
BIOCHEMISTRY AND BIOPHYSICS 

++ 
Ca TRANSPORT BY MEMBRANE-BOUND MONOMERIC Ca-ATPase OF 

SARCOPLASMIC RETICULe4 

V. B. Ritov and N. S. Shcherbakova UDC 612.744.16:546.41]:612.744.015.1] 
.014.2:576.311.336 

KEY WORDS: sarcoplasmic reticulum; ATPase; proteoliposomes. 

q~ 
Ca-dependent ATPase, responsible for active Ca transport, is the chief protein compo- 

nent of membranes of the sarcoplasmic reticulum (SPR) of fast skeletal muscles. The molecular 
weight of the catalytic polypeptide of Ca-ATPase is i00,000. Methods of obtaining the cat- 
alytically active monomeric form of the enzyme in a solution of detergents have now been de- 
veloped [5, 9, i0]. These preparations can be used to determine the enzymic properties of 
monomeric ATPase, but they are unsuitable for the study of transport function because the 
ATPase exists in the form of mixed protein-detergent micelles. The discovery of a transport 
function in the case of monomeric ATPase is very interesting because it enables a choice to 
be made between the two models of the Ca++-transporting unit at present available: oligomeric 
[13] or monomeric [12]. 

This paper describes a method of obtaining proteoliposomes containing the monomeric form 
of Ca-ATPase and it is shown that the monomeric form of the enzyme can transport Ca ++. 

EXPERIMENTAL ~THOD 

Fragments of SPR from rabbit skeletal muscles and a membrane preparation of Ca-ATPase 
were obtained by the method in [1]. Proteoliposomes with different protein/lipid ratios were 
obtained by mixing a solution of ATPase and ovolecithin in medium containing 0.45 M sucrose, 
0.5MKCI, 15 ~ Tris-HCl, pH 7.5, at 25~ and choleate in a concentration 10-15 mg/ml. The 
lecithin/choleate and protein/choleate ratios in the solutions were 1:0.5 and 1:1.5, respec- 
tively. The mixture of ATPase and ovolecithin was incubated for 30 min at 4~ and then passed 
twice through a column with the anion-exchange resin Dowex 2• (20-50 mesh) at 25~ to remove 
choleic acid. The column was equilibrated with ATPase-solubilizing medium not containing 
choleate. Protein SH-groups were determined by Ellman's method in medium containing 0.5 M 
NaCI, i0 mM Tris-HCl, pH 8.0, at 25~ and 1 mM 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB). 
The protein concentration was 0.025 mg/ml. The proteoliposomes were treated with the bifunc- 
tional reagent 1,3-difluoro-4,6-dinitrobenzene (DFDNB) in medium containing 0.3 M sucrose, 
0.5 M NaCI, i0 mM triethanolamine-HCl, pH 7.4, at 37~C and 1 mM DFDNB for 3 min. The protein 
concentration was 0.5 mg/ml. The reaction was stopped by the addition of glycine in a con- 
centration of 50 mM. Disc electrophoresis in polyacrylamide gel was carried out in the pres- 
ence of sodium dodecylsulfate [7]. To determine Ca ++ transport the method of chlortetracy- 
cline fluorescence was used [4]. The fluorometric determination was carried out in medium 
containing 1 mM MgCI2, i00 mM KCI, 1 mM ATP, 2 ~M chlortetracycline, and 15 mM imidazole, pH 
6.7, at 34~ The protein concentration was 0.02-0.03 mg/ml. The protein concentration was 
determined with biuret reagent and with Amido black. 

EXPERIMENTAL RESULTS 

Electron-microscopic analysis, using a method of negative staining of material passed 
through the anion-exchange resin, showed that they contain closed vesicles with a mean diame- 
ter of about i00 nm. Most vesicles were formed by a single membrane. The method used thus 
allowed proteoliposomes to be reconstructed from a solution of protein and lipid. The writers 
showed previously by the freeze-etching method that the number of intramembranous particles 
on a shear surface of reconstructed proteoliposomes is considerably reduced if the lipid/pro- 
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Fig, i. Densitograms of gels after electrophoretic separation 
of control specimens of proteoliposomes (continuous line) and 
after treatment with DFDNB (broken line), a) Proteoliposomes with 
a protein/lipid ratio of 1:0.6; b) the same, with a ratio of i:i0. 
Arrow indicates beginning of separating gel. 
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Fig. 2. Titration of SH-groups of Ca-ATPase in reconstructed proteoliposomes (pro- 
tein/lipid ratio i:i0 w/w) with DTNB. Abscissa, incubation time (in min); ordinate, 
modified SH-groups (in moles SH-groups/mole protein). 

Fig. 3. Changes in intensity of fluorescence of chlortetracycline during Ca ++ trans~ 
port by reconstructed proteoliposomes, i) Protein/lipid ratio 1:3, 2) i:i0. Abscis- 
sa, time (in min); ordinate, intensity of fluorescence (in relative units), 

tein ratio rises [2]. This indicates that the ATP concentration in the membrane can be al- 
tered by dilution with lipid. To discover whether dissociation of the enzyme into monomers 
takes place on dilution, a method based on the use of the bifunctional cross-linking reagent 
DFDNB was adopted. Proteoliposomes with different lipid/protein ratios were incubated with 
excess of DFDNB and then subjected to electrophoretic separation. To estimate the degree of 
monomericity of the ATPase in the preparation, the ratio of the area of the peak of the cat- 
alytic polypeptide in the specimen treated with DFDNB to the area of the corresponding peak 
in the control specimen was used. The DFDNB concentration and incubation time were chosen so 
that practically complete cross-linking of the catalytic polypeptide took place in specimens 
with a low lipid/protein ratio. Densitograms of gels after electrophoretic separation of 
control specimens of proteoliposomes and after treatment with DFDNB are shown in Fig. i. As 
Fig. la shows, when the protein/lipid ratio was 1:0.6, treatment with DFDNB led to the prac- 
tically complete disappearance of the catalytic polypeptide, and most of the protein remained 
on the boundary between the separating and concentrating gels. Treatment of proteoliposomes 
obtained from a solution of ATPase and phospholipid in the ratio of i:i0 under the same condi- 
tions led to much less cross-linking of protein (Fig. 2b). The quantity of monomer of the 
catalytic polypeptide in preparations diluted with lipid was as a minimum 65%, but the pos- 
sibility cannot be ruled out that the percentage of the monomeric form of ATPase in the re- 
constructed proteoliposomes was higher, for at the,incubation temperature used (37~ cross- 
linking of monomers can also take place as a result of diffusion collisions. The decrease in 
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the degree of cross-linking of the catalytic polypeptide on dilution with phospholipid was 
probably not connected with screening of groups reactive in relation to DFDNB, As Fig, 2 
shows, all 18 SH-groups of the catalytic polypeptide, diluted with phospholipid in the ratio 
of i:i0 w/w remained accessible for DTNB [14], from which it can be postulated that reactive 
groups of ATPase preserve their accessibility for DFDNB also, a substance belonging to the 
class of bifunctional reagents passing through the membrane [15], 

The results thus show that the method of separation used in fact allows the ATPase con- 
centration in the membrane to be reduced, in agreement with earlier data obtained by electron 
microscopy [9]. Under these circumstances the ATPase in the diluted specimens exists chiefly 
in monomeric form. 

To study whether the monomeric form of ATPase is <apable of active Ca ++ transport, the 
Ca++-transporting function of proteoliposomes with different protein/lipid ratios was compared, 
The kinetics of Ca ++ transport, measured as fluorescence of chlortetracyeline, by proteolipo- 
somes obtained by diluting the catalytic polypeptide with phospholipids in the ratios of 1:3 
and i:i0 w/w is shown in Fig. 3. It will be clear from Fig. 3 that the Ca+~--transporting 
function of proteoliposomes with a large excess of phospholipid was better than that of pro- 
teoliposomes containing less phospholipid. This suggests that the monomeric form of ATPase in 
the membrane can not only hydrolyze ATP, but can also transport Ca 'J-+ actively. The appearance 
of a Ca++-gradient in the reconstfucted proteoliposomes is due to the fact that addition of 
the Ca ionophore X537A leads to rapid outflo~ of Ca++ from the proteoliposomes (Fig. 3]~ 

++ 
Two models of organization of the Ca -trans~$rting pump of the SPR are currently being 

examined in the literature. According to one, Ca transport is carried out thro~h a chan- 
nel in the core of the catalytic polypeptide [12]. The other model postulates Ca transport 
through a channel formed in the region of contact between two or more catalytic polypeptides 
[13]. Many attempts have been made to detect oligomers of SPR Ca-ATPase by means of cross- 
linking reagents [3, 8, ii]. Most of these investigations have shown that a spectrum of 
oligomers of different composition -- from dimers to aggregates of high molecular weight -- is 
formed by the action of cross-linking reagents. This is probably due to the considerable con- 
tribution of diffusion collisions between ATPase molecules as a result of their high concen~ 
tration in the membrane to the cross-linking process. Position of proteoliposomes with a 
high lipid/protein ratio enables the ATPase concentration in the membrane and~ correspondingly 
the cross-linking with the bifunctional reagent on account of random collisions to be reduced. 
Moreover, it was found that ATPase exists in diluted preparations not as oligomers of a defi- 
nite composition, such as dimers or tetramers, but in monomer form. Hence, if oligomers exist 
also in SPR membranes~ the bond between the subunits in them is rather weak and can easily be 
broken by the action of detergent and phospholipid. The most important result is that the 
existence of ATPase in monomeric form does not affect its ability to transport Ca ++ . Accord- 
ingly there is no need to regard the possible oligomeric organization of Ca-ATPase in the SPR 
membrane as an essential condition for the performance of its transport function, 
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