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S U M M A R Y  

The procedure for the isolation of  the highly active fraction of  sarcoplasmic 
reticulum from pigeon and dog hearts is described. The method is based on the partial 
loading of  heart microsomes with calcium and oxalate ions and the precipitation 
of loaded vesicles in sucrose and potassium chloride concentration gradients. Prepara- 
tions obtained possess high activity of  Ca2+-dependent ATPase and are also able 
to accumulate up to I0 /nnol  Ca 2+ per mg protein. Purification of  sarcoplasmic 
reticulum membranes is accompanied by a decrease in concentration of  cytochrome 
a + a  3 and an increase in the content of  [a2P]phosphoenzyme. The basic components 
in "'calcium-oxalate preparation"" from hearts are proteins with molecular weighls 
of  about  100 000 (Caa+-dependent ATPase) and 55 000 Calcium-oxalate prepara- 
tion from pigeon hearts was used for subsequent purification of  Ca2+-dependent 
ATPase. Specific activity o f  plJrified enzyme from pigeon hearts is 12-16pmol  
Pi/min per mg protein. Enzyme activity of  purified Ca2+-dependent ATPase is 
inhibited by E G T A  and is not sensitive to azide, 2,4-dinitrophenol and ouabain. The 
data  obtained demonstrate the similarity of  calcium pump systems and Ca 2+- 
dependent ATPases isolated from heart and skeletal muscles. 

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

It has been demonstrated that  relaxation of  a muscle is provided by the func- 
tion of the so-called "'calcium pump"  associated with sarcoplasmic reticulum mem- 
branes (for reviews see refs. 1--4). The main component of  the calcium pump system 
is Ca 2; -dependent ATPase (EC 3.6.1.3.) an enzyme being able to transport calcium 
ions into the gaps of saxcoplasmi¢ reticulum vesicles. 

Microsomes isolated from white skeletal muscles are the main obiect for 
studying the properties of sarcoplasmic reticulum and CaZ÷-dependent ATPase. In 
the p~paxat ions of  sarcoplasmic veticulum from fast contracting muscles the specific 

Abbreviat ions:  E G T A ,  ethyleneglycol bis(fl-aminocthyleter)-N,N'-totraacetic acid; PPO,  2,5- 
diphenyloxazo~e, POPOP,  1,4-bis-(5-ph~:ny]oxazolyl-2).benzene. 
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A.TPase activity as well as the ability to accumulate calcium ions i~ much higher than 
that  in micr~:,ornes isolated f rom slowly contracting muscle~ i n_e_!uaJng he'd... ~ , [4, ~¢]. 

','~o fa,  the;re is no explanation for the na.tare of  diff'erence~ :.n ca:cium-accumu- 
lating systems from heart, and  skeletal muscle',;. It may be thought  that  the systems 
of rela:~ation in two types of muscles are qualitatively d,.'fferent in ~tructure and 
properties. It would be pertin, ent to mention the hypothesis according to which no ~. 
sarcoplasmic reticulum but  mitochondria  are the principal relaxing factors in slowly 
~zontracting muscles [6, 7]. Another  explanation for the differences is that  the system.~ 
of Ca 2 + accnmulat ion in heart  and skeletal mu.~de being similar of  identical in vivo 
are impP.ired to a different del~ee in the course of the purification procedure or may 
contain different amounts  of' impurities. Thus,  according to electron .~_.~=oscopy 
data  [~.] the vesicles of micresomal  fraction f rom heart  muscle ah!e to acc~Jmulat,. ~ 
caiciunl ions represent only 5 -I0 ~/o of all membrane  vesicles o£ this fractior~. 

To solve these problems it is necessary to isolate and. characterize the ~::alcium 
pump  system from heart  musc:le. The isolation of highly active preparat ions  of sarco- 
plasmi,: reticulum and complel:e purification of Ca 2 +-dependent ATPase f rom skelet~ 
muscle have already been per['ormed in several laboratories [9-11 ]. Similar at~emp[s 
to ,:solate these systems from heart  microsomes [12-14] were unsuccessful. 

In this paper  wc describe a procedure for purification of the Ca ~+ p u m p  
system from heart  muscle which makes it possible to obtain preparat ions with high 
activity of Ca2+-dependent/~,TP~u~e. The method i,,~ based on the loading of micro- 
somes with calcium oxalate [15] and  subsequent  precipitation of part ly loaded vesicles 
in sucroae and KC! concentrat ion gradient. The dat:t are also presented on the isola- 
tion of pure and highly active Ca ~ +-dependent ATPase from heart.  

MATER] ALS AND METHODS 

Materiai's 
Sucrose, deoxycholic ~cid, a m m o n i u m  acetate and sodium dodecyl ,u lphate  

were obtained from Nutri t ional  Biochemicals Corporat ion.  Tris and  imidazole were 
products of Merck. Sodium azide was obtained from Serva, CaCI2 and  oxalic acid 
f rom BDH. Dithiotreitol,  ouabain,  phosphoenolpyruvate  and pyruvate kinase were 
purchased from Calbiochem. ATP  was obtained from Reanal  (Hungary) .  E G T A  
was fronl Koch-Light.  [7-32P]ATP and 4Sea2+ were obtained f rom Amersham.  
Deoxycholic acid was purified according to Meissner et al. [11 ]. A m m o n i u m  acetat.e 
(50 ~o saturat ion)  was prepared in accordance with the MacLennan  recommenda-  
t ions [9]. All solutions were made using triple distilled water. 

Preparatign of  microsomes 
Pi,3eon heart. Hearts were excised from decapitated pigeons, cleaned of fat, 

washed with distilled water and  frozen in l iquid nitrogen. Frozen hearts were kept 
at - -70 °G for 2-3 months.  Before homogenizat ion 27-35 g of muscle were thawed 
in 180 ml of  ice-cold isolation medium containing 0.29 M sucrose, 1-5 raM sodium 
azide and 30 m M  Tris-HCl or 10 m M  ilnidazole buffer (pH 8.3). 

Hearts  were homogenized in glass vessels of Virtis-45 homogenizer  for 15 s at 
4500 rev./min and  15-25 s at  31 000 rev./min. Cell debris, nuclei, myofibrils and mito- 
chondria  were sedimented in rotor  19 Spinco L3-50 centrifuge at 10 000 x g  for 20 rain. 
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Supernatant was passed through 4-6 layers of  cheese-cloth and centrifuged ~t 32 000 × 
g for 60 rain. The pellet obtained ("crude microsomes") was susp:nded in 1.17 M 
sucrose and 10 mM T r i s - H C I  buffer (pH 7.2), medium A, frozen and kept at 

70 °C or used immediately for further purification. 
To remove actomyosin the suspension was diluted to a protein concentration 

of  6--10 mg/ml with an equal volume of  1.2 M KCI, 4 mM EGTA, 4 r a m  ATP, 
6 mM MgCI, ,  20 m M  Tris*HCl buffer (pH 7.8) and after 25--40 rain was centrifuged 
for 60 rain at 73 000×g .  The precipitate ("KCl-microsomes")  was suspended in 
medium A. All operations were carried out at 2--4 °C. 

Dog h~art. Heart  ventricles removed from anesthesized mongrel ¢~ogs were 
washed with water, cut into 3-5 g pieces and frozen in liquid nitrogen. The procedure 
of  microsomes isolation was analogous to that  described above. 

Skeletal muscle. Rabbits were sacrificed b~' decapitation after a blow on the 
neck. For  microsome preparations white skeletal muscles of  back and legs were used. 
The scheme of  isolation was analogous to that  described above. Isolation medium 
contained 0.15 M KCI/5 mM N a H C O  3 [16]. 

Precipitation o f  sarcoplasmic reticulum vesicles loaded with calcium oxalate 
To the suspension of  KCi-microsomes (600-800rag protein in 50 rc~l of  

medium A) an equal volume of  solution was added containing 20 m M  ATP, 25 m M  
MgCI2, 10 r, l M  sodium azide, 0.3 m M  KCI, 20 m M  potassium oxalate, 60 mM "~'ris • 
HCI buffer (pH 6.7-7.0). The suspension was incubated at  20 °C with agitation, p H  
being monitored [17-19]. 0.1-0.2 ml portions of  0.I M CaCI2 solution were added 
until 15-60 ~o saturation of  vesicles with calcium oxalate was achieved. Maximal 
calcium-oxalate capacity o f  preparations was determined by a pH-metri¢ technique 
before the loading procedure. In the course of  loading pH was kept at 6.5--6.7. When 
saturation was completed pH was adjusted to 6.6. 

Suspension of  loaded microsomes was cooled to 0 °C and layered by portions 
of  16 ml on l/near gradient o f  KCI (0.1-0.6 M) and sucrose (0.~2-1.75 M) containing 

i . i  ¸ 

Ic~e,. 2 

toyer  3 

~we¢4  
: i 

, c o ' *  

Fig. 1. Fract ionat ion o f p i g e o n  heart  microsomcs loaded by 18 ~/o with calcium or, slate. Five fractions 
~ r e  selected f rom a tube: clear upper  layer 1, yellow layer 2, brown layer 3, supernatant  layer 4 and 
Ca 2 ÷ oxalate pellet. For  condit ions o f  gradient preparat ion and  vesicles loading with calcium oxalate 
see Materials and Methods.  
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I mM ATP, 5 raM MgCI2, 6.5 mM potassium oxalate, 5 mM sodium azide, 10 mM 
Tris .  HCI buffer (pH 6.7). Centrifugation was carried out in 6 tub.~ ,:~f SW-27 
Spinco rotc,r at 25 000 rev./min for 75 min. Precipitate and lower layer of supernatant 
(Fig. I, lay,.~r 4) were collected. In a numb:r  of experiments the pooled, fractions of 
the precipitate and layer 4 were diluted with 0,6 M KCI and recentrifuged at 73 000 × q 
for 60 rain. The precipitate thus obtained will b:  ref'.rred to as "'calcium-oxalate 
preparation" or purified heart microsomes. 

In those experiments where calcium-oxalate preparation was obtained for a 
subsequent purification of Ca2+-dependent ATPase the procedure of gradient 
preparing was changed. 3 ml of a solution containing 1.75 M sucrose, 0.6 M KCI, 
3 mM ATP, 5 mM MgCI2, 6.5 mM potassium oxalate, 5 mM sodium azide and 
10 mM imidazole buffer (pH 6.7) were poured into the tube. Gradients were layered 
over a 3 ml ,:ushion. For gradient preparation the solution described above (7 ml) 
and 7 ml of the solution with changed concentrations of the following components 
were used: s:acrose (0.72 M), KCI (0.1 M), ATP (8 raM) and MgCI2 (10 mM). In 
this case centrifugation was done for 4-5 h. 

Purification of Ca2+-dependent ATPgse 
Ca2+-dependent ATPase from sarcoplasmic reticulum of rabbit skeletal 

a~uscle was isolated according to MacLennan [9]. To obtain homogeneous prepara- 
tion from heart sarcoplasmic reticulum a somewhat modified method was used. 
Calcium-oxala.te preparation was suspended in 0.25 M sucrose, 10 mM Tr l s -HCI  
buffer (pH 8.0) at protein concentration 17 mg/ml. Dithiothreitol and KCI were 
added to a final concentration 3 mM and 1 M, respectively. 10 % sodium deoxycho- 
lag¢ was added in a ratio 0.1--0.12 mg:mg protein. After 30 min the suspension was 
centrifuged at 190 000 ×O for 20 rain. 

Sup~rnatant (St) was carefully removed with syringe, precipitate (P~) was 
suspended in 0,66 M sucrose, I mM histidine, 50 mM Tris • HCI barfer (pH 7.6) at 
a protein conc::ntration of 10 mg/ml. The fo~lowing components were added to Pt: 
dithiothreitol to final concentration 3 raM, .50% saturated ammonium acetate, 
0.2 ml/ml and sodium deozycholate, 0.5 rag/rag protein. After 30 rain the suspension 
was centrifuged in glass tubes at 1500 x g for 30 min. 

Dense pellet (P~) was suspended in 1 M sucrose, 1 mM histidine, 50 mM 
Tris-HCl buffer (pH 8.0). To supernatant S, 0.01 ml/ml of 50 % saturated ammonium 
acetate was added. After centrifugation at 1500 ×g  for 30 rain a small pellet (P3) 
and transparent supernatant were formed. 50 % saturated ammonium acetate was 
added to 83 in a final ?roportion of 0.27-0.3 ml/ml. The solution b~ame  turbid 
immediately. After 15 ;:~in of incubation, the suspension was centrifuged at 1500 ×g  
tor 20 rain. 

Sup:rnataat (~4) was removed, a yellowish pellet (P4) containing Ca 2+o 
dependent ATPa~e "~as dissolved in 1 M sucrose, I mM histidine, 50 mM Tris-HC! 
buffer (pH 8.0). 

The time rcquized to complete the procedure from homogenization to isolation 
of purified enzyme is u~ually 2 detys. In thc first day all operations iacluding pre- 
liminary purification of  m;crosomes up to layering of loaded, vesicles on sucrose 
and KCI gradient are performed. Centrifugation of calcium loaded vesicles was done 
over-night. Purification of  Ca2~-~cpendent ATPase is performed the next day. In 
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some cases when purification took several days, crude, purified, or PI preparations 
were suspended in medium A, frozen and kept at - -70 °C. Starting from 250 g of  
muscle (issue one can isolate (in mg protein) about 500 mg of  KCi-microsomes, 
50-70 ms of  calcium-oxalate preparation and IO-20 It,:~ of  Ca:+-dep=ndent ATPase. 

Other techniques 
Phosphoenzymeforn:ation. Incorporation of  a2p [20] into sarcoplasmic reti- 

culum proteins was carried out at 0 °C in 1 ml of  medium containing 50/~mol KCI, 
5 tlmol MgC! 2, 50 nmol CaCI2, 30 nmol D,-32P]ATP (about 7500 cpm ~.)er nmol), 
15/tmol oi  imidazole buffer (pF! 7.1 ), 0.6-1.2 mg protein. Reaction was stopped by 
the addition of 25 ml of  :5 ~°/o trichloroacctic acid, 0.6 m M  ATP, 0.8 m M  KH2PO 4. 
Protein was precipitated by centrifugation at 1500 × g for 15 min, washed twice with 
25 ml of 5 °/o/triehloroacetic acid, resuspenc(ed in 1.5 ml of  0.1 M NaOH, 2 ~o Na2COa 
and heated for 20 min at 70 °C. Aliquots were taken to determine the radioactivity 
mid concentration of  prot.ein. Radioactivity was measured on a scintillation spectrom- 
eter Mark-2 in scintillation liquid containing 6 ~o naphthalene, 0.4 ~ PPO and 0.02 ~o 
POPOP in dioxane. 

Gel eleetrophoresis. Electrophoresis of  proteins in 5 ~o polyacrylamide gel at 
pH 7.3 was performed according to Weber and Osborn [21 ]. Concentration of  sodium 
dodecyl sulphate in electrode buffer and gels was 0.1 ~ and 1%, respectively. Before 
analysis, preparations were incubated at 37 °C with 1 ~ sodium dodecyl sulphate and 
l ° o mercaptoethanol for 30 rain. Electrophoresis was carried out at room tempera- 
ture tor 4--5 h, the current of 3 mA per tub= was applied. Methylene blue was used 
as a tracking dye. Gels were stained in 0.1 ~o Coomassie brilliant blue. For the deter- 
minwtion of  molecular weights, trypsin, lactic dehydrogenase, creatine kinase, 
pyruvate kinase, ovalbumin (44 000 and 88 000 dalton for dimer) and bovine serum 
albumin (67 000 and 134 000 for dimer) were used. 

Electrophoresis of proteins from phosphorylated sarcoplasmic reticulum. Protein 
precipitated by trichloroacetic acid (see above) was suspended in 10 ~ sucrose and 
sedirnented once more. The pellet was incubated with 1 5/o sodium dodecyl sulphate 
and 1 °/o mercaptocthanol at 20 °C for 30 rain. Aliquots of 30-50 ,~g protein were 
layered on gels prepared according to Avruch and Fairbanks [22]. Electrophoresis 
of  phosphorylated proteins occurred at pH 2.4 [22]. Gels were stained or frozen and 
sliced into 2.5 rc~m pieces. Cherenkov radiation of each slice was counted. 

Cytochromes. Concentration of  cytochrome a~ua3 was measured according 
to a double wave length scheme at 604-630 nm in spcctrophotometer DW-2 Aminco- 
Chance. Molar-extinction coefficient of  dithionite-reduced cytoehrome a~-a3 was 
taken as 24 m M - l .  cm-1.  

Protein estimation. The protein concentration was measured by a modified 
technique of  Lowry et al. [23] using bovine serum albumin as a standard. 

Enzyme assays. ATPase activity was registered by the appearance of  inorganic 
phosphate in the medium [24] or by the rate of  medium acidification [17-19] ~sing 
pH-340 pH-meter (U.S.S.R.) connected to a Servogor recorder. A phosphate tech- 
nique was used for determination of  Ca2+-dependent ATPasc inhibited by EGTA 
and Mg 2 +-dependent ATPasc insensitive to EGTA. Hasselbach's "extra" and "'basal'" 
ATPases [1] were determined by a pH-metric technique*. The latter method has 

* For footnote see page 473. 
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Fig. 2. Scheme i l lus t ra t ing  the determir,~alion o f  ca lc ium up take  a n d  A T P  hydrolys is  by  the pl-l-m©tric 
t echnique .  R e a c t i o n  is in i t ia ted by  the  addi t i . ,u  o f  hear t  mic rosomes  (0.3-E.0 m g  pro te in )  in to  a 
pH-me te r  cell con ta in ing  4.3 ml o f  i n c u b a t i o n  med ium o f  the fo l lowing com~,osi t ion:  I00  m M  KCI .  
5 m M  ATP,  6 m M  MgCIa,  5.5 m M  po tas s ium oxalatv,  4 m M  sod ium azide,  l0  m M  T r i s -  HCI  buffer  
( p H  6.75, 37 °C).  V, the rate  o f  acidi f icat ion in the course  o f  up t ake  o f  a d d e d  200 n m o l  o f  ca lc ium 
al iquots ,  v, the  rate  o f  acidif icat ion af ter  the  remow'd o f  c o n t a m i n a n t  ~md added  calciur~a f~,om the  
i ncuba t i on  med ium.  The  sy,.~tem is ca l ib ra ted  by  the  ; lddit io~ o f  600 n m o l  o f  K H 2 P O 4  (Pt). C a l c i u m  
u p t a k e  is ca lcula ted  us ing a max imal  n u m b e r  o f  cah,~um add i t ions  wh ich  led to  a burs t  o f  ac t iv i ty  
o f  ext ra  A T P a s e .  Activi t ies  o f  basal  and  ex t ra  ATPa:;es  are ca lcula ted using v a n d  V-v values ,  respec- 
t ively,  a n d  ~he rate  o f  C a  2 + up take  by  using the t ime  interval  needed for  up take .  

certain advantages since in addi~.qon to ATPase one can also follow the rate and the 
value of  Ca 2+ uptake (Fig. 2). 

Millipore techniq~fe. In addition to the pH-cletric method the value of calcium 
uptake was also determined by the Millipore filtr, ttion technique with 4SCa2+ [25]. 
In these experiments measuring was perfornted at 2 ~ °C in 10 ml of  medium ~ont~.ining 
0.1 M KCI, I m M  MgCI:,, 1 m M  A.TP, 4 mM sodi ~m azide, 5 m M  potassium o~al~te 
and 20 m M  inddazole buffer (pH 6.8). To decrease the share of  contaminating calcium 
powerful calcium-EGTA, buffer was inchtded in the medium (0.45 m M  "5C:tCI2, 
50-100 cpm per nmol and 0.45 m M  EGTA).  Reacti,-~ was started by addition of 
microsomal protein. 1 ml aliquots were taken in 2 rn~n intervals and the samples were 
filtered through Milliporc H A W P  l~iters ~4th a pore size of 0.45/~m. Correction was 
made for the adsovbtion of  4SCa2 ~ on a filter. The composition of scintillation liquid 
for radioactivity ¢~etermir_~ation was as described above. 

R E S U L T S  

Initial preparat ion 
Microsomal fraction isolated from pigecm heart muscles contains according 

to electron microscopic data no intact mitochondria [26, 27]. Nevertheless, azide- 

* I t  shou ld  b¢ emphas ized  t h a t  the  ac t iv i ty  o f  basal  . ~ ' r P a ~  is no t  ident ical  iLx this paper  to the 
act ivi ty  o f  Mg2+-dependen t  ATPaso  deL~rmined in  the p~e,~ence o f  E G T A .  Basa l  ATP~tso rcprcsvnt:~ 
the  act iv i ty  o f  MgZ+-dependex~t A T P a s e  plus some act iv i ty  o f  CaZ+-dcpvt tdent  A'Ft~ts¢ due to  a 
reverse flow o f  C a  .'+ f rom s a r c o p l ~ m i c  retic u l u m  vcsic 'es  in to  the  med ium.  A t  ,~ low degree o f  
s a tu r a t i on  o f  vesicles wi th  ca lc ium oxal~te ( low ra te  o f  revei-~e C a  z + f low) the act ivi ty  o f  basal  ATP~,se 
does  n o t  differ sigv, if icantly f r o m  M g  2 +-dependent  ATPas© measured  in the presence o f  E G T A .  
This  is a lso t rue w h e n  extra  a n d  C a  2*-dependen t  ATPas~  activi t ies arc  compared ,  
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TABLE II 

CALCIUM UPTAKE BY HEART MICROSOMAL PREPARATIONS MEASURED BY TWO 
DIFFERENT METHODS 

Purified heart  microsoraes were isolated after 20 % (dog) and 25 ~ fpigeon) loading with ca i2ium 
oxalate. The loading Im'ocedure was carried out in the presence of 4sCa~ ÷. rhe amount of Ca 2 + 
sedimented with pigeon purified preparation was estimated by the Millipore technique as described 
under  Materials and  Methods.  ' rhe  cortditiot.s of  the pH-metric  measurements are similar to  those 
described in Fig. 2, The values in parentheses represetxt the total  calcium capacity including calcium 
associated with purified microsomes after gradient centrifugation. 

Animal Microsoraal  preparat ion Ca z+ uptak© (/~mol Ca 2 ~'/rag protein) 

pH-mctric  technique Milliporo technique 

Dog  KCI-microsomes 7,05 6.75 
Purified. 1 ! ,5 11.6 

Pigeon Crude I, 15 
Purified 9,20 (14.75) 9.7 (15.2) 

inhibited ATPase activity is higher that  the activity of azide-resistant ATPas¢ in crude 
as well as in KCl-microsomes (Table I). In addition the conten t  of  cytochrome a + a  :~ 
in these preparations was also higll (Table I). i t  was therefore concluded th:~t in the 
initial preparations of  heart microsomes the e=~ential part  of vesicles is p~esented 
by mitochondrial fragments. 

P~,~,ification o f  heart  sarcoplasmic ret iculum 
To remove the contaminations we have used the technique of  loading of  

s~.~¢~plasmic reticulum vesicles with calcium oxalate [14, 15], Fig. 1, Table I. Of  
certain advantage in this case is the high ability of microsoma~ fractions, from pigeon 
as well as dog hearts, to  accumulate Ca z+ in the presence of  oxalate (Tables I and II). 
Binding of  calcium to mitochondrial fragments, under conditions of  our experiments, 
was not  significm~t since sodium azide present in the medium inhibits ATP-dependent 
calcium binding by mitochondria.  

After centrifugation ~,f microsomvs loaded with calcium oxalat© in the linear 
sucrose and  KCI gradient, the  compact  clear pellet, supernatant layer 4 and broad 
dark  layer, containing up to 75 ~o of initial starting protein, are formed (Fig. 1). 
When ccntrifugation time is increased the dark  layer is in turn divided into brown and 
pale yellow layers (Fig. 1, layers 2 and 3). 

As the fragments of  sarcoplasmic reticulum are loaded with calcium oxalate 
the amount  of  protein in the pellet and layer 4 increases (Fig. 3). However, this is 
accompanied by the decrease in specific activity of  axide-resistant ATPase it, inRial 
suspension as well as in calcium-oxalate preparation (Fig. 3). 

Because of the strong inhibitory effect of  large doses of calcium oxalate on 
ATPase activity the vesicles, loaded with calcium oxalate only by 15-20 %, were 
used for subsequent gradient centrifugations. 

As a rule onc-tldrgt ofth© initial activity of azide-resistant ATPas¢ is associated 
with the pellet fraction. Cytochrome aq-a  3 level is decreased in t l~  pellet fraction by 
3.7-fold (Table I). The decrease in specific ~,ctivity of  azide-scnsitive ATPas¢ was also 
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Fig. 3. Dependence of ATPase activity and protein content of calcium-oxalate prep aration on vesicles 
loading with calcium oxalate. For conditions of measurements see legend to Table I. A -- &, ~ of 
protein in calcium-oxalate preparation; Q - - O ,  activity of azide-resistant ATPase in initial micro- 
somal suspension; O -  O, activity of azide-resistunt ATPase in calcium-oxalate preparation. 

found. This decrease, however is observed in all gradient  layers and  is p robab ly  
related to the d rop  of  mi tochondr ia l  ATPase  activity dur ing centrifugation.  It is 
per t inent  to e.mphasize here that  it is the  content  of  cy tochrome a-Fa3 but  not  the 
activity of  labile mitochondria l  ATPase  tha t  reliably indicates the presence of mito-  
chondrial  contaminat ions .  

The highest activity of  extra  ATPa~;e was found in lay~.~r 4, Fig. 1. The abili ty 
to accumula te  calcium and  specific activity of  extra  ATPase  in layer 4 where smaller  
or less loaded vesicles are concentra ted  iitLcreases by 5-tbld. ATPase  activity of  cal- 
~ium-oxalate p repara t ion  f rom pigeon heal~ is only slightly lower than  tha t  of  micro- 
somal  m e m b r a n e  fract ion isolated f rom skeletal muscle [26, 27]. 

The increase in the ability of  vesicles to  accumula te  Ca. 2 + was also found  in 
the course of  purification of dog heart  microsomes (Table II). The da ta  obla ined  by 
two  different techniques show that  the a m o u n t  of  Ca  2 ÷ which can be accumula ted  
by vesicles inc~ases  by 1.6-fold in the puri,'ied prepara t ion  com~3aled to  crude micro-  
somes. In this, case we do  not  take into account  the calcium b o u n d  to vesicles of  
ca lc ium-ox~a te  preparat ion.  

To determine the a m o u n t  of  calcium associated with  calcium-oxalate prepara-  
t ion,  immediate ly  after gradient  centrifugation,  special exper iment  was per formed 
(Table II). In this exper iment  microsomes f rom pigeon hearts were loaded wi th  
calc ium oxalate by 25 ~ .  The measur ing  of  radioactivi ty associated wi th  calcium- 
oxalate prepara t ion  have shown that  it contains  abou t  5/~mol C~ 2+ per ms; protein.  
Total  calcium oxalate capacity of purified vesicles was 14,75 acm)rding to  pH-met r ic  
da ta  and  15.2 Itmol Ca  2 + per mg  protein according to the Mill ipore filtration tech- 
nique. 

Protein composition 
In Fig. 4 the da ta  are presented on the variat ion ~f protein composi t ion  in 

the course of  heart  "ca lc ium p u m p "  purification. Crude rmcrosomes (Fig. 4, gel a)  
and  KCl-microsomes (gel b) represent a heterogeneous mixture of  proteins.  
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Fig. 4. Protein composit ion o f  the calcium pump system l~om skeletal an6 heart  mu~cles. Po:yaeryi- 
amide gel electrophoresis at neutral oH was performed as described under Materials and Methods.  
Gels: a, crude l~igeon heart microsomes; b, KCl.microsomes from pigeon heart; c. layer 2 ot ~ the 
gradient, pigeon heart; d, layer 3 of  the gradient, pigeon hearl:; e, calcium-oxalate prepexation, 
pigeon heart;  f, sarcoplasmic reticulum from rabbit skeletal muscle; g, KCLmicrosomes from <log 
heart; h, calciurn-oxa~ate preparation o f  dog heart. 

After centrifugation in sucrose and KCI concentratiea gr~tdient the proteins associated 
with "calcium pump" are separated from most of the low molecular weight proteins 
(Fig. 4, gels c-e, h). The basic components of heart calcium-oxalate prepa~-atior~ 
(gels e and h) as well as those of  skeletal sarcopl~msio reticuhtm (gel f)  are 2 proteins 
with molecular weights of 100000-105000 anct 55000-59 000 (Mto o and Ms~, 
respectively), Small amounts of low molecular weight proteins are also present in 
calcium-oxalate preparations. It is not clear at the moment whether they are conta- 
minations or an essential part of heart calcium pump system. 

[a 21, ]Phosphoenzyme formation 
The p2P]phosphoenzyme level in sar,~oplasmic reticu[um preparation serves 

as a good indicator of  the degree of its purity [i. 1 ]. As Table [ shows the amount of 
32p bound per mg of protein increases in ~he course of the purification of heart 
sarcoplasmic reticulum up to 2.5 n~J-oi 32p r.,er mg prott:in. If  one assumes that by 
forming [32P]phosphoenzyme bond each molecule of  Ca2+-dependent ATPase, 
with a molecular vJeight of  100 000, binds one molecule of phosphe.te, the specific 
activity of ATPase in calcium-oxalate prepara*.~on (Table I) can be increased by 
further purification at least up to 10/~mol Pl/min per rag prote~n. 

In Fig. 5 the data  are presented on electrophoretic separation of  proteins from 
heaxt calcium-oxedate preparation incubated with [¥-32p]ATP. Most of the labe ~ 
was bound to a 100000 dalton protein component. It is important to  note that 
protein Ms5 did not bind the label at all. This fact demonstrates that Mss  protein 
is not a part of  the degraded ATPase molecule [28] but rather corresponds to a. cal- 
cium-binding protein isolated from sarcop!asmic reticulum of skeletal muscle 
[11,291. 

IsolaHo~ o f  Ca 2 +-dependent ATPase from heart sarcoplasmic reticulum 
The successful purification of a highly active and non-contaminated system 
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Fig, 5, Polyacrylamide gel elcctropboresis o f  phosphorylated protein o f  calcium-oxalatt: preparat ion 
f rom pigeon heart.  For  conditions o f  incubat ion with Ly-32P]ATP and electrophoretic separat ion of  
proteins at pH 2,4 see Materials and Methods.  O - - - Q ,  radioactivity o f  gel slices; - - ,  densi togram 
o f  polyacrylarnide gel scanned e.n lntegraph CM (Bende Hobein,  Zurich) at 600 rim, 

of"calcium pump" was a key moment for the subsequent isola~ !on of Ca 2 +..dependent 
ATPase in a homogeneous fo.~m. Modification of the MacLvnnan technique [9] 
including solubilization of enzyme with sodium deoxycholate awl subsequent precip- 
itation with ammonium ac~;tate was used for this purpose (Table III, Fig. 6). 

By treatment of  calcium-oxalate preparation with a low concentration of 
of sodium deoxycholate it was possible to partially remove protein Mss which went 
to superna~aat St (Fig. 6, gel b) and to decrease th :  amount of calcium associated 
with microsomes. The latter is very important since the presence of Ca 2+ though 
protecting ATPase molecule~ from inhibitory action of detergents [10] increases 
the number of bands in polyacrylamide gel [26, 27]. This may be due to the activation 
by Ca 2~ [30] of proteases associated with membranes of heart sarcoplasmic 
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Fig. 6. Changes in the protein composit ion in the course o f  the isolation o f  CaZ+-dependent ATPase  
f rom pigeon heart .  Polyacrylamide gel electrophort~sis at  neutral  pH  was per formed a~t described 
under Materials and  Methods.  Gels:  a,  calcium-oxy~late preparat ion;  b, prepara t ion S~ (see text and 
Table 111); c, preparat ion Pa; d, preparat ion P4, Ce, a +-dependent ATPase ;  e, Ca  2 +-depende~nt ATPase  
f rom skeletal muscle microsomes. 
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reticululn [31 ]. To block endogeneous proteases [31 ] dithiothreitol was added to the 
medium at various stages of the Ca2+-dependent ATPase purification. 

To prevent the decrease of ATPase activity at further stages of enzyme frac- 
t~onation glass centrifuge tubes were substituted for organic ones. Low speed centrif- 
ugation for 30 rain was found to be sufficient to precipitate proteins in the presence 
of  ammonium acetate. Decreasing the pH value in the suspension from 8.0 (see 
ref. 9) to 7.5-7.6 also protects enzyme from the inhibitory action of the detergent. 
The addition of 0.5 mg deoxycholate per mg protein led to a significant activation of 
A T P ~ e  in P~ preparation (Table III). After its subsequent centrifugation more than 
80 ~o of the ATPase activity was found in the transparent $2 supernatant. P2 precipi- 
tate which possesses negli~ble Ca2+-dependent ATPase activity contains mainly 
low molecular weight proteins (Fig. 6, gel c). 

Th,. ~ subsequent addition of ammonium acetate to $2 or $3 supcrnatant 
(0.27-0.30 ml/ml) resulted in a significant turbidity of suspensions. Ca 2 ÷-d~pendcnt 
ATPase (P~) with a mole~:ular weight of  100 000-105 000 (Table iIt ,  Fig. 6, gel d) 
could be further precipit~,ted from S~ or $3 by simple ccntrifugation at 1500xg  
for ~]0 rain. 

Precipitated ATPase dissolves completely even when the concentration of 
©nz)~ne is as high as 25 mg protein/ml. In a soluble form the purified enzyme can be 
preserved while kept on ice in a medium containing 1.0 IV[ sucrose. As with ATPase 
from skeletal muscle [9] the addition of ammonium acetate prevented the quick 
decease  of enzyme activity. The activity of heart muscle Ca2+-dependent ATPase 
decreases in this case by 5-20 ~/o in the first 10 days. 

According to results of 6 separate isolation experiments specific activity of 
Ca2+-dependent ATPase (P4) from pigeon heart muscle is about 12-16 units per mg 
protein. The specific activity of enzyme isolated t~om rabbit skeletal muscle (Fig. 6, 
gel e) varied from 15 to 30 units per mg protein. 

Characterization o f  purified enzyme 
A high degree of purity of Ca2+-dependent ATPase preparation, from heart 

sarcoplasmic reticulum proved by the existence of  a single protein band in polyacryl- 
amide gel, (Fig. 6, gel g) is also supported by the data on measurements of other 
ATPases in a preparation (Table IV). In our preparation ouabain-inhibited (Na+@ 
K+)-ATPase and azide-sensitiv¢ ATPase (mitochondrial) are absent. Uncoupling 
agent 2,4-dinitrophenol does not affect the rate of ATPase reaction in the preparation 
P4- The value of Mg 2 +-dependent ATPase activity was about 0.4 ~ of Ca2+-deFen - 
dent ATPase. Complete inhibition of ATPase activity could be achieved in the 
presence of 0.2 mM p-chlororaercuribenzoate (Table IV). 

The activity of purified Ca2+-dependent ATPase is linear in the first 3 rain 
ofincubation (Fig. 7A) in the presence, as well as in the absence of ATP-regenerating 
system. Inhibition of ATPase in the absence of ATP-regenerating system due to an 
increase of reaction products can be overcome by increasing the ATP concentration 
or by decreasing the amount of protein in a mixture. 

In Fig. 7, B, C and D the data  are presented on the effects of pH,  Ca 2+ and 
the temperature on the activity of Ca 2 +-dependent ATPases isolated from heart and 
skeletal muscle saxcoplasmic reticulum. It is evident that the parameters of the enzymes 
from two types of  muscles are similar, pH optimum for both enzymes is in th:'. range 
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T A B L E  IV 

E F F E C T  O F  V A R I O U S  A G E N T S  ON" T H E  A C T I V I T Y  O F  H E A R T  Ca= + - D E P E N D E N T  
ATPase  

Assay  condi t ions  were described in the lege,lcL to Table  I I l .  Sodium azide was omi t ted  f rom the ini t ial  
react ion mixture.  Exper iments  1 and  2 were ¢=~rried ou t  with different ATPase  prepara t ions .  The  mean  
values o f  5 assays are presented. 

Addi t ions  !!,t:zyme activity 
(units  per  mg protein)* 

Exper iment  I 
- -  14.2 
1 m M  sodium azide 14.4 
1 m M  E G T A  0.05 

Exper iment  2 
12.1 

0.1 m M  ouaba in  12.3 
0.1 m M  2,4-dini t rophenol  12.2 
0.2 m M  p-chloromercur ibenzoate  0.01 

* l uni t  equals  the produc t ion  of  I l~mo] Pt per  min  at 37 oC. 
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Fig. 7. Proper t ies  o f  Ca  a +-dependent  ATPases  isolated f rom pigeon hear t  a n d  rabbi t  skeletal muscles. 
F o r  compos i t ion  o f  the incubat ion medium and  condi t ions  o f  assay see legend to  Table  I l l  A. The 
progress curves for the Pi p roduc t ion  by heart  Ca a ÷ .dependent  ATPase .  The  react ion was init iated 
by  the addi t ion  o f  30/~g protein.  @ -- O ,  in the presenc© o f  10 m M  phosphoeno lpyruva tc  a n d  0.6 ] .U.  
per  ml o f  pyruva te  k inase;  • . . . .  A ,  in the absence o f  ATP-regenera t ing  system. B. p H  curves for  
ATPases.  Reac t ion  was ini t ia ted by the add i t ion  o f  18/~g ,:skeletal muscle,  O - - O )  and  30/~g (heart  
muscle,  • - - 0 )  o f  prot©in. Incuba t ion  tim© was 3 rain. C. ATPas¢, act ivi ty vs. Ca  2+. 10/~g skeletal  
ATPase  prote in  ( O  - - O )  or  24/~g o f h o a r t  ATPaso  protein ( O  - - 0 )  was added  to  the assay m ~ u r ¢ .  
2 m M  E G T A  a n d  var ious  amoun t s  o f  CaCI= were present  in the mixtures ,  A T P  a n d  MgCI2 concentra-  
t ions were 3 a n d  4 m M ,  respectively. Concen t r a t i on  o f  free Ca  = ÷ was calculat , 'd using gb  for  E G T A  
with  Ca  =+ e q ~ l  to 4.78 - 10 a • M -  z at  p H  7.0 [32]. D.  T~mpera ture  dependcn.-,o o f  ATPaso  activity.  
p H  was equa l  to 7.19 at  each tompera ta re  value. O - O ,  skeletal  ATPas¢  ( 1 0 p g  pro le in) ;  • -  O ,  
hear t  ATPaso  (241-4 g protein).  
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7.2-7.4. Dependence of ATPase activities on Ca z + reveals a sharp peak at a concen- 
tration of  free Ca a + close to 10 -6 M. 

The values of  activated energy calculated from data  given in Fig. 7D arc also 
similar (27.5 and 28.3 kcal/mol for heart and skeletal ATPase, respectively). Pre- 
liminary experiments have shown that  the significant differences in phospholipid 
composition observed in crude preparations of  heart and skeletal microsomes do not  
exist in the purified preparations and in Ca2+-dependent ATPases from these sources. 

D I S C U S S I O N  

In addition to the main purpose, i.e. purification of  sarcoplasmic reticulum 
and Caa+-dependent ATPase from heart muscle, in the course of  this study it was 
necessary to solve a number of  complicated methodological problems met by every- 
body dealing with heart sarcoplasmic reticulum. This concerns, first .~ ,~ all, the storage 
of  enzyme preparations. We have found that  quick: freezing of  h ~ r t s  in liquid nitrogen 
and their storage at --'70 °C for up to 2 months preserves completely the activity of  
Ca 2 +-dependent ATPase and only slijhtly affects the ability of microsomes to accu- 
mulate Ca a÷ [26, 27]. 

Important  factors for the preservation of  high heart "calcium pump" activity 
are the quick preliminary purification of  microsomes in salt medium and the optimal 
regime of  homogenization (see also refs. 5 and 13). in addition the presence of  40 
sucrose [33] oc 1 M KCI in suspension and the freezing and storage of  preparalions 
at --70 °C prevents the loss of heart calcium pump activity at various sta~es of 
purification. 

The results of  several experiments led to the conclusion that  for the isolatiot~ 
of  homogeneous and highly active Ca2+-dependent ATPase from heart muscle it is 
necessary to  have a purified preparation of  sarcoplasmic retic~lum or calcium- 
oxalate preparation. All attempts to purify Ca 2 ~-dependent ATPa.,~e by direct trear.- 
ment of  crude microsomal heart preparation with deter/~ents have failed. After the 
treatment of  crude microsomes with cholate, deoxycholate or Triton X-100 ATPase 
activity always decreased significantly. This could be partially i~revented by the addi.. 
tion to the medium of  3-5 mM CaCIz. However, this procedure led to the degradatiov 
of  Ca2+-dependent ATPase molecule into two or more componmts  [26, 27]. Endo- 
genous proteases activated by calcium also lay obstacles for the isolation of  the 
homogeneous enzyme from heart muscle [i0, 12, 26, 27] by fractionation on Sepharose 
4B column. 

Calciurn-oxab~te preparation isolated from heart sarcoplasmic reticulum 
possesses a high Ca~+-dependent ATPasv activity. This is achieved by the partial 
loading of  microsomes with calcium oxalate before centrifugation only by 15--20 ~/o 
from maximal saturation. It was therefore possible to  avoid the inhibition of  enzyme 
activity (Fig. 3) apparently observed in experiments of  Carsten and Reedy [i4]. It 
is noteworthy ~hat calcium-oxalate preparation obtained by this procedure was also 
able to accumulate up to I0 pmol  Ca 2+ per rng protein. 

Analysi.,; of  the values of  the calcium-oxalate capacity, the rates of  ATPase 
reaction and the protein composition reveals the similarity of  the properties of  puri- 
fied heart sarcoplasmic reticulum and reticulum from skeletal muscle. The basic 
compo~ems of  the calcium pump system in two types o f  muscles are Ca" +-dependent 
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ATPase  (M100) and  the protein M s s .  At  the same t ime it cannot  be completely ruled 
out  that  in the heart  sarcoplasmic reticunum some low molecular  weight  prote in  
components  may  be present  which are absent  in skeletal sarcoplasmic re t iculum 
(compare  gels e and f, Fig. 4). In this respect it is of  interest to  check the presence in 
purified hear t  " 'calcium p u m p "  of  protein kinase regulat ing the rate of  calcium 
transporl  in crude prepara t ions  of  heart  microsomes [34-36]. 

The specific activity of  purified Ca:~+-dependent ATPase  f rom heart  sarco- 
plasmic re t iculum is abou t  2-fold lower than  the activity of  analogous  enzyme isolated 
by M a c L e n n a n  f rom skeletal muscle [9]. There are reas3ns to b:l ieve tb~t specific 
activity of  CaZ+-dependent  ATPase  f rom heart  sarcoplasmic reticulu_nx can be 
increased after certain changes in homogeni::~tion procedure  and  by  the inhibi t ion or 
removal  of  contaminating. ~ysosomat enzymes. The same is true,  however ,  for skeletal 
muscle vesicles since one n a y  expect the following improvement  in their  isolation 
procedure  and  as a result a significant increase in the ATPase  activity. Thus ,  the 
activity of  a purified enzyme can hardly b :  regarded as a decisive a rgument  in com- 
pari~g the functions of  various relaxing syste.ms. 

On the basis of  da ta  obtained,  the dif:erences in relaxing systems in two types 
of muscles cou!d more  likely by explained by differences in the content  of  sarco- 
plasmic re t iculum in cells as well as by the possible existence of  special s~sl:ems regu- 
lating the funct ion of "ca lc ium pumps" .  
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