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The reconstitution of functional sarcoplamic reticulum vesicles capable 
ofCa2+ txansporthasbeenachieved. Sarcoplasmic reticula vesicles are 
first solubilized with deoxyclmlate and then reassembled ' to maabranous ves- 
icles by removal of the detergent using dialysis. The Ca !I? PcmrpProteincan, 
by itself, be reconstituted to form Esbranous vesicles capable of energized 
Ca2+binding anduptake. The lipid amtent of the reconstituted vesicles is 
about the same as that of the original sarcoplasnic reticulum vesicles. The 
reconstituted vesicles have an elevated ATPase activity. Ca2+ binding and up- 
take in the presence of ATP am restored to about 25% and SO%, respectively. 

Sarcoplamic reticulum of skeletal muscle is a highly differentiated mpm- 

branewithapparentlyone function, the release anduptakeof ~a 2+ during the 

contraction-relaxaticn cycle of Muscle (for reviews, see refs. 1 and 2). The 

singleness of purpose together with a relatively simple protein and lipid am- 

positionmake sarooplasmic reticultnnagood system for studyingmmbrane func- 

tion and reconstitution. Only threemajorproteins are cmsistmtlyobserved 

by polyacrylatnide gel electrophoresis (3). One of these, the Ca2+ pmp pro- 

tein accounts for two-thirdsof thetital sarcoplasmicreticulumpmtein and 

has been purified using deoxyclmlate (3,4) or Tritxm X-100 (5). The Ca2' 

plrmpprotein,tiichbindsphospholipid, fonnsmezbranes upmrenovalofbile 

acids (3,6), and has many of the characteristic properties of saxoplasmic 

reticulun. It catalyzes the Ca2+ dependent hydrolysis of AIT via formation 

of a phosphoenzym intermediate (1,2). Also, itcontainsone specificAT 

and tm specific Ca2+ binding sites per phosphorylation site (7) and is cap- 

able of tmnsporting Ca2+ when incorporated into liposcmes (8). 

2+ This commnication describes the reconstitution of energized Ca binaing 

and uptake by sarcoplasmic reticulum vesicles which were solubilized with de- 

oxycholate and then all& to reform into menbranous vesicles by removal of 
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the detergent using dialysis. We could show, further, thatthepurifiedand 

reconstituted Ca 2+ pump protein by itself is capable of energized Ca 2+ bind- 

ing and uptake. 

MEZJHODS 

Sarmplasmic reticulum vesicles ware prepared by zonal centrifugation es- 

sentially as previously described (3). Following the seomd sonal centrifu- 

gation the preparation was treated on ice overnight in the presence of 15% su- 

crose with 0.6 M KC1 to remove mall mounts of extraneous muscle proteins. 

Energized Ca 2+ binding and uptake were masured as previously described 

(3) using 45ca2+ and the Millipore filtration technique of Martonosi and Fere- 

tos (9). The Ca2+ uptake reaction was carried out for 10 min at 23' C in a 

madium containing lo-20 pg sarcoplasmic reticulum protein/ml, 0.1 M KCl, 5 r&l 

w2+, 5 mM ATP, 100 PM Ca2+, 65 PM EGl'A, 7.5 n-N oxalate and 10 mM HEPES 

(pH 7.1). Ca2+ binding, i.e. C.a 2+ accmmlation in the presence of AlT and in 

the absence of oxalate, was measured at 23O C in a medium containing 100-200 

pg sarcoplasnic reticul&ml, 0.1 M KCl, 5 r&T Mg'+, 5 NM ATP, 45-55 NM Ca2+, 

30 FM EGTA, and 10 r&I H.WES(pH 7.1). The reaction was started by the addi- 

tion of ATP and was terminated after 30 set and 2 min. In the binding assay 

total ca2+ concentrations were determined by atomic absorption spectroscopy 

(3). 

ca2+ stimulated ATPase activity was de&mined at 23' C as the differ- 

ence between total ATPase and "basic" ATPase activity. Ibtal ATPase activity 

wasmeasured in themediumused for Ca 2+ binding. "Basic" ATPase was esti- 

mated in a medim containing 1 mM EGTA (ethyleneglycol-bis-(f3-minoethyle- 

ther)-N,N'-tetraacetic acid) and no added Ca2+. Inorganic phosphate was de- 

teminedbytheprocedure of Fiske and SubbaPow (10) using Elon as a reduc- 

ing agent. 

Protein was determined by the procedure of Jowry et al. (11) using bo- -- 

vine serum a.Uxmm as a standard. Total phosphorus was measured as an esti- 

mte of lipid phosphorus (12). 
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Fig. 1. Electxon microgra* of reconstituted sarcoplasmic reticulum vesicles 

Saraoplasmic reticulum vesicles ware solubilized with deoxycholate un- 

der conditions similar to those used previously (3). Solubilized sarcoplas- 

mic reticula is no longer membranous as observed by electron microscopy (not 

sham, cf,. also ref. 3). Meakranous vesicles are then reassembled by remv- 

al of the detergent by dialysis (Fig. 1). The conditions of reconstitution, 

i.e., dialysis for 22 hours at 22' C, result in mroval of rmst of the deter- 

gent (Table 1). Energized Ca2+ uptake is restored and Ca2+ stimlatedATPase 

activity is reduced in the reconstituted vesicles as compared with the solu- 

bilized p:reparation. The protein profile of reconstituted sarcoplasmic re- 

ticulum vesicles is similar to the one of the original sarcoplasnic reticulum 

vesicles in that the Ca 2+ pmpproteinis thermjorproteinccqonent. (Gels 

1 and 2 in Fig. 2). It differs in thattwa othermajorproteins of sarco- 

plasmic reticulum, the Ca2+ binding and KS5 proteins (3), are only in part 

reboundby themmbrane. 

The characteristic properties of original and reconstituted sarcoplasmic 

reticula vesicles are c~opared in Table 2. Accordingly, the reconstituted 

sarooplasmic reticulum vesicles contain approxkmtely the same amount of phos- 
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Fig. 2. Separationof sarcoplamic reticulumproteins bygelelectrophoresis 
Sodium dodecyl sulfate gels, containing 10% and 5% acrylmide in the 

separating and stackirq gel, respectively, were prepared and run as described 
by Laemmli (13). Samples (40 ug protein per gel) were reduced with 2.5% 
2lnercaptmkhanol by heating for 4 min at 100' C prior to gel electrophoresis. 
Gels were stained with 1% Amide Schwartz (3). Gel 1, original sarcoplasmic 
reticula; Gel 2 reconstituted sarcoplasnic reticulum (cf. Table 2); Gel 3, 
reconstituted Ca 2+ pmrp protein (cf. Table 3). 

pholipid (expressed as moles P/nq protein) as the original vesicles. Both 

preparations are also capable of forming about the sama almint of plmsphoen- 

zym irxdicating that practically none of the Ca2+ pump protein activity is 

lost during solubilization aud dialysis. ca2+ stimulated ATPase activity is 
2+ increased several-fold, while Ca binding anduptake are restored to approx- 

imtely 25% and 50% of their original values, respectively. Inlxkhprepa- 

rations the twolatteractivities are dependenton thepresenceofATP and 

are inhibited by the ionopkxe X537A. X537Ahasbeenshown, recently, to 

cause therapid releaseof Ca 2+ fm sarcoplasmic reticulum (14). 

The Ca2+ purqproteinalonecanbereamstitutedto fonnmnbramus 

vesicles capable of energized Ca 2+ bindingsndqzkake. The purified Ca 2+ 

pq~ protein is solubilized and then reassaTlbled by dialysis in a similar 

wayasusedforthe reconstitutionof total sarcoplasnicreticulmmembraues 

(Table 3). Ca2+ uptake of the recmstituted vesicles is scmewhat increased 
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TABLE1 

REfmNsTmoN OF ca2+ WTAKEBYSAFmPLASMICHETICULUM 

Sarccplasmic Reticulum 
solubilized reconstituted 

IQ deoxycholate/ml 3.4 0.07 

Ca2+ uptake (mles Ca2+/q protein) < 0.1 3.2 

Ca2+ stimlated ATPase (moles Pi/m-g 
proteinpermin) 3.1 2.1 

Sarco lamic reticulum vesicles (7.0 xtq protein/mlf were solubilized at O" 
with ~4c-deoxycholate (3.5 mg/ml, lo3 cpn per nq) in a 10 rr@l Tris buffer 

C 

(pH 7.9) containing 0.4 M KCl, 0.4 M sucrose, 1r1-M EMII, 1.5 r&l Mg2+ and 
0.1 m ca2+. Insoluble material (lo-25% of the protein) was remved by cen- 
trifugation in a Spincm 65 rotor at 50,000 rprn for 75 min. The solubilized 
san@e( 1 ml aliquot) was then reconstituted by dialysis for 22 hours at 22' C 
against 500 ml of a 8 IIM BEPES (N-2-hydroqethylpiperazine-N'-ethanesulfonic 

buffer, pH 7.25, oontainiq 0.4 M KCl, 0.25 M sucrose, 1 rW IDEA, 1.5 IIW 
and 0.1 mM Ca2+. It should be noted that the solubilized and reconsti- 

tuted sarcples were diluted about 500-fold when assayed for Ca2+ uptake and 
ATPase activity. 

E!oundph3sphorus (~lesP/qprotein) 
32 P-phosphoenzyme (nnoles 32P/nKJ protein) 

ATPase (WoleSPi/mg 
5 
roteinpermin) 

with 50 PM Ca +-30 NM EGTA 
WithlrcMEGIA 

ca2+ uptake (Wles Ca2+/q protein) 
complete system 
minusATP 
plus X 537A (20 ug/ml) 

Ca2+ binding (nrtoles Ca2+/sq protein) 
axplete systpm 
minusm 
plus X 537A (25 ug/ml) 

Sarcoplasmic Reticulum Vesicles 
Original FWonstituted 

0.78 0.95 

6.4 7.0 

0.35 1.9 
0.1 0.1 

6.0 3.6 
< 0.1 < 0.1 
< 0.1 < 0.1 

160 44 
14 12 
20 9 

Sarcoplasmicreticulumvesicleswere solubilized andreconstitutedasdescrib- 
edinthelegendof Table 1. Onemlaliguotsofthedialyzedsan@eswere 
thendilutedwith 8ml ofdialysisbuffer,centrifuged in aSpinco 65 rotor 
at 45,000 rpn for 60 min, and resuspended in lml of 0.3 M sucrose - 1 IW 
HEPES (pH 7.4). 
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when additional sarcoplasmic reticulumphospholipid in formof an aqueous 

microdispersion (15,16) is added to the sar@e before its solubilization with 

demycholate. Under these conditions vesicles are reformad which contain 

about twice the amunt of pimspholipid of original sarcoplasmic reticulum 

vesicles. The reconstituted Ca2+ purqproteinis appmx. 90% pure amdessen- 

tially devoid of Ca2' binding andM55 proteins (Gel3 inFig. 2). 

DISCUSSION 

In the present study, we have described the reconstitution of menbranous 

vesicles capable of energized Ca 2+ binding anduptake. Sarcoplasmicreticu- 

lm vesicles or the Ca2+ pump protein, by itself, have been solubilized by 

deoxycholate and then reassembled by dialysis to remove the detergent. Mar- 

tonosi (17) was the first to describe atteqts at reconstituting functional 

sarcoplasmic reticulum vesicles. Sarcoplamic reticulum vesicles suspensions 

were clarified by the use of deoxycholate and by sonication. Rermval of de- 

tergent by Sephadex chrcmatography or simple dilution resulted in restoration 

of part of the original Ca2+ uptake activity. In our hands,rapid dilution 

was not sufficient to restore Ca2+ uptake in our solubilized sample (cf. 

Table 1). In this respect Martonosi (1) has recently cxrnnented on his ear- 

lier studies: "The partial restoration of Ca 2+ transport after treatmnt 

with deoxycholate may represent reassociation of large membrane fragments 

whichwere notdisruptedby the detergents, instead of areassemblyof fmc- 

tionally ampatent rmtkmnes from molecularly dispersed amstituents". We 

were careful to remove all Crane fragments by high-speed centrifugation. 

The absenceofnmbranous fragmentswas further ascertainedby electronmi- 

croswpy. 

Ihe reconstituted sarwplamic reticulum vesicles contain only part of 

the Ca2+ binding and M55 proteins originally present. The reconstituted Ca2+ 

puq~ protein was essentially devoid of these two major proteins of sarcoplas- 

tic reticulum. Thus, vesicles ccanposed mainly of the Ca2+ pump protein and 

amounts of plmspholipid normally present in sarcoplasmic reticulum vesicles 
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P~PEXCIESOFREDXSTITWEDMEMBRANous VFSICLES CCNSISTJNG OF Ca2+ 
PUMPPFXYI'EIN ANDPI-KSPHOLIPID 

PREPAWiTICN PROPERTIESOFREo3NSTI'IWEDVESICLES 
Emlnd #KEpho~ ca2+ upeke Ca2+binding 

(pmles P/ (mles Ca2+/ 
qprotein) q protein) 

+ x537A 

ca2+ ~proteirl 
ca2+ pm&~protein+SR 

phosphlipid 
ca2+ puxtqpmtein+deoxy- 

cholate extract 

Control hamstituted SR 

0.6 1.7 27 10 

1.45 2.5 34 9 

1.0 2.3 28 9 

vesicles) 0.9 3.5 42 7 

Sarcoplasmic reticulum (SR) vesicles (llq,hl) were treatedwithdeuxycho- 
late (3.4 q/ml) in a 10 n@l Tris buffer (pH 8.0 

1+ 0.4 MKCl,lr&lEWY~,1.5~Mg~+and O.lmCa 
containing 0.4 M sucmse, 
. A soluble andmembranous 

fraction were cdkained by centrifugation for 60 min at 49,000 rpn in a Spin- 
co 65 rotor. The rm&anous fraction was once washed by resuspending the 
pellet in the above Tris buffer and recentrifugation. The resulting pellet 
(purified Ca2+ pump protein) was taken up in one-third of the original vol- 
meof the aboveTrisbuffertogive apmteinamcentrationof approx. 
251rg/ml and thendivided into three equal aliwts. One aliqmtwas dilut- 
edwith1/3volmeof the atmvedeoxycholateextract, aseamdaliqmtwas 
dilutedwithacorreqxmdingvolm~of the aboveTrisbuffer, and to the 
thirdaliqmtaamzeqxmding volumeof the above Trisbuffer containing an 
aqueous micxodispersion of sarc~plasmic reticulum phospimlipid (4.2 moles 
P/ml)(15,16) was added. Clarification was obtained by adding 7% deoxycho- 
late to a final amcentration of 3.9, 1.4 and 3.4 q/ml, respectively. Af- 
tercentrifugation TV remve insolublematerial,the solubilizedsamples 
were dialyzedandwashed asdescribed in the legends of Tables land 2. Re- 
constituted sarcoplasnic reticulum vesicles prepared as described in the 
1egendofTable 2 servedas thecontrol. 

possess tm of the important dmzacteristics of sarcoplasmic reticulm, i.e., 
2+ they arecapableofeneryizedCa uptake andofmintaining apemability 

barrier for Ca2+. Our reomstituted vesicles are scmzwhat inferior to the 

original sarcmplasmic reticulm vesicles in that they have an elevated ATPase 

activity andaccunulateloweramuntsof Cd 2+ inthepresenceofATP. The 

abse.noeoftheCa2+ binding andM,.5 proteinsmya ccount for .mne of these 

differences. 
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