4C1 (pH 8.0)  and  the  
u n r e a c t e d  c o n j u g a t e  was  r e m o v e d  by  r e p e a t e d  c e n t r i f u g a t i o n .  P o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  was cax- 
t i ed  ou t  as desc r ibed  in Mater ia ls  and  M e t h o d s .  T D I C - a l b u m i n  m i c r o s o m a l  p r o t e i n  w e i g h t  r a t i o s  were  as fol- 

lows :  A, 0; B, 1; C, 3; D, 6; E, 9. To  s a m p l e s  F - - J  on ly  T D I C  was  a d d e d  a t  the  s a m e  s t a r t i n g  c o n c e n t r a -  

t i ons  as in A--E.  A b o u t  200  pg  of  m i c r o s o m a l  p r o t e i n  were  u s e d  for  each  gel. 

In the absence of albumin but otherwise under identical conditions toluene 
diisocyanate causes the appearance of a faint band of  oligomers with close to 
200 000 daltons mass accompanied by a slight decrease in the amount  of 
100 000 dalton protein (Fig. 6). 
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u n d e r  E x p e r i m e n t a l  P rocedu re s .  $, T D I C - a l b u m i n ;  o T D I C .  
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The ATPase activity of  sarcoplasmic reticulum treated with TDIC-albumin at 
a 1 : 1 weight ratio is nearly completely inhibited (Fig. 7) although some of the 
ATPase is still present in the monomer  form. Even toluene diisocyanate alone 
markedly inhibits ATPase activity {Fig. 7) although the decrease in the amount  
of  ATPase monomer  is less than 10%. This is probably due to intramolecular 
cross-links or active site modification. 

Iodination of microsomal proteins 
Reaction of  muscle microsomes with copper-phenanthroline and with tolu- 

ene diisocyanate left the C, and C2 proteins largely unaffected. As the two acidic 
proteins were also resistant to treatment ~f microsomes with trypsin [33] and 
did not  react readily with ferritin-labeled antibodies directed against them [ 1 ], 
it was suggested that they are located on the inside surface of  sarcoplasmic reti- 
culum membrane [34] .  However, the same proteins were readily released from 
the vesicles by exposure to 1 mM EGTA at pH 8.0 [29] and brief reaction of  
native membranes with '2sI [35] or with fluorescamine [36] led to massive 
labeling of  the C, and C2 proteins, suggesting outside localization. 

T A B L E  I 

E F F E C T  O F  E G T A ,  Mg-ATP A N D  Ca 2+ ON T H E  125I L A B E L I N G  O F  S A R C O P L A S M I C  R E T I C U L U M  

P R O T E I N S  

Mic rosome~  (5 m g / m l )  w e r e  i o d i n a t e d  in  0.1 M Tris  • HCl bu f f e r ,  pH  8.0,  c o n t a i n i n g  50 p g / m l  g lucose  oxi-  

dase,  50 p g / m l  o f  l a c t o p e r o x i d a s e  a n d  5 m M  g l u c o s e  at  a 2 5 ° C  t e m p e r a t u r e  f o r  5- -30  m i n .  R e a c t i o n  w a s  
t e r m i n a t e d  b y  a d d i t i o n  o f  2 .  10 -4 M N a 2 S 2 0 3 .  M i c r o s o m e s  w e r e  c o l l e c t e d  b y  c e n t r i f u g a t i o n  a n d  dia- 

l yzed  a g a i n s t  0.1 M Tris  • HC1 b u f f e r ,  p H  8.0,  c o n t a i n i n g  2 • 10 -4 M N a 2 S 2 0 3  . A l i q u o t s  w e r e  t a k e n  for  
r a d i o a c t i v i t y  m e a s u r e m e n t s .  E l e c t r o p h o r e s i s  w a s  c a r r i e d  o u t  as  d e s c r i b e d  u n d e r  E x p e r i m e n t a l  P r o c e d u r e s .  
G e l s  w e r e  s l i c e d  a n d  t h e  b a n d s  o f  ATPase ,  C p r o t e i n s ,  a n d  p h o s p h o l i p i d s  w e r e  c u t  o u t  a n d  c o u n t e d .  Spe- 

cif ic  r a d i o a c t i v i t i e s  w e r e  c a l c u l a t e d  in  t e r m s  o f  p r o t e i n  c o n c e n t r a t i o n  as d e s c r i b e d  b y  M a r t o n o s i  a n d  Hal- 

p in  [ 10] .  

M e d i u m  Band 

c o m p o s i t i o n  
5 m i n  15 m i n  30 ra in  5 m i n  
( c p m )  ( c p m )  ( c p m )  ( c p m / m g )  

C o n t r o l  

5 m M  E G T A  

T o p  
A T P a s e  

C2 
C1 
P h o s p h o -  

l ipid 

P r o t e i n ~ o u n d  r a d i o a c t i v i t y  a f t e r  i n c u b a t i o n  f o r  

1 5  m i n  30 m i n  
( c p m / m g )  ( c p m / m g )  

7 051 9 213  14 037 94 167 120  324  173 6 0 5  
13 864  18 072  23 648  40  678  58 979  92 764  

6 243 7 387 10 360  109 334  123  682  170  456  

6 015  7 280  12 365  146  939  201 837  263 999  
4 011 4 113 5 212  100  396 114  636  193 834  

Top  6 922  14 831 20 533 120  6 3 2  180  003  350  366 
A T P a s e  18 633  22 732  28 4 1 5  42 678  55 976  92 734  
C 2 7 223 10 937  16 051 113 634  153  223 286 963  
C 1 8 481 11 655  17 054  183 736 270  116  406 374  
P h o s p h o -  4 122  5 363  6 214  113 674  149  391 256 913  

l i p i d  

5 m M  M g A T P  T o p  

0.5  m M  CaC12 ATPase  

C2 

C1 
P h o s p h o -  

4 000  11 244  12 678  87 630  176 354  223 467  

10 116 13 015  17 398  39 843 46 738  69 780  
2 414  4 4 3 2  6 099 73 865  99 738  163 261 
2 635  4 659  9 533 89 367  170  6 3 8  213 764  
2.311 4 286 4 617  63 178 156 045  223  764  
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In an a t tempt  to resolve this conflict  the condit ions of 12si labeling were fur- 
ther investigated using native sarcoplasmic reticulum membranes,  purified Ca 2÷- 
transport  ATPase vesicles and isolated C proteins. 

After labeling of  rabbit  skeletal muscle microsomes with 12sI the distribution 
of  radioactivity among the various protein fractions was analyzed by SDS-poly- 
acrylamide gel electrophoresis. Although the C~ and C2 proteins represent only 
3--5% of the protein content  of  sarcoplasmic reticulum membranes,  the level of  
~2sI radioactivity incorporated into them calculated per mg protein far exceeded 
the radioactivity of  the Ca 2÷ transport  ATPase, which consti tutes 70--80% of 
the membrane proteins (Table I). The specific activity of  C1 protein is high 
already after 5 min incubation which is consistent with external labeling. Signifi- 
cant incorporation was also observed in the phospholipid fraction which is pre- 
sumed to contain the proteolipid. These observations are in essential agreement 
with those of Thorley-Lawson and Green [35].  

The C~ and C2 proteins are released from the sarcoplasmic reticulum mem- 
brane by t reatment  with EGTA at pH 8.0 [29] and under these conditions 
their reactivity with 125I increases (Table I). 

The decreased incorporation of  ~ 2 s I into all proteins in the presence of ATP, 
Mg 2÷ and Ca 2÷ (Table I) may be related to substrate-induced conformation 
change in the membrane that is reflected by changes in fluorescence [16],  elec- 
trot. spin resonance [37],  and SH group reactivity [38].  

The reactivity of  the Ca 2÷ transport  ATPase and the C~ and C2 proteins in 
sarcoplasmic reticulum membranes was compared with the reactivity of the 
purified proteins (Table II). 

The isolated C1 and C2 proteins showed far greater incorporation of  ~2sI than 
the same proteins on the sarcoplasmic reticulum membranes or in mixtures 

T A B L E  II 

I O D I N A T I O N  OF MIC ROS OM ES ,  ATPase  A N D  CI P R O T E I N  

Iod ina t i on  of  mic rosornes  (5 rng/ml) ,  pur i f ied  ATPasc  (5 m g / m l )  and C1 p ro te in  (5 m g / m l )  was caxried ou t  
u n d e r  the  cond i t ions  descr ibed  in Table  I. The  gels were  s ta ined,  the  visible bands  were  cut  out  and  coun ted .  

P repa ra t ions  125I b o u n d  

No d e o x y c h o l a t e  2% d e o x y c h o l a t e  No d e o x y c h o l a t e  2% d e o x y c h o l a t e  
( c pm)  ( c p m )  ( c p m / m g )  ( c p m / m g )  

Mic rosomes  

To p  l aye r  713 583 31 726 15 310 
ATPase  801 890  5 161 5 585 
C2 155  285 9 6 9 5  10 4 9 0  
C1 477 557 35 650  24 576 

P h o s p h o ~ p i d  260  175  26 260  10 4 7 2  

Purif ied ATPase  1 126 1 157 11 871 11 9 3 0  

Purif ied C 1 p ro t e i n  110  081 182  997 2 228 542 1 170  981 

ATPase  + C 1 p ro t e i n  

ATPase  1 594 1 169 33 233 22 026 
C 1 p r o t e i n  1 759 1 499  39 6 2 5  34 851 
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with the purified ATPase, where they may interact with the membranes. 
Although competi t ion for IzsI by the Ca 2÷ transport ATPase and phospholipids 
makes a significant contribution to this difference, the observations suggest 
that  the binding of C1 and C2 proteins to the membranes lowers their reactivity 
with 12sI. 

Discussion 

Based upon electron microscopy [2,15,16] and fluorescence energy transfer 
[16,39] observations, we proposed that  the Ca z÷ transport ATPase of sarco- 
plasmic reticulum tends to associate into oligomers and raised the possibility 
that  an equilibrium between monomers and oligomers may have functional sig- 
nificance either in active Ca z÷ uptake or in the passive Ca 2÷ release during exci- 
tation. These observations were supported by the presence of ATPase oligomers 
in sarcoplasmic reticulum membrane solubilized with sodium dodecyl sulfate 
(refs. 9 and 10, see also this report) or Triton-X-100 [40]. These oligomers are 
apparently stabilized by intermolecular disulfide bonds as they dissociate into 
monomers after reduction with high concentration of ~-mercatoetl~anol. There- 
fore there is some doubt  whether the presence of oligomers in such systems 
represents stabilization of a naturally occurring enzyme form or is simply an 
artifact. 

Previous work using chemical cross-linking agents led to conflicting results. In 
the presence of dimethylsuberimidate a statistically expected mixture of mono- 
mers, dimers, trimers and tetramers was observed [11]; copper-phenanthroline 
was claimed to form primarily tetramers [13] and N,N'.p-phenylenedimalei- 
meide primarily hexamers [14]. The experiments reported here indicate that  
with glutaraldehyde, dimethylsuberimidate,  copper-phenanthroline and toluene 
diisocyanate-albumin the dominant  process is the formation of high molecular 
weight aggregates with molecular weights above 400 000. While intermediate 
polymers of 200 000--400 000 daltons were observed in aged microsomes and 
sometimes after t reatment  with copper-phenanthroline and TDIC, the amount  
of these was usually very small and hardly distinguishable from similar compo- 
nents in the starting material. In fact during conversion of ATPase into high 
molecular weight aggregates in the presence of copper-phenanthroline the 
amount  of intermediate polymers usually decreased. 

The observed tendency for formation of large aggregates without  sizeable 
accumulation of intermediate polymers suggests a cooperative reaction, perhaps 
involving denaturation,  and raises doubt  that  glutaraldehyde, dimethylsuberimi- 
date, and copper-phenanthroline can be used to "stabilize" protein-protein 
interactions as they occur in the native sarcoplasmic reticulum membranes. The 
high concentration of Ca 2÷ transport ATPase in the membrane may facilitate 
the formation of  random aggregates through collision between the particles 
during the cross-linking process. 

An interesting finding is that  copper-phenanthroline and TDIC-albumin 
cause extensive aggregation of the Ca ~÷ transport ATPase, without  effect upon 
the C1 and C2 proteins. The low cysteine content  of C1 and C2 proteins [30,34] 
explains in part their resistance to copper-phenanthroline. The lack of cross- 
linking with TDIC-albumin indicates their inaccessibility for reaction. 
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The reactivity of C proteins in solution was much greater than when bound 
to sarcoplasmic reticulum membranes or to reconst i tuted ATPase vesicles. Part 
of  this difference may be explained by competi t ion between various proteins 
for the 12sI, but  the data indicate a genuine decline in 12sI incorporation into C 
proteins under conditions when they are bound.  A similar difference in the sen- 
sitivity of  calsequestrin to trypsin digestion was observed by Stewart and Mac- 
Lennan [33].  

The site of  localization of C proteins in the membrane is disputed. Internal 
localization was suggested on the basis of extraction data [30],  the inaccessi- 
bility of C proteins to digestion with proteolyt ic  enzymes [33],  and the lack of  
evidence indicating binding of  anti-C antibodies to the membrane [26,41].  The 
rapid release of C proteins from the membrane by EGTA at pH 8.0 [29] and 
their great reactivity with 12sI and with fluorescamine [36] argue for external 
localization. A plausible interpretation of  all available information is that  the 
C proteins are located on the outside surface of  the microsomes but  their inter- 
action with bulky reagents like anti-C antibodies [20,41],  trypsin [33],  and 
TDIC-albumin is prevented by the geometry of  the binding site. The Ca 2÷ trans- 
port  ATPase and phospholipids are likely to contain sufficient internal Ca 2÷ 
binding sites of low affinity to bind the accumulated calcium. 
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