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Summary 

The two major ATPase activities of  intact and leaky cardiac membrane 
vesicles (microsomes) were characterized with respect to ionic activation 
requirements. The predominant  ATPase activity of intact vesicles was (K ÷ + 
Ca2+)-ATPase, an enzymic activity localized to sarcoplasmic reticulum, whereas 
the predominant  ATPase activity of  leaky, sodium dodecyl  sulfate-pretreated 
vesicles was (Na ÷ + K+)-ATPase, an enzymic activity localized to sarcolemma. 
The (K ÷ + Ca2÷)-ATPase activity was stimulated 4- to 5-fold by 100 mM K ÷ in 
the presence of  50p_M Ca 2÷. Phosphorylat ion of the (K÷+ Ca2+)-ATPase of 
intact vesicles with [7 )2P]ATP was Ca 2+ dependent ,  and monovalent  cations 
including K ÷ increased the level of  [32P]phosphoprotein by up to 50% when 
phosphorylat ion was measured at 5°C. After  the intact vesicles were treated 
with SDS (0.30 mg/ml), (K ÷ + Ca2+)-ATPase was inactivated, a s  was Ca 2+- 
dependent  32p incorporation. The monovalent  cation-stimulated ATPase activ- 
ity of  the particulate residue (SDS~extracted membrane vesicles) displayed the 
usual characteristics of  ouabain-sensitive (Na++ K+)-ATPase and the activity 
was increased 9- to 14-fold over the small amount  of  patent  (Na ÷ + K÷)-ATPase 
activity of  intact membrane vesicles. 32p incorporation by the (Na÷+ K÷) - 
ATPase of  SDS-extracted vesicles was Na ÷ dependent ,  and Na÷-stimulated 
incorporation was increased 7- to 9-fold over that  of  intact vesicles. 

Slab gel polyacrylamide electrophoresis of  both  intact and SDS-extracted 
crude vesicle preparations revealed at least 40 distinct Coomassie Blue-positive 
protein bands and provided evidence for a possible heterogeneous membrane 
origin of  the vesicles. Periodic acid-Schiff staining of  the gels revealed at least 
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two major glycoproteins. Simultaneous electrophoresis of  the 3:p intermediates 
of the (K + + Ca2+)-ATPase and the (Na + + K+)-ATPase in the same gels did not  
resolve the two enzymes clearly. With sucrose gradient centrifugation of intact 
membrane vesicles, it was possible to physically resolve the two ATPase activ- 
ities. Latent  {Na÷+ K÷)-ATPase activity (unmasked by exposing the various 
fractions to SDS) was found in the higher regions of the gradient, whereas 
(K ÷ + Ca2+)-ATPase activity was primarily in the denser regions. A reasonable 
interpretation of the data is that cardiac microsomes consist of  membrane 
vesicles derived both from sarcolemma and sarcoplasmic reticulum. (Na ÷ + K*)- 
ATPase is localized to intact vesicles of  sarcolemma but is mainly latent, 
whereas (K÷+ Ca2+)-ATPase is mostly patent  and is localized to vesicles of 
sarcoplasmic reticulum. 

Introduction 

Microsomal fractions isolated from myocardium contain high levels of Ca 2+ 
transport  enzyme and associated Ca:+-dependent ATPase activity [1--4 ]. These 
preparations have generally been thought  to be devoid of  significant (Na ÷ + K*) - 
ATPase activity and, therefore,  have often been referred to as relatively 
purified cardiac sarcoplasmic reticulum fractions [2--7]. However, it has 
recently been shown that cardiac microsomal preparations also contain 
appreciable quantities of  latent (Na÷+ K÷)-ATPase activity which can be 
revealed by carefully treating the membranes with detergents [1,8,9] as 
originally described for renal microsomes by Jorgensen [10]. Non-destructive 
unmasking by use of the channel-forming ionophore alamethicin reveals a 
similar quanti ty of  (Na ÷ + K*)-ATPase activity [ 11]. 

Because adenylate cyclase and beta-receptor binding activity have also been 
found in cardiac microsomes [5--7,11],  the conclusion has been drawn that 
cardiac sarcoplasmic reticulum contains a catecholamine-responsive adenylate 
cyclase system [6,7,12]. The demonstrat ion of probable sarcolemmal con- 
tamination in the preparations originally used to identify the activities, how- 
ever, now questions the original interpretation of  the data [13]. 

The present study was undertaken to ascertain whether  the (K++ Ca2+) - 
ATPase * and the (Na÷+ K+)-ATPase activities of cardiac microsomes (mem- 
brane vesicles) are indeed separate enzymes and whether  they can be used as 
valid enzyme markers for cardiac sarcoplasmic reticulum and sarcolemma, 
respectively. 

* No s t a n d a r d  abb rev i a t i on  exists  for  one  of  the  m a j o r  e n z y m e s  d i scussed  herein .  The  n a m e  (K + + Ca2*) - 
ATPase  has  b e e n  used  in this  and prev ious  c o m m u n i c a t i o n s  [ 1 , 1 1 , 1 4 , 1 5 ]  in r ecogn i t ion  tha t  t u r n o v e r  of  
this  e n z y m e  of  the  sa reoplasmic  r e t i c u l u m  is r egu la ted  by  m o n o v a l e n t  ca t ions  [ 1 , 1 1 , 1 4 - - 2 1 ] .  This  s ame  
e n z y m e  has  b e e n  var ious ly  t e r m e d  by  o the r s  as Ca 2 + A T P a s e  [ 22] ,  (Ca 2 + + Mg 2 ÷)-ATPase [ 23 ] and  even 
( K + +  Ca2++ Mg2+)-ATPase [ 1 7 ] .  By ana logy  to  the  wide ly  used  n o m e n c l a t u r e  for  (Na++ K+)-ATPase 
(Mg2+d .ependen t ,  (Na + + K+)-act ivated a de nos ine t r i phos ph a t a se ,  EC 3 .6 .1 .3) ,  the  (K + + Ca2+)-ATPase 
shou ld  p r o b a b l y  be  fo rma l ly  des igna ted  M g 2 + d e p e n d e n t ,  (K + + Ca2+)-act ivated a deno s ine tr ipho spha ta se ,  
EC 3 .6 .1 .3 .  Inc lus ion  of  K + in the  a bb re v i a t e d  n a m e ,  ( K + +  Ca2+)-ATPase,  does  n o t  d e m a n d  a u n i q u e  
spec i f i c i ty  for  this  pa r t i cu l a r  m o n o v a l e n t  ca t ion ;  o the r  m o n o v a l e n t  ca t ions  will subs t i tu t e  for  K + in 
ac t iva t ing  t u r n o v e r ,  jus t  as o t h e r  m o n o v a l e n t  ca t ions  such as Rb  + and NH~ will subs t i tu t e  for  K + a t  the  
K + site on (Na + + K+)-ATPase.  
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Experimental  procedure  

Preparation of intact cardiac membrane vesicles. Intact  vesicles were 
prepared from dog ventricle homogenized in dilute sodium bicarbonate buffer  
as previously described [1,8,11] .  Briefly, two low speed centrifugations at 
11 600 Xgmax and 15 300 Xgma x were employed to remove mitochondr ia  and 
other  large particles. The membrane vesicles were then sedimented from the 
supernatant  fraction by centr ifugation at 43 600Xgma x. The sedimental 
material was resuspended in 0.6 M KC1/20 mM imidazole maleate, pH 6.8, to  
extract  contracti le proteins,  and recentrifuged at 43 600 Xgmax. The 
sedimented vesicles were resuspended in 0.25 M sucrose, 30 mM histidine 
(pH 7.4) and stored frozen at --20°C in small aliquots. The frozen samples are 
termed intact  membrane vesicles. In all cases reported here, enzymic activities 
of  the intact  vesicles remained stable after freezing (up to one month) .  

Preparation of SDS-extracted membrane vesicles. Freshly prepared or 
thawed intact  membrane vesicles were diluted 1 : 10 in a solution consisting of 
30 mM imidazole (pH 7.1) and 0.3 mg SDS/ml. The final protein concentra t ion 
was 0.6--0.9 mg/ml. After  incubation for 30 min at room temperature,  the 
suspension was centrifuged at 105 700 X gma× for 60 min. The pellet was 
resuspended in ice-cold H20,  recentrifuged, and then resuspended in 0.25 M 
sucrose/30 mM histidine (pH 7.1) and stored frozen at --20°C. This fraction is 
termed SDS-extracted membrane vesicles. 

Sucrose gradient centrifugation of  intact membrane vesicles. Discontinuous 
sucrose gradients were formed by successively layering 10 ml each of 1.0 M, 
0.8 M and 0.6 M sucrose into cellulose nitrate tubes. 5 ml intact vesicles 
suspended in 0.25 M sucrose (6--9 mg/ml) was then layered over the 0.6 M 
sucrose. Centrifugation was in a Beckman SW 27 ro tor  at 27 000 rev./min for 
1 h. Fract ion A was collected at 0.25 M/0.6 M interface, fraction C at the 
0.6 M/0.8 M interface and fraction E at the 0.8 M/1.0 M interface. Fraction B 
was the material which entered the 0.6 M sucrose but  did no t  reach the 0.8 M 
sucrose interface,  and fraction D was the material which entered the 0.8 M 
sucrose but  did not  reach the 1.0 M sucrose interface. The various fractions 
were diluted with ice-cold H~O and recentrifuged at 105 700 )<gmax in a 
Beckman type  30 fixed angle rotor .  The pellets were resuspended in 0.25 M 
sucrose and stored frozen at --20°C. 

Assay of ATPase activities. All ATPase assays were conducted  at 37°C in a 
medium containing 15--20 pg of  membrane protein/ml,  50 mM histidine 
(pH 7.4), 3 mM MgC12, 3 mM Tris • ATP (basal medium). When only one mono- 
valent cation was added to the basal medium the final concentrat ion was 0.1 M 
(as the chloride salt) in all cases. (K + + Ca2÷)-ATPase activity was taken as the 
difference between ATP hydrolysis measured in the presence of  basal medium 
containing 50 aM added Ca 2+ and that  in basal medium containing 0.8--1.0 mM 
Tris • e thyleneglycol  bis(~-aminoethylether)-N,N'-tetraacetic acid (EGTA). 
Various monovalent  cations were also added to the assay tubes when this 
enzyme was measured (as indicated in the legends to the figures). (Na ~ + K÷)- 
ATPase activity is defined as the activity inhibitable by 10 -s M ouabain, mea- 
sured in the presence of 100 mM Na ÷ plus 10 mM K ÷. When this activity was 
measured the basal medium usually contained either 50aM Ca 2+ or 0.8-- 
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1.0 mM EGTA. ATP hydrolysis was measured by following the rate of  
inorganic phosphorus release from ATP with a modified Fiske-SubbaRow 
assay [ 1,8,11].  

Phosphorylation of membrane vesicles. When membrane vesicles were phos- 
phorylated for autoradiography, the reaction medium contained 5 0 m M  
histidine (pH 7.4), 3 m M  MgC12, 100/sM [~-32p]ATP, 6 0 0 g g  of  membrane 
protein, and various concentrations of  cations as indicated in the text .  Phos- 
phorylat ion was conducted  at 5°C for 15 s in 1.0 ml reaction medium. Sample 
tubes containing intact and SDS-extracted vesicles received 5 . 1 0 7  and 3 -  
l 0  s dpm of [7-32P]ATP, respectively, so that  maximal incorporation of  radio- 
activity was comparable in both cases. Phosphorylat ion was terminated by 
adding 0.2 ml ice-cold 50% trichloroacetic acid to the reaction tubes. 
Precipitated protein was then sedimented at 5000 ×gmax for 20 min at 5"C. 
The pellets were washed three times with 2.0 ml ice-cold 5% trichloroacetic 
acid/1 mM ATP/10 mM Na2PO4 and once with 2.0 ml ice-cold H20. The pellets 
were then resuspended in 500tsl electrophoresis-dissociation medium and 
aliquots applied to polyacrylamide gels. Other aliquots were assayed for radio- 
activity by liquid scintillation spectrometry.  

For routine assay of  phosphoprotein levels 32P-labeled phosphoprotein was 
separated from unreacted [7-32P]ATP and 3:P i by filtration. The trichloro- 
acetic acid-precipitated membrane vesicle suspension was applied to Whatman 
GF-C filters and subsequently rinsed 8 times with 5 ml ice-cold 5% trichloro- 
acetic acid/1 mM ATP/10 mM NaH2PO4. After a final rinse with 5 ml ice-cold 
H:O, the radioactivity remaining on the filters was measured with liquid 
scintillation spectrometry.  

SDS-polyacrylarnide gel electrophoresis and autoradiography. Membrane 
vesicle proteins were solubilzed at room temperature in dissociation medium 
which contained 0.0625 M Tris-HC1, 2.5% SDS, 10% glycerol, 5% 2-mercapto- 
ethanol, and 0.001% bromophenol  blue as the tracking dye. Inclusion of 10 M 
urea in the dissociation medium or boiling the samples prior to electrophoresis 
did not  improve the resolution on the gels. Electrophoresis was performed with 
a slab gel apparatus (Bio-Rad), on slabs of  1.5 mm thickness and 10 cm length. 
The greatest resolution of  membrane proteins was obtained with electro- 
phoresis carried out  according to the method described by Laemmli [24].  Gels 
containing 3% (stacking) and 7.0--8.5% (separating) acrylamide were used. The 
ratio of  acrylamide to N,N'-methylenebisacrylamide was 3 0 : 1 . 5 .  Electro- 
phoresis was also performed with 5.6% acrylamide gels by the method of 
Fairbanks et al. [25].  After electrophoresis with either system the gels were 
fixed overnight in methanol/water/acet ic  acid (5 : 4 : 1, v/v) and subsequently 
stained either in 0.2% Coomassie Blue dissolved in the fixing solution or with 
periodic acid-Schiff stain [25].  The molecular weights of  the vesicle proteins 
were estimated comparing their mobil i ty to the mobili ty of  protein standards 
of  known M r. The protein standards used were RNA polymerase from 
Escherichia coli (a-subunit  39 000;/3-subunit, 155 000;/3'-subunit, 165 000);/3- 
galactosidase (130 000),  phosphorylase a (94 000),  transferrin (76 000),  bovine 
serum albumin (68 000),  ovalbumin (43 000) and chymotrypsinogen (26 000). 

For  autoradiography, the Coomassie Blue-stained gel slabs which contained 
the 32P-labeled proteins were dried under vacuum for 3 h at 80--82°C. The 
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dried gels were then placed in contact  with DuPont Cronex 4 medical X-ray 
film for 5--50 days and the film was then developed. 

Gel scanning of Coomassie Blue-stained gels was performed at 660 nm with 
an Isco UA-5 Absorbance Monitor equipped with a linear transport gel scanner. 

Materials. Tris • ATP, ouabain, histidine, ~-galactosidase (grade IV), bovine 
serum albumin (fraction V) and transferrin were purchased from the Sigma 
Chemical Company,  St. Louis, Mo. RNA-polymerase from E. coli was 
purchased from Boehringer Mannheim, Indianapolis, Ind. Phosphorylase a was 
obtained from Worthington, Freehold, N.J. Ovalbumin and chymotrypsinogen 
were obtained from Pharmacia, Piscataway, N.J. SDS was purchased from Bio- 
Rad, Richmond,  Va. [722P] ATP tetra ( tr iethylammonium) salt (>10 Ci/mmol) 
was obtained from New England Nuclear, Boston, Mass. 

Results 

Cation-stimulated ATPase activity o f  intact cardiac membrane vesicles. The 
principal patent  ATPase activity of intact cardiac membreane vesicles (intact- 
ness being defined as the ability to actively sequester Ca 2÷) required both K ÷ 
and Ca 2÷ for optimal activity (Fig. la) .  This (K ÷ +Ca2÷)-ATPase activity 
directly parallels the extent  of Ca2÷-uptake by the preparation [1]. In the 
presence of 50 ttM Ca 2÷, the ATPase activity of intact vesicles was approxi- 
mately doubled by addition of 100 mM K ÷, whereas in the presence of  excess 
EGTA, only a negligible increase in ATPase activity occurred upon addition of 
K + (Fig. la) .  As has been previously shown [1,14--17], stimulation of (K ÷ + 
Ca2÷)-ATPase activity by any of the various combinations of monovalent 
cations (approx. 100 raM) was approximately 4-fold, as indicated in the 
numbers above the brackets in Fig. la .  The major portion of the patent  ATPase 
activity was ouabain insensitive, even in the presence of both Na ÷ and K + 
(Fig. la) .  Only a low level of patent,  ouabain-sensitive (Na ÷ + K÷)-ATPase activ- 
ity was present in intact membreane vesicles (2--3 ttmol Pi/mg protein per h in 
the preparation of Fig. la).  3 mM Ca 2÷ completely inhibited stimulation of 
ouabain-sensitive as well as EGTA-sensitive ATPase activity by monovalent 
cations in intact vesicles (Fig. la) .  

In order to produce substantial phosphorylat ion of intact membrane vesicles 
by [~,-32P]ATP, it was necessary to have at least micromolar amounts of ionized 
Ca present, suggesting that  the majority of the phosphorylated moiety was a 
Ca2÷-ATPase (Fig. lb) .  In the presence of monovalent  cations the concentra- 
tion of phosphorylated intermediate was increased 20- to 30-fold by 50 
Ca 2÷. The steady-state level of phosphorylated intermediate measured at 5°C 
was also greatly increased by 5 0 ~  Ca 2÷ in the presence of Mg 2÷ alone, 
although the level achieved was somewhat lower (approx. 30%) than that  mea- 
sured in the presence of Mg 2÷ plus monovalent  cations (Fig. lb) .  These data 
(Fig. 1, a and b) suggest that  the bulk of the monovalent cation sensitive 
ATPase activity of intact cardiac membrane vesicles was contributed by the 
Ca 2÷ pump of cardiac sarcoplasmic reticulum [1,9,15]. 

Cation-stimulated ATPase activity o f  SDS-extracted cardiac membrane 
vesicles. After cardiac membrane vesicles were exposed to optimal concentra- 
tions of the detergent SDS, ouabain-sensitive (Na*+ K+)-ATPase activity was 
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Fig. 1. A T P  hydro lys i s  and  32p i n c o r p o r a t i o n  by  in tac t  and SDS-ex t r ac t ed  m e m b r a n e  vesicles. ATP  

hyd ro ly s i s  was  m e a s u r e d  a t  37°C  and  32p  i n c o r p o r a t i o n  a t  5°C. All m e d i a  c o n t a i n e d  50 m M  his t id ine  
(pH 7.4) ,  3 m M  MgC12 and ,  in add i t ion ,  50 pM a dde d  CaC12 (clear  bars) ,  800  pM E G T A  ( h a t c h e d  bars)  
or  3 m M  CaC12 (solid bars) .  M o n o v a l e n t  ca t ions  (100  m M  NaC1; 100  m M  KC1; or  100 raM NaCl plus 
10 m M  KC1) and  10 -3 M oua ba in  were  also inc luded  as ind ica ted  on the abscissa. ATPase  ac t iv i ty  and  32p  
i n c o r p o r a t i o n  were  m e a s u r e d  in the  p resence  of  3 m M  non- rad ioac t ive  ATP  and 100 IzM [ 7 - 3 2 p ] A T P ,  
respec t ive ly .  T he  da t a  of  panels  a and  b were  o b t a i n e d  wi th  i n t ac t  m e m b r a n e  vesicles,  wh e rea s  the da t a  of  
panels  c and  d were  o b t a i n e d  wi th  SDS-ex t r ac t ed  m e m b r a n e  vesicles. Values  are expressed  as the m e a n  +- 
S,D. f r o m  tr ipl icate  d e t e r m i n a t i o n s .  Calcu la ted  (K + + Ca2+)-ATPase act ivi t ies  ( the  d i f fe rence  b e t w e e n  the 
ATPase  activi t ies of  the  c lear  and  h a t c h e d  bars  in pane l  (a) m e a s u r e d  in the p resence  or  absence  of  m o n o -  
va l en t  ca t ions  are  ind ica ted  by  the  va lues  above  the  b r acke t s  at  the  top  of  the bars  in panel  a. Phospho-  
p r o t e i n  levels were  n o t  d e t e r m i n e d  in the  p resence  of  oua ba in  in panels  b and d. 

increased 4- to 6-fold while at the same time all Ca2+-dependent, monovalent  
cation-stimulated ATPase activity was inactivated [1,8]. After centrifugation 
to separate the membrane-bound proteins from those solubilized by SDS, the 
SDS~xtracted membrane vesicle pellet retained the ouabain-sensitive (Na*+ 
K+)-ATPase activity, the specific activity of which was 9--14 times that  
exhibited by the intact  membrane vesicles (Fig. 1, a and c). The combination of 
Na ÷ plus K* was required to stimulate the (Na ÷ + K÷)-ATPase activity of  SDS- 
extracted vesicles and all stimulation by Na ÷ plus K ÷ was completely inhibited 
by the cardiac glycoside, ouabain (Fig. lc) .  Ouabain-sensitive activity was maxi- 
mal in the virtual absence of free Ca2+; 50 wM added Ca 2÷ inhibited ouabain- 
sensitive activity slightly (14%), and 3 mM added Ca 2÷ inhibited ouabain- 
sensitive activity almost completely (88%) (Fig. lc).  

When SDS-extracted vesicles were incubated with [7-32P]ATP, the cation 
requirements for phosphoprotein formation were different from those required 
to phosphorylate the (K ÷ + Ca2+)-ATPase of intact vesicles. Maximal formation 
of phosphorylated intermediate occurred only in the presence of Na ÷, and 
EGTA did not  decrease the level of phosphorylated intermediate (Fig. ld) .  K ÷ 
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(Na  + + K+)-ATPase  A C T I V I T I E S  A N D  P H O S P H O P R O T E I N  L E V E L S  IN I N T A C T  A N D  S D S - E X T R A C T -  
ED M E M B R A N E  V E S I C L E S  

A T P a s e  act iv i t ies  w e r e  m e a s u r e d  at  3 7 ° C  in a m e d i u m  c o n t a i n i n g  50 m M  h i s t id ine  (p i t  7 .4) ,  3 m M  MgC12, 
3 m M  Tr i s  • A T P ,  100  m M  NaCl  and  10 m M  KC1 in t h e  p r e s e n c e  or a b s e n c e  o f  10 -3 M o u a b a i n .  T h e  oua- 

ba ln - inh ib i t ab le  act iv i ty  w a s  the  (Na  + + K+)-ATPase  ac t iv i ty .  P h o s p h o p r o t e i n  was  m e a s u r e d  in  a m e d i u m  
c o n t a i n i n g  50 m M  h i s t id ine  (pH 7.4),  3 m M  MgC12, 800  pM E G T A ,  100  pM [ 7 - 3 2 p ] A T P  and  e i ther  100  

m M  N a e l  or  100  m M  KC1. T h e  Na+-s t imula ted  i n c o r p o r a t i o n  w a s  the  p h o s p h o p r n t e i n  level .  Turnover  
n u m b e r s  w e r e  c a l c u l a t e d  b y  d iv id ing  the  (Na  + + K+)-ATPase  act iv i t ies  ( e x p r e s s e d  p e r  rain)  b y  the  p h o s p h o -  

p r o t e i n  levels .  T h e  p e r c e n t  r e c o v e r y  o f  the  S D S - e x t r a e t e d  ves ic les  (paxt icu la te  p r o t e i n s )  p lus  t h e  p r o t e i n s  
s o l u b i l i z e d  b y  S D S  was  a l w a y s  greater  t h a n  90% o f  the  original  in tac t  m e m b r a n e  ves ic le  p r o t e i n  c o n t e n t .  
Resu l t s  are the  m e a n  ± S.E. f r o m  three  separate  prepara t i ons  e a c h  o f  i n t a c t  and S D S - e x t r a c t e d  m e m b r a n e  
ves ic les .  

M e m b r a n e  % A T P a s e  act iv i ty  P h o s p h o p r o t e i n  A p p a r e n t  
p r e p a r a t i o n  Pro te in  ( p m o l  P i / m g  p r o t e i n  per  h)  ( p m o l / m g  p r o t e i n )  t u r n o v e r  

n u m b e r  
Mg 2++ (Mg 2+ + A Mg 2++ Mg 2+ + A ( ra in  -1 ) 

N a  + + Na + + Na + K + 
K + K +) + 

ouabain 

I n t a c t  100  45 .8  41.3  4 ,5  25.1 15.1 10 .0  7 ,490  

m e m b r a n e  +4.0 +4.1 ±-0.8 +-5.7 -+5.2 +1.4 +320  
ves ic les  

SDS- 31 52 .0  4 .16  47.6  94 .0  18.0 76.1 1 0 , 5 0 0  
e x t r a c t e d  +-1.9 +5.9 +0 .17  -+5.8 +-9.0 +4.8  ±11 .4  -+390 
m e m b r a n e  
ves ic les  

did not stimulate phosphorylation above that measured in the presence of Mg 2÷ 
alone, and the combination of  Na+ plus K + gave only a slight increment in the 
level of  phosphoprotein above that which was measured in the presence of 
Mg 2+ alone (Fig. ld) .  Cationic activation of  ATP-dependent phosphoprotein 
formation by SD$-extracted membrane vesicles was identical to that found in 
partially purified (Na++ K*)-ATPase isolated from cardiac or other tissue 
[26,27] .  The data of Fig. l e  and d therefore suggest that the monovalent 
cation-sensitive ATPase activity of  SDS-extraeted membrane vesicles was con- 
tributed by ouabaln-sensitive (Na+ + K+)-ATPase, which is commonly regarded 
as an enzyme marker for cardiac sareolemma [11,26] .  

Apparent turnover of  cardiac (Na ÷ + K+)-ATPase and (If++ Ca2+)-ATPase 
activities. Table I lists the average ouabain-sensitive (Na*+ K+)-ATPase activ- 
ities and the levels of phosphorylated enzyme intermediate (measured in the 
presence of  EGTA) in intact and in 8DS-extracted membrane vesicles from 
three preparations. After the vesicles were extracted with SD8, both the Na ÷- 
sensitive increment of  membrane phosphorylation and the ouabain-sensitive 
ATPase activity increased 8- to l l - fo ld .  The apparent turnover numbers for the 
ouabain-sensitive enzyme active at 37°c, calculated from the Na+-dependent 
levels of membrane phosphorylation assuming that these latter values reflect 
the content of (Na++ K+)-ATPase molecules [26--28] were 7500 min-* and 
10 500 min-* for the (Na++ K+)-ATPase of intact and SDS-extracted mem- 
brane vesicles, respectively. Thus, the increased turnover after SDS extraction 
could only partially account for the substantial augmentation of (Na ÷ + K+) - 
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T A B L E  II 

(K + + Ca2+)-ATPase A C T I V I T I E S  A N D  P H O S P H O P R O T E I N  L E V E L S  IN I N T A C T  M E M B R A N E  VESI-  
CLES 

(K + + Ca2+)-ATPase act iv i t ies  w e r e  m e a s u r e d  at  3 7 ° C  in t h e  p r e s e n c e  or a b s e n c e  o f  100  m M  KCl in a 
m e d i u m  c o n t a i n i n g  50 m M  hist idine (pH 7.4),  3 m M  MgC12, 3 m M  Tris - ATP  and  e i t h e r  5 0  tzM CaC12 or  
0 .8 - -1 .0  m M  E G T A .  The  d i f f e r e n c e  b e t w e e n  t h e  ac t iv i ty  m e a s u r e d  in the  p r e s e n c e  o f  Ca 2÷ and  the  act iv-  
i ty  m e a s u r e d  in the  p r e s e n c e  o f  E G T A  w a s  the  (K + + Ca2+)-ATPase act iv i ty .  P h o s p h o p r o t e i n  levels  w e r e  
d e t e r m i n e d  in t h e  s a m e  m e d i u m  w h i c h  w a s  u s e d  to  m e a s u r e  the  A T P a s e  act iv i t ies  e x c e p t  that  20 pM 
[ 7 - 3 2 P ] A T P  was  s u b s t i t u t e d  for 3 m M  non- rad ioac t ive  ATP.  This c o n c e n t r a t i o n  o f  rad ioact ive  A T P  w a s  

s u f f i c i e n t  to  m a x i m a l l y  labe l  the  p h o s p h o p r o t e i n  [ 15] .  C a 2 + - d e p e n d e n t  p h o s p h o p r o t e i n  was  the  d i f f e r e n c e  
b e t w e e n  p h o s p h o p r o t e i n  m e a s u r e d  in t h e  p r e s e n c e  o f  50 pM CaC12 and  p h o s p h o p r o t e i n  m e a s u r e d  in the  
p r e s e n c e  o f  1.0 m M  E G T A .  When p h o s p h o p r o t e i n  was  m e a s u r e d  at  5°C the  i n c u b a t i o n  t i m e  was  5 s and  
w h e n  p h o s p h o p r o t e i n  w a s  m e a s u r e d  at 220C the  i n c u b a t i o n  t i m e  w a s  1--3 s w i th  n o  decrease  in p h o s p h o -  
p ro t e in  levels  n o t e d  over  th is  t i m e  per i od .  T u r n o v e r  n u m b e r s  w e r e  ca l cu la t ed  b y  d iv id ing  the  re spec t ive  

(K + + Ca2+)-ATPase act iv i t ies  ( e x p r e s s e d  per  rain) b y  the  re spec t ive  p h o s p h o p r o t e i n  levels .  Paired S t u d e n t ' s  
t - tests  w e r e  u s e d  to  c o m p a r e  the  var ious  p h o s p h o p r o t e i n  levels .  Resu l t s  are the  m e a n  -+ S.E. f r o m  s e v e n  
separate  preparat ions .  

(K + + Ca2+)-ATPase act iv i ty  

( p m o l  P i /mg  p r o t e i n  p e r  h) 
at 37Oc 

C a 2 + - d e p e n d e n t  phospho-  
p ro t e in  ( p m o l / m g  p ro t e in )  

A p p a r e n t  t u r n o v e r  n u m b e r  
(min  -1 ) 

5°C 22°C E-32p  at  E-32p at 

5°C 22°C 

- -K ÷ 13.7 + 0.9 502 -+ 32 569 ± 31 461 -+ 29 4 0 2  -+ 16 
+K ÷ 66.6  -+ 3.7 763 -+ 52 549 -+ 46 1480  -+ 82 2 0 5 0  + 71 

ATPase activity by SDS, suggesting that SDS acts by rendering a sub-popula- 
tion of  intact vesicles (probably sarcolemmal) permeable to su~strate and 
cations, with resultant activation of  latent (Na ÷ + K*)-ATPase activity [1,8-- 
11,13] .  

After intact membrane vesicles were extracted with SDS, approximately 30% 
of the original protein content remained particulate, as judged from the results 
of  centrifugation (Table I). The solubilized proteins contained no measurable 
ATPase activity [8].  

Apparent turnover numbers were also calculated for the (K ÷ + Ca2÷)-ATPase 
activities of  intact membrane vesicles (Table II). At 37°C (K++ Ca2÷)-ATPase 
activity was increased approximately 5-fold by addition of  K ÷, in good agree- 
ment with the 4-fold stimulation shown in Fig. la.  At 5°C, K ÷ increased the 
steady-state level of  phosphorylated enzyme approximately 50% (P < 0.001),  
whereas at 22°C, K ÷ exerted no significant effect on the level of phospho- 
protein. Irrespective of  temperature, K ÷ increased the calculated apparent turn- 
over number of  the enzyme 3- to 5-fold (Table II) (see ref. 15 for a more 
detailed analysis of the effects of  temperature on enzyme phosphorylation and 
turnover). The apparent turnover of  the (K++ Ca2÷)-ATPase (even with K ÷ 
present) remained only 20--25% of the apparent turnover of  the (Na ÷ + K+) - 
ATPase (Tables I and III). 

Protein composit ion of  intact and SDS-extracted cardiac membrane vesicles. 
That two distinct ATPase activities were detected in cardiac membrane vesicles 
suggested that this preparation was more heterogeneous than similar prepara- 
tions isolated from skeletal muscle [23,29] .  This was supported by results ob- 
tained with polyacrylamide gel electrophoresis (Figs. 2 and 3). When the gels 
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Fig. 2. P o l y a c r y l a m i d e  gel e l ec t rophores i s  of in t ac t  (I)  and  SDS-ex t rac ted  m e m b r a n e  vesicles (E) and of 

the  p ro te ins  solubi l ized (S) by  SDS. F o r  c lar i ty ,  in the  inset ,  I is t e r m e d  con t ro l  MV ( m e m b r a n e  vesicles),  
E is t e r m e d  SDS pel le t  and  S is t e r m e d  SDS s u p e r n a t a n t  (Sup.) .  SDS e x t r a c t i o n  was p e r f o r m e d  as 
desc r ibed  in E x p e r i m e n t a l  p r o c e d u r e .  The  Pro te ins  solubi l ized by  SDS were  c o n c e n t r a t e d  for  e lectro-  
phores i s  by  p rec ip i t a t i on  wi th  5% t r i ch lo roace t i c  acid. Gel e lec t rophores i s  was p e r f o r m e d  accord ing  to 
L a e m m l i  [ 24] .  The  c o n c e n t r a t i o n  of a c r y l a m i d e  in the  separa t ing  gel was  8.5%. The  le f t -hand  p o r t i o n  of 
the  f igure depic ts  the  gel slab a f te r  it  was s ta ined wi th  Coomass ie  Blue and the  r ight  hand  p o r t i o n  depic ts  
d e n s i t o m e t r y  of  the th ree  f rac t ions  a f te r  each was separa te ly  cu t  f rom the whole  gel and scanned,  25 ~tg 
p ro t e i n  f r o m  each f rac t ion  was appl ied to each of the  gel wells. 

containing the proteins of  intact membrane vesicles were stained with 
Coomassie Blue, at least 40 distinct protein bands were routinely detected 
(Fig. 2). A large diffuse band (band A) of Mr = 90 000--110 000 accounted for 
approximately 30--35% of the total staining of  the gel as determined by 

I SE  Mr 
[x10-3} 

Fig. 3. G l y c o p r o t e i n s  of i n t ac t  ( I)  and  SDS-ex t r ac t ed  (E) m e m b r a n e  vesicles,  and of  the prote ins  
solubi l ized by  SDS (S). Half  of  the  slab gel of  Fig. 3 was  per iod ic  acid-Schiff-s ta ined as descr ibed in 
E x p e r i m e n t a l  p r o c e d u r e .  80 t~g of  p ro t e in  f r o m  each f r ac t ion  was  apl ied to each of the gel wells. 
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densitometry (Fig. 2). Band C of  M r ~ 52 000 was the second most  prominent 
staining region and, together, bands A and C accounted for approximately 50% 
of  the total staining. Both bands A and C were frequently resolved into 
doublets,  especially when electrophoresis was performed at 5°C according to 
Laemmli [24] ,  which gave the greatest resolution of  proteins. 

The protein profiles were quite different for the SDS-extracted membrane 
vesicles (Fig. 2). Band C was noticeably absent from the extracted membranes 
and bands B and D were relatively enriched. Furthermore, region A was much 
less diffuse and was clearly resolved into at least two bands, which together 
accounted for 17--20% of  the total staining. Band C was preferentially 
extracted by SDS as were some high molecular weight proteins from region A 
of  the gel. 

Gels of  intact vesicles stained for carbohydrate with periodic acid-Schiff 
stain reagent revealed two major glycoproteins, bands 1 and 2, o f  apparent 
molecular weights of  76 000 and 52 000,  respectively (Fig. 3). Two other more 
faintly staining proteins of  apparent molecular weights greater than 90 000 
were also routinely present. Band 1 was retained preferentially in the SDS- 
extracted membranes, whereas band 2 was released preferentially to the soluble 
fraction. The large area o f  Schiff-staining material which traveled with the 
buffer front in both intact membrane vesicles and the SDS-extracted sediment 
was most  probably of  glycolipid origin [25] .  This material, as well as band 1, 
was relatively enriched in membranes after they were extracted with SDS. 

T A B L E  III 

P H O S P H O P R O T E I N  L E V E L S  A N D  A T P a s e  A C T I V I T I E S  O F  I N T A C T  A N D  S D S - E X T R A C T E D  MEM- 
B R A N E  V E S I C L E S  S U B J E C T E D  T O  P O L Y A C R Y L A M I D E  G E L  E L E C T R O P H O R E S I S  A N D  A U T O -  
R A D I O G R A P H Y  

In tac t  and SD Soex trac te d  ves ic les  w e r e  p b o s p h o r y l a t e d  for  1 5  s a t  5 ° C  in  a m e d i u m  c o n t a i n i n g  5 0  m M  
hist id ine  (pH 7 .4 ) ,  3 m M  MgC12, a n d  1 0 0  /~M [ 7 - 3 2 P ] A T P .  +Ca 2+ samples  c o n t a i n e d  in addi t ion  5 0  p M  
a d d e d  Ca 2+, a n d  - - C a  2+ samples  c o n t a i n e d  in add i t i on  8 0 0  ~M E G T A .  NaC1 a n d  KC1 ( 1 0 0  m M )  w e r e  also 
inc luded  in the  assay m e d i a  as ind icated .  ( K + +  Ca2+)-ATPase  and ouabain-sensi t ive  ( N a + +  K+)-ATPase  
act iv i t ies  o f  i n t a c t  and S D S - e x t r a c t e d  ves ic les  w e r e  d e t e r m i n e d  as descr ibed  in Tables  I and II. The  sam-  
ples  in various  reac t ion  tubes  w e r e  prepared  for  p o l y a c r y l a m i d e  gel e l ec trophores i s  as descr ibed  in Exper i -  
m e n t a l  procedure .  T he  n u m b e r s  in p ar e n th e se s  refer  to the  sample  n u m b e r s  as t h e y  were  appl ied  to  the  
p o l y a c r y l a m i d e  slab gels. T o  c o n t r o l  for  poss ib le  non-spec i f i c  inco rpo ra t io n  an in tac t  ves ic le  sample  and 
an S D S - e x t r a c t e d  ves ic le  sample  were  e x p o s e d  to  t r i ch loroace t i c  acid be fore  addi t ion  o f  the 1 0 0  #M 
[ 7 - 3 2 p ] A T P  and then  carried through  the  r e m ain d e r  o f  the  procedure .  These  samples  correspond  to 
sampl e s  13  and 14, respect ive ly ,  in Fig. 4. 

In tac t  m e m b r a n e  ves ic les  S D S - e x t r a c t e d  m e m b r a n e  ves ic les  

Mg 2+ + N a  + +K + Mg 2+ +Na  + +K + 

( p m o l  E - 3 2 p / m g  p r o t e i n )  ( p m o l  E - 3 2 p / m g  p r o t e i n )  

+Ca  2+ 5 5 4  (1)  8 3 9  (2)  8 6 2  (3)  +Ca  2+ 21 .9  (7)  1 1 2  (8)  22 .1  (9)  
- - C a  2+ 17 .2  (4)  3 2 . 3  (5)  19 .5  (6)  - - C a  2+ 20 .0  (10)  1 1 2  (11)  16 .2  (12)  

(K + + Ca2+) -ATPase  ( p m o l  P i / m g  prote in  per  h)  (K + + Ca2+)-ATPase  ( # m o l  P i / m g  prote in  per  h)  

- -KCI 2 0 . 2  - -KCI 0 . 0  
+KCI 8 3 . 3  +KC1 0 . 0  
(Na  + + K+)-ATPase  6 .0  (Na  + + K+)-ATPase  5 6 . 0  
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Identification of the phosphorylated intermediates of the (K + + Ca2+)-ATPase 
and the (Na + + K+)-ATPase by autoradiography. Autoradiography of the phos- 
phoprotein intermediates of the (K ÷ + Ca 2+)-ATPase and the (Na ÷ + K+)-ATPase 
activities confirmed their separate patterns of  ionic activation. Both intact and 
SDS-extracted vesicles were phosphorylated with [7-32P]ATP in order to 
optimally label their (Na++ K+)-ATPase and (K + +Ca2+)-ATPase activities 

I , Intact,,, MV,,, "1 Extacted M Y ]  Mixtures J 
,' , ; 3 2 3 2  I, 
, ~ ; + +  + + :  
:1 2 3 4 S S:7  S S 10 f l12 ~ 8 8 11 1t 13 14 
~l  [ I I I. t]J I ::1 I I I j I I I I j_L_] 
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F i g .  4 .  A u t o r a d i o g r a p h y  o f  i n t a c t  a n d  S D S - e x t r a c t e d  m e m b r a n e  ve s i c l e  p r o t e i n s  a f t e r  e l e c t r o p h o r e s i s  
a c c o r d i n g  t o  F a i r b a n k s  e t  al.  [ 2 5 ] .  T h e  f i l m  w a s  d e v e l o p e d  a f t e r  a n  e x p o s u r e  t i m e  o f  5 d a y s .  E l e c t r o -  
p h o r e s i s  o f  t h e  s a m p l e s  o f  T a b l e  I I I  w a s  p e r f o r m e d  in  5 . 6 %  gels .  T h e  n u m b e r s  in  t h e  p a r e n t h e s e s  in  
T a b l e  I I I  i d e n t i f y  t h e  s a m p l e s  as  t h e y  w e r e  a p p l i e d  t o  t h e  gel .  S a m p l e s  13  a n d  14  c o n t a i n e d ,  r e s p e c t i v e l y ,  
i n t a c t  a n d  S D S - e x t r a c t e d  v e s i c l e  p r o t e i n  w h i c h  h a d  b e e n  e x p o s e d  t o  t r i c h l o r o a c e t i c  a c i d  p r i o r  t o  t h e  a d d i -  
t i o n  o f  [ ~ . 3 2 p ]  A T P .  T h e  r e g i o n  o f  t h e  gel  in  w h i c h  c a t i o n - s e n s i t i v e  r a d i o a c t i v i t y  w a s  d e t e c t e d  is  n o t e d  b y  
a s ing l e  a r r o ~ ' .  T h e  r e g i o n  o f  t h e  gel w h i c h  c o n t a i n e d  c a t i o n  i n t e n s i t i v e  i n c o r p o r a t i o n  i s  n o t e d  b y  t h e  
d o u b l e  a r r o w .  
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(Table III). In intact membrane vesicles most  of  the phosphate incorporation 
was Ca2÷-dependent, and either Na ÷ or K ÷ stimulated the level of phosphoryla- 
tion obtained (Table III). On the other  hand, in SDS-extracted membrane 
vesicles, phosphorylat ion was specifically Na÷-dependent, with Ca 2+ having no 
effect  on the level of  phosphoprotein obtained. The only monovalent  cation- 
stimulated ATPase activity detectable in SDS-extracted vesicles was ouabain- 
sensitive (Na + + K+)-ATPase activity. 

Knauf et al. [30] separated the phosphorylated intermediates of the (Na + + 
K*)-ATPase and Ca2÷-ATPase of  red blood cells using the gel electrophoresis 
system of Fairbanks et al. [25].  The membrane vesicle samples of  Table III 
were subjected to electrophoresis with these conditions in gels of  5.6% acryl- 
amide and autoradiograms were prepared (Fig. 4). The pattern of  staining with 
Coomassie Blue was similar to that  obtained with electrophoresis according to 
Laemmli [24];  however, there was resolution of  fewer bands with the system 
of Fairbanks et al. [25].  The pattern of  phosphorylat ion of  proteins of  Mr = 
100 000 was consistent with the distinct patterns of  ionic activation of  ATPase 
activities (single arrow). Intact vesicles produced phosphorylated bands only in 
the presence of  Ca ~÷, and SDS-extracted vesicles produced phosphorylated 
bands only in the presence of  Na ÷. Combined samples did not  exhibit discrete 
separation of  the (Na÷+ K÷)-ATPase and (K÷+ Ca2÷)-ATPase activities, how- 
ever. A protein band of apparent molecular weight of  54 000 was also highly 
labeled in the extracted membrane vesicles (double arrow). However, phos- 
phorylat ion of  this protein appeared to be independent  of  ionic conditions. 
The phosphorylated intermediate of  the (K++ Ca~÷)-ATPase was also not  
resolved from that of the (Na ÷ + K*)-ATPase by the electrophoresis method of  
Laemmli [24] (data not  shown). 

Sucrose gradient centrifugation of  cardiac membrane vesicles. Intact 
membrane vesicles were subfractionated by sucrose gradient centrifugation 

T A B L E  IV 

ATPase  A C T I V I T I E S  OF M E M B R A N E  V E S I C L E  F R A C T I O N S  I S O L A T E D  BY SUCROSE G R A D I E N T  

C E N T R I F U G A T I O N  

I n t a c t  c rude  vesicles were  sub jec t ed  to  sucrose  g rad ien t  cen t r i fuga t ion  as desc r ibed  in E x p e r i m e n t a l  proce-  
dure .  (Na++  K*)-ATPase ac t iv i ty  was  m e a s u r e d  in the  var ious  f rac t ions  be fo re  an d  a f te r  t h e y  were  
exposed  to 0 .30  m g  per  m I ' S D S  in 30 m M  imidazo le  (pH 7.1) for  30 m i n  a t  r o o m  t e m p e r a t u r e .  This activ- 
i ty  was  m e a s u r e d  as ouaba in - inh ib i t ab le  ac t iv i ty  as desc r ibed  in Table  I; (K + + Ca2+)-ATPase ac t iv i ty  was 
m e a s u r e d  in the  p resence  o f  100 m M  KC1 as desc r ibed  in Table  II. The  activi t ies of  SDS-pre t r ea t ed  vesi- 
cles are expressed  pe r  m g  original  i n t ac t  vesicle p ro te in ,  i.e., the  p ro te ins  solubi l ized b y  SDS were  n o t  

r e m o v e d  b y  cen t r i fuga t ion .  

F rac t i on  Pe rcen t  o f  ATPase  ac t iv i ty  ( # m o l  P i /mg  p ro t e in  pe r  h)  Ac t iv i ty  r a t i o  

r e c o v e r e d  
p r o t e i n  ( N a  ÷ + K + ) - A T P a s e  (K + + Ca2+)  - (b/a) (b/c) 

ATPase  
--SDS +SDS 

(a) (b) (c) 

A 5 6 .4  36 .8  2.7 5.8 14 
B 18 5.4 33 .2  30 .9  6.1 1.1 
C 35 6 .5  19.5 46 .8  3.0 0 .42  
D 21 3.0 8.4 24.3 2.8 0 .35  
E 21 4.6 13 .2  9.7 2.9 1.4 
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(Table IV). Ouabain-sensitive (Na ÷ + K ÷)-ATPase activity of separated fractions 
was highest in fraction A, but  only when total activity (patent  plus latent} was 
measured. Before the vesicles were exposed to SDS, the (Na÷+ K*)-ATPase 
activity in all the fractions was low, and the activity measured in fraction A was 
not  appreciably different from that exhibited by the other fractions. The fold- 
activation of  (Na ÷ + K÷)-ATPase activity by SDS (b/a in Table fV) was highest 
in fractions A and B, which suggested that  most  of  the vesicles in this region of 
the gradient had been intact before the SDS treatment.  (K÷+ Ca2+)-ATPase 
activity did not  distribute on the sucrose gradient like (Na ÷ + K÷)-ATPase. The 
former was lowest  in fraction A and highest in fraction C. When activity ratios 
were calculated from the various cation-sensitive ATPase activities, it was 
apparent that  the (Na ÷ + K+)-ATPase and (K ÷ + Ca2÷)-ATPase activities were 
localized in different membrane populations (Table IV}. For example, in frac- 
tion A the (Na÷+ K*)-ATPase activity was 14 times greater than the (K*+ 
Ca2+)-ATPase activity, whereas in fractions C and D, the former activity was 
only 35--40% of the (K ÷ + Ca2÷)-ATPase activity. The disparate ratios between 
(Na ÷ + K÷)-ATPase activity and (K ÷ + Ca2÷)-ATPase activity thus suggested that 
different populations of membranes accounted for the two activities. 

Discussion 

The principal conclusion of  this s tudy is that the two major monovalent  
cation-regulated ATPases of  a cardiac membrane vesicle preparation widely 
assumed to contain mostly sarcoplasmic reticulum are derived from two differ- 
ent  sub-populations of  membranes in the preparation. The patent  ATPase 
activity measured directly in intact vesicles was primarily (K ÷ + Ca2+)-ATPase 
activity, which is an enzyme marker for sarcoplasmic reticulum [23,29].  Latent  
ATPase activity, which was measurable after the vesicles have been exposed to 
SDS, was expressed as (Na÷+ K÷)-ATPase activity, an enzyme marker for 
sarcolemma [11,26].  That separate populations of membrane vesicles were 
present in the crude vesicle preparation was supported by the results obtained 
with density gradient centrifugation, in which the membrane source of  the 
(Na ÷ + K÷)-ATPa~e activity was partially separated from the membrane source 
of the (K ÷ + Ca2+)-ATPase activity (Table IV). The data therefore suggest that  
these two membrane-localized activities may be used as valid enzymic markers 
for cardiac sarcolemma and sarcoplasmic reticulum, respectively, provided that 
care is taken to unmask the latent (Na ÷ + K÷)-ATPase activity of  sarcolemma 
when activities are assessed [8--11].  (It should be pointed out  that  activation 
of  latent (K ÷ + Ca2+)-ATPase activity is not  necessary because the quanti ty of  
latent (K ÷ + Ca2÷)-ATPase activity is small [1,9]. Moreover, activation of (K* + 
Ca2+)-ATPase by the pore-forming ionophore alamethicin is similar for all 
fractions of  the gradient, data not  shown}. In other experiments, we have 
utilized these two ATPase activities to document  a more complete separation 
of  sarcolemma from sarcoplasmic reticulum, and we have shown that virtually 
all of  the adenylate cyclase activity present in the crude vesicle preparation 
resides exclusively in sarcolemma [44].  

The different enzymic entities, (Na ÷ + K÷)-ATPase, (K ÷ + Ca2÷)-ATPase, and 
the more recently characterized (H ÷ + K+)-ATPase of gastric mucosa are all 
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members of  a class of  integral transmembrane enzymes which can translocate 
cations [10,15,26,29,31,32] .  They all hydrolyse ATP in the presence of  Mg 2÷, 
and form an acyl-phosphate intermediate of  Mr ~ 100 000. The critical or 
selective cation for activity is the one which is required for phosphoprotein for- 
mation: Na ÷, Ca 2÷ and H ÷, respectively, for (Na ÷ + K÷)-ATPase (Fig. 4), (K ÷ + 
Ca2÷)-ATPase (Fig. 4) and (H÷+ K+)-ATPase. In all cases K ÷ stimulates phos- 
phoprotein hydrolysis and, thus, turnover of  the three enzymes with weak 
selectivity, Rb ÷ or other  monovalent  cations being nearly as effective as K ÷. In 
the case of  (Na÷+ K÷)-ATPase (Fig. lc )  and (H÷+ K*)-ATPase, Na ÷, even at 
high concentrations, is not  as effective as K ÷. A specific enzyme inhibitor, 
ouabain (or other  cardiac glycosides), has been identified for only one of  the 
three activities, the (Na ÷ + K÷)-ATPase (Fig. 1, a and c). 

Use of  the specific inhibitor, ouabain, the Ca 2÷ chelator, EGTA, and the 
detergent, SDS, facilitated distinction of the (Na÷+ K÷)-ATPase and (K÷+ 
Ca 2÷)-ATPase activities of  cardiac membrane vesicles. The majority of  the activ- 
ity of  intact vesicles was the ouabain-insensitive (K ÷ + Ca 2÷)-ATPase of  sarco- 
plasmic reticulum which implies that most  of  the vesicles of sarcoplasmic 
reticulum were oriented such that their ATP hydrolyt ic  sites were on the outer  
surface of  the vesicles, the same surface which contains the high affinity Ca 2÷ 
site [23].  These conclusions are supported by the recent observations of 
Hidalgo and Ikemoto  [33] who, with impermeant  labelling probes, estimated 
that approximately 90% of sarcoplasmic reticulum vesicles were of  this right- 
side-out orientation. SDS selectively inactivated (K÷+ Ca2÷)-ATPase activity, 
and at the same time greatly increased ouabain-sensitive (Na÷+ K÷)-ATPase 
activity (Fig. 1, a and c). Activation of  (Na ÷ + K÷)-ATPase can be attr ibuted to 
disruption of  intact sarcolemmal vesicles by  SDS, which allowed formerly 
latent enzymic sites to become accessible to substrate and cations [1,8--11].  
This conclusion was further supported in the present s tudy by the parallel 
increase in the phosphoprotein intermediate of (Na ÷ +K÷)-ATPase, which 
accompanied the increase in ouabain-sensitive ATP hydrolysis (Table I). Thus 
SDS apparently did not  increase (Na ÷ + K÷)-ATPase activity by a mechanism 
other than by obviating latency,,  e.g. by increasing the turnover of  already 
accessible enzymic sites in intact vesicles. Although use of  the detergent SDS 
greatly facilitated resolution of  the two ATPases by  selectively inactivating one 
of  them, the destruction of  (K÷+ Ca2÷)-ATPase is not  necessary for (Na÷ + 
K÷)-ATPase activation. With Lubrol PX or the channel-forming ionophore 
alamethicin, it was similarly possible to activate (Na ÷ + K÷)-ATPase in the crude 
preparation and at the same time preserve all (K ÷ + Ca 2÷)-ATPase activity [ 11]. 
This observation provides strong confirmatory evidence that SDS did not  
increase (Na ÷ + K ÷)-ATPase activity through the unlikely mechanism of  inter- 
conversion of  the activation properties of  (K÷+ Ca2+)-ATPase, though others 
[34--36] have suggested that  detergents can sometimes alter the cation activa- 
tion properties of  both (Na÷+ K÷)-ATPase and (K÷+ Ca2÷)-ATPase. Solubiliza- 
tion by SDS of a large amount  of  the M r = 100 000 protein (Fig. 2) which con- 
tained- the phosphoprotein intermediate of  (K ÷ + Ca 2÷)-ATPase (Fig. 2) suggests 
that the low SDS concentrat ion employed may have selectively solubilized the 
(K ÷ + Ca2+)-ATPase, and in this process rendered it inactive. 

The major band of  (K ÷ + Ca2÷)-ATPase and (Na ÷ + K÷)-ATPase activities of  
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the crude cardiac vesicles was not  resolvable by polyacrylamide gel electro- 
phoresis and subsequent  autoradiography. This finding was not  completely un- 
expected because it is well documented  that the two enzymes have similar 
molecular weights (100 000) [37].  In contrast, Knauf et al. [30] separated the 
phosphoprotein intermediates of  the (Na++ K÷)-ATPase and Ca2÷-ATPase 
activities of  red blood cells with electrophoresis; however, in red blood cells the 
difference between the apparent molecular weights of the two enzymes is 
greater (50000) .  In analogy to the (K ÷ +Ca2÷)-ATPase of  sarcoplasmic 
reticulum, red blood cells also have a Ca2÷-dependent ATPase activity which is 
stimulated by Na ÷ or K ÷ [38--42].  Whether this activity was analogous to that 
examined by  Knauf et al. [30] is not  presently known.  

A band of  cation-insensitive radioactive phosphate incorporation was also 
detected on the autoradiograms which ran with an apparent molecular weight 
of  54 000. Dowd and Schwartz [43] have noted a similar activity in crude 
(Na ÷ + K÷)-ATPase preparations isolated from bovine heart and have suggested 
that  the phosphoprotein formed may represent autophosphorylated 
endogenous protein kinase activity. If this is so, the presence of this phospho- 
protein in high activity in the SDS-extracted vesicles suggests that at least one 
type  of  protein kinase activity in myocardium may be an intrinsic membrane 
protein of  sarcolemma. 

Acknowledgements 

The excellent technical assistance of  Mr. Klaus Dieter Haisch and Mr. David 
Whang are greatly appreciated. We thank Julie Allee and Deborah Barr for 
skillful secretarial and editorial assistance. This work was supported in part by 
grant number  S01 RR 05371,  awarded by the Division of Research Resources, 
National Institutes of  Health, DHEW; by  grants HL06308,  HL05363,  HL18795,  
HL07182,  Specialized Center of  Research in Hypertension (SCOR) HL14159  
from the National Heart, Lung and Blood Institute of  the National Institutes of 
Health; by  the American Heart Association, Indiana Affiliate; by the Herman 
C. Krannert Fund; and by  the Showalter Residuary Trust. The preceeding 
paper in this series is ref. 15. 

References 

1 Jones, L.R., Besch, Jr., H.R. and Watanabe, A.M. (1977) J. Biol. Chem. 252, 3315--3323 
2 Shigekawa, M., Finnegan, J.M. and Katz, A.M. (1976) J. Biol. Chem. 251, 6894--6900 
3 Suko, J. and Hasselbaeh, W. (1976) Eur. J. Biochem. 64, 123--130 
4 Entman,  M.L., Snow, T.R., Freed, D. and Schwartz, A. (1973) J. Biol. Chem. 248, 7762--7772 
5 Sulakhe, P.V. and Dhalla, N.S. (1973) Bioehim. Biophys. Aeta  293, 379--396 
6 Katz, A.M., Tada, M., Repke, D.I., Iorio, J.M. and Kixchberger, M.A. (1974) J. Mol. Cell. Cardiol. 6, 

73--78 
7 Entman,  M.L., Goldstein, M.A. and Schwartz, A. (1976) Life Sei. 19, 1623--1630 
8 Besch, Jr., H.R., Jones, L.R. and Watanahe, A.M. (1976) Circ. Res. 39, 586--595 
9 Beseh, Jr., H.R., Jones, L.R. and Watanabe, A.M. (1978) in Recent  Advances in Studies on Cardiac 

Structure and Metabolism (Kobayashi,  T., Sano, T. and Dhalla, N.S., eds.), Vol. 6, PP. 219--225, 
University Park Press, Balt imore,  Md. 

10 Jorgensen, P.L. (1975) Quart. Rev. Biophys. 7 ,239 - -274  
11 Beseh, Jr., H.R., Jones, L.R., Fleming,  J.W. and Watanabe, A.M. (1977) J. Biol. Chem. 252, 7905--  

7908 



309 

12 Hosey, M.M. and Tao, M. (1977) in Current Topics in Membranes and Transport  (Bonner, F. and 
Kleinzeller, A., eds.), Vol. 8, pp. 233--320,  Academic Press, New York 

13 Jones, L.R., Besch, Jr., H.R. and Watanabe, A.M. (1978) in Recent  Advances in Studies on Cardiac 
Structure and Metabolism (Kobayashi,  T., Sano, T. and Dhalla, N.S., eds.), Vol. 6, pp. 227--234, 
University Park Press, Baltimore, Md. 

14 Jones, L.R., Besch, Jr., H.R. and Watanabe, A.M. (1977) J. Mol. Cell. Cardiol. 9 (Suppl.), 30 
15 Jones, L.R., Besch, Jr., H.R. and Watanabe, A.M. (1978) J. Biol. Chem. 253, 1643--1653 
16 Shigekawa, M. and Pearl, L.J. (1976) J. Biol. Chem. 251, 6947--6952 
17 Duggan, P.F. and Jacob, R. (1977) J. Biol. Chem. 252, 1620--1627 
18 Yamada, S., Yamaoto,  T. and Tonomura,  Y. (1970) J. Biochem. (Tokyo)  67, 789--794 
19 Tomlinson,  W.C., Bernatsky,  A.M. and Dhalla, N.S. (1976) Biochem. Pharmacol. 25, 789--794 
20 Green, R.A., Heffron, J.J.A. and Mitchell, G. (1976) Gem Pharmacol. 7, 361--363 
21 Neet, K.E. and Green, N.M. (1977) Arch. Biochem. Biophys. 178, 588--597 
22 Knowles, A.F. and Racker,  E. (1975) J. Biol. Chem. 250, 1949--1951 
23 MacLennan, D.H. and Holland, P.C. (1975) Annu. Rev. Biophys. Bioeng. 4, 377--404 
24 Laemmli,  U.V. (1970) Nature 227 ,680 - - 685  
25 Fairbanks,  G., Steck, T.L. and Wallach, D.F.H. (1971) Biochemistry 10, 2606--2617 
26 Schwartz, A., Lindenmayer ,  G.E. and Allen, J.C. (1975) Pharmacol. Rev. 27, 1--134 
27 Dahl, J.L. and Hokin, L.E. (1974) Annu. Rev. Biochem. 43, 327--356 

o 28 Mardh, S. and Lindahl,  I. (1977) J. Biol. Chem. 252, 8058--8061 
29 Martonosi, A. (1972) in Current Topics in Membranes and Transport  (Bonner, F. and Kleinzeller, A., 

eds.), Vol. 3, pp. 83--197,  Academic Press, New York 
30 Knauf, P.A., Proverbio, F. and Hoffman, J.F. (1974) J. Gen. Physiol. 63, 324--336 
31 Ray, T.K. and Forte,  J.G. (1976) Biochim. Biophys. Acta 443, 451--467 
32 Goodall,  M.C. and Sachs, G. (1977) J. Membrane Biol. 35, 285--301 
33 Hidalgo, C. and Ikemoto ,  N. (1977) J. Biol. Chem. 252, 8446--8454 
34 Jarnefelt ,  J. (1964) Biochem. Biophys. Res. Commun. 17 , 330 - -334  
35 Landon,  E.J. and Norris, J.L. (1963) Biochim. Biophys. Acta 71 ,266- -276  
36 Inesi, G. and Cohen, C.R. (1976) Biochemistry 15, 5293--5298 
37 Bastide, F., Meissner, G., Fleisher, S.and Post, R.L. (1973) J. Biol. Chem. 248, 8385--8391 
38 Schatzmann,  H.J. and Rossi, G.L. (1971) Biochim. Biophys. Acta 241 ,379- -392  
39 Bond, G.H. and Green, J.W. (1971) Biochim. Biophys. Acta 241 ,393 - -398  
40 Rega, A.F., Richards, D.E. and Garrahan, P.J. (1974) Ann. N.Y. Acad. Sci. 242, 317--323 
41 Richards, D.E., Vidal, J.C., Garrahan, P.J. and Rega, A.F. (1977) J. Membrane Biol. 35, 125--126 
42 Richards, D.E., Garrahan, P.J. and Rega, A.F. (1977) J. Membrane Biol. 35, 137--147 
43 Dowd, F. and Schwartz, A. (1975) J. Mol. Cell. Cardiol. 7, 483--497 
44 Jones, L.R., Besch, Jr., H.R. Fleming, J.W., MeConnaughey, M.M. and Watanabe, A.M. (1978) J. Biol. 

Chem., in the press 


