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ABSTRACT: The ATPase activity of the (Ca2+-Mg2+)-ATPase purified from skeletal muscle sarcoplasmic 
reticulum and reconstituted into phosphatidylcholine bilayers of defined composition depends on the fatty 
acyl chain length of the surrounding phospholipid. The stoichiometry of Ca2+ binding to the ATPase is 
also sensitive to fatty acyl chain length, changing from the normal two Ca2+ ions bound per ATPase 
molecule to one Ca2+ ion bound for the ATPase reconstituted with phosphatidylcholines of chain ikngths 
C12, C14, or C24. For the ATPase reconstituted with mixtures of phosphatidylcholines where one 
phosphatidylcholine supports a Ca2+ binding stoichiometry of two and the other a stoichiometry of one, a 
highly cooperative change in binding stoichiometry with change in phospholipid composition is observed, 
suggesting that the effects of phospholipids follow from binding to a large number of sites a t  the lipid- 
protein interface of the ATPase. For the ATPase reconstituted with either 1-myristoyl-2-oleoylphos- 
phatidylcholine or l-oleoyl-2-myristoylphosphatidylcholine, the stoichiometry of Ca2+ binding is the normal 
two per ATPase molecule. Effects of short-chain phosphatidylcholines on Ca2+ binding stoichiometry and 
on ATPase activity can be reversed by addition of androstenol, oleic acid, methyl oleate, or oleyl alcohol 
but these molecules have no effect on the ATPase reconstituted with dinervonylphosphatidylcholine (C24: 1). 
For the ATPase reconstituted with phosphatidylcholines with chain lengths between C16 and C22, release 
of the two bound Ca2+ ions is sequential, with release of the second Ca2+ being inhibited by high concentrations 
of Ca2+ in the bathing medium. For the ATPase reconstituted with phosphatidylcholines of chain lengths 
C14 or C24, release of the single bound Ca2+ is only slightly inhibited by the presence of Ca2+ in the hedium. 
For the ATPase reconstituted with phosphatidylcholines of chain lengths between C16 and C24, removal 
of bound Ca2+ results in a decrease in tryptophan fluorescence intensity, whereas for the ATPase reconstituted 
with phosphatidylcholines of chain lengths C12 or C14, removal of bound Ca2+ results in an increase in 
tryptophan fluorescence intensity. In mixtures of phosphatidylcholines, changes in the tryptophan response 
mirror changes in Ca2+ binding stoichiometry. 

The (Ca2+-Mg2+)-ATPase of skeletal muscle sarcoplasmic 
reticulum (SR)’ translocates two Ca2+ ions per molecule of 
ATP hydrolyzed (Hasselbach & Makinose, 1961). An 
essential step in the mechanism of the ATPase is the binding 
of the two Cat+ ion8 to sites of high affinity on the cytoplasmic 
side of the membrane, a step which alters the conformation 
of the ATPase from one in which it can be phosphorylated by 
Pi to one in which it can be phosphorylated by MgATP (de 
Meis, 198 1). Site-directed mutagenesis has indicated that 
the Ca2+ binding sites are located in membrane-spanning 
regions of the ATPase (Clarke et al., 1989), a result consistent 
with experiftlents in which the ATPase has been modified 
with fluorescent carbodiimides (Pick & Racker, 1979; Chad- 
wick & Thomas, 1983; Munkonge et al., 1989; Sumbilla et 
al., 1991; Mata et al., 1993). 

The relationship between the two Ca2+ binding sites on the 
ATPase is still unclear. Binding of Ca2+ exhibits positive 
cooperativity. This could follow from sequential binding to 
two sites with differing intrinsic affinities for Ca2+ or from 
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I Abbreviations: di(C12:O)PC, dilauroylphosphatidylcholine; di- 
(C14 1)PC, dimyristoleoylphosphatidylcholine; di(C16: 1)PC, dipalmi- 
toleoylphosphatidylcholine; di(C 18: 1)PC, dioleoylphosphatidylcholine; 
di(CZO:l)PC, dieicosenoylphosphatidylcholine; di(C22:1)PC, dieru- 
coylphosphatidylcholine; di(C24: l)PC, dinervonylphosphatidylcholine; 
(C 14:0,C 18: 1)PC, 1 -myristoyl-2-oleoylphosphatidylcholine; (C 18: 1 ,- 
C 14:O)PC, 1 -oleoyl-2-myristoylphosphatidylcholine; SR, sarcoplasmic 
reticulum. 
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a conformational change on the ATPase either before the 
first Ca2+ ion can bind (as in the E2-E1 model, where E2 and 
El  represent conformations with low and high affinities for 
Ca2+ respectively) or following the binding of the first Ca2+ 
ion with the creation of a second Ca2+ binding site (as in the 
reaction sequence E l  - ElCa - El’Ca - El’Ca2). The 
observation of biphasic kinetics for the dissociation of Ca2+ 
from the ATPase in the presence of external Ca2+ is consistent 
with a structure in which the first Ca2+ that binds to the 
ATPase binds deeply in a crevice or channel with the second 
Ca2+ ion binding more peripherally and preventing access of 
the first Ca2+ to the external medium (Dupont, 1982; 
Nakamura, 1986; Moutin & Dupont, 1991; Orlowski & 
Champeil, 1991). 

Whatever the exact relationship between the two Ca2+ 
binding sites, for the ATPase in the SR membrane it is 
necessary for two Ca2+ ions to bind before the ATPase can 
be phosphorylated by ATP (de Meis, 198 1; Petithory & Jencks, 
1988; Coan & DiCarlo, 1990). We have found, however, 
that the stoichiometry of Ca2+ binding and the dependence 
of phosphorylation on Ca2+ binding varies with the structure 
of the phospholipids surrounding the ATPase in the membrane. 
The phospholipid optimal for ATPase activity is dioleoylphos- 
phatidylcholine (di(C18:1)PC), and phospholipids with longer 
or shorter fatty acyl chains or different head groups support 
lower activity (Caffrey & Feigenson, 1981; East &Lee, 1982; 
Froud et al., 1986a; Lee, 1988, 1991). For the ATPase 
reconstituted with di(C18: 1)PC, the stoichiometry of Ca2+ 
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binding is two Cat+ ions bound per ATPase molecule, as for 
the ATPase in the native membrane, but on reconstitution 
with di(C14:1)PC, the stoichiometry changes to one Ca2+ ion 
bound per ATPase molecule (Michelangeli et al., 1990b). 
Despite the changed stoichiometry, the ATPase reconstituted 
with di(C14:l)PC can still be phosphorylated by ATP in the 
presence of Ca2+, albeit at a slower rate, and will still hydrolyze 
ATP, although again at a slower rate than normal (Miche- 
langeli et al., 1991). 

Here we investigate the effects of a wider range of 
phospholipids on the stoichiometry of Ca2+ binding to the 
ATPase and study effects of mixtures of phospholipids. 

MATERIALS AND METHODS 

Phospholipids were obtained from Avanti Polar Lipids, 
androstenol was from Steraloids, and oleyl alcohol, methyl 
oleate, and oleic acid were from Aldrich. The (Ca2+-Mg2+)- 
ATPase was purified from skeletal muscle sarcoplasmic 
reticulum as described in East and Lee (1982). Reconsti- 
tutions were performed largely as described in Michelangeli 
et al. (1990b). Typically, phospholipid (10 pmol) was mixed 
with buffer (400 pL; 10 mM Hepes/Tris and 15% sucrose, 
pH 8.0) containing MgS04 ( 5  mM) and potassium cholate 
(12 mg/mL) and sonicated to clarity in a bath sonicator 
(Megason). ATPase (1.25 mg) in a volume of 20-30 pL was 
then added and, for phospholipids of chain lengths C l e C l 8 ,  
left for 15 min at room temperature and 45 min at 5 OC to 
equilibrate before being diluted with buffer (2 mL) and stored 
on ice until use; for phospholipids with chain lengths C20- 
C24, samples were equilibrated for 1 h at room temperature, 
and for di(C12:O)PC samples were equilibrated for 45 min on 
ice. For studies of the effects of mixtures of two phospholipids, 
sonicated dispersions of the two phospholipids were prepared 
in cholate and then mixed in the appropriate proportions before 
addition of the ATPase and reconstitution as described above. 
For experiments with androstenol, oleyl alcohol, methyl oleate, 
and oleic acid, these were added to the phospholipid prior to 
dispersion in the original cholate solution. 

Binding of 45Ca2+ to the ATPase was measured using the 
double labeling method described elsewhere (Michelangeli et 
al., 1990b). The ATPase was added to buffer (2 mL; 20 mM 
Hepes/Tris, pH 7.2, 100 mM KCl, and 5 mM MgS04) 
containing 100 pM 45Ca2+ and 500 pM [3H]sucrose to give 
a final protein concentration of 200 pg/mL. Samples (0.5 
mL) were filtered through a Millipore HAWP filter (0.45 
pm), dried overnight in air, and counted in OptiPhase HiSafe 
3. The amount of [3H]sucrose trapped on the filter was used 
to calculate the wetting volume of the filter, and the amount 
of 45Ca2+ calculated to be in this volume was subtracted from 
the total 4sCa2+ on the filter to give that bound to the ATPase. 
A correction was also applied for 4sCa2+ nonspecifically bound 
to the filter, typically amounting to 1 nmol of Ca2+ bound/mg 
of protein. 

The time dependence of Ca2+ release from the ATPase was 
determined using a Biologic rapid filtration system, at room 
temperature (typically 20 "C). A suspension of the ATPase 
in buffer, prepared as described above, corresponding to 50 
p g  of ATPase, was loaded onto a Millipore HAWP filter and 
then rapidly perfused with buffer (20 mM Hepes/Tris, pH 
7.2,lOO mM KCl, and 5 mM MgS04) containing either EGTA 
(2 mM) or 40Ca2+ (1 mM). The filter was then counted, and 
the 45Ca2+ bound to the ATPase was calculated as described 
above. 

If dissociation of Ca2+ from the ATPase can be described 
as the sequential process given by 
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Scheme I 
ki k2 

ElCa, - ElCa - E l  

then the rate of loss of Ca2+ is described by the equation 
2+ t I B  ((2k2 - k,) exp-kl'- k, exp-k2') 

(1) 
where [Ca2+]~oand [Ca2+]~' are the concentrations of bound 
Ca2+ at times zero and t ,  respectively. When the rate constant 
kl is ca. 15-fold or more greater than k2, it can be shown that 
the rate of loss of bound Ca2+ is represented by the sum of 
two exponentials of equal amplitude. 

The maximum observable levels of phosphorylation of the 
ATPase were determined by incubating the ATPase (100 p g )  
in 0.5 mL of a medium containing 20 mM Hepes/Tris, pH 
7.2,5 mM MgS04, 100 mM KCl, 1 mM CaC12. Thereaction 
was started by addition of 100 pM [T-~~PIATP and, after 
incubation at 25 OC for 10 s, was quenched by addition of 5 
mL of an ice-cold mixture of 25% trichloroacetic acid in 0.13 
M potassium phosphate. The quenched protein was allowed 
to stand on ice for 15 min and then collected by filtration 
through Whatman GF/C glass fiber filters. The filter was 
washed three times with 15 mL of cold 25% trichloroacetic 
acid in 0.13 M potassium phosphate and finally counted in 
OptiPhase HighSafe 3. 

Fluorescence measurements were made by diluting 1 0-pL 
aliquots of the reconstitution mixture into 2.5 mL of buffer 
(20 mM Hepes/Tris, pH 7.2, 100 mM KCl, 5 mM MgS04, 
100 pM Ca2+) and recording the tryptophan fluorescence 
using an SLM-Aminco 8000C fluorometer, with excitation 
and emission wavelengths of 295 and 330 nm, respectively. 
ATPase activities were measured using a coupled enzyme 
assay. The 10-pL aliquots of the reconstitution mixture 
(equivalent to 30 p g  of the ATPase) were diluted 250-fold 
into a medium containing 40 mM Hepes/KOH (pH 7.2), 100 
mM KC1, 5 mM MgS04, 2.1 mM ATP, 1.01 mM EGTA, 
0.41 mM phosphoenolpyruvate, 0.1 5 mM NADH, pyruvate 
kinase (7.5 IU), and lactate dehydrogenase (18 IU) in a total 
volume of 2.5 mL at 25 OC, with CaCl2 added to give a 
maximally stimulating concentration of Ca2+ (free Ca2+ 
concentration typically 10 pM). Concentrations of protein 
were estimated by using the extinction coefficient (1.2 L g-l 
cm-1 for a solution in 1 % SDS) given by Hardwicke and Green 
(1974). 

RESULTS 

The (Ca2+-Mg2+)-ATPase can be reconstituted into phos- 
pholipid bilayers by mixing the purified ATPase with excess 
phospholipid in cholate solution followed by a 250-fold dilution 
to decrease the concentration of cholate below its critical 
micelle concentration. The procedure results in the formation 
of membrane fragments which are unable to accumulate Ca2+ 
and which thus show full (uncoupled) ATPase activity (Warren 
et al., 1974a,b). Figure 1 shows ATPase activities measured 
at 25 OC for the (Ca2+-Mg2+)-ATPase reconstituted with a 
series of phosphatidylcholines containing mono-unsaturated 
fatty acyl chains of lengths between C14 and C24 and with 
di(C12:O)PC. Phase transition temperatures for all these 
phospholipids are below 25 OC (Lee, 1983) so that all will be 
in the liquid crystalline phase under the conditions of these 
experiments, The profile of activities, with low activities 
measured for the ATPase in di(C12:O)PC, di(C14:1)PC, and 
di(C24:1)PC, is very similar to that reported previously at 37 
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FIGURE 1: Effects of phosphatidylcholine fatty acyl chain length on 
the (Ca2+-Mg2+)-ATPase. The ATPase was reconstituted with 
phosphatidylcholines of the given length, all being in the liquid 
crystalline phase. Symbols: 0, ATPase activities measured at 25 
"C; H, 96 change in tryptophan fluorescence intensity on addition of 
EGTA to the ATPase initially in the presence of Ca2+; hatched bars, 
maximal level of phosphorylation of the ATPase (nanomoles per 
milligram of protein) by ATP in the presence of 1 mM CaZ+; open 
bars, CaZ+ bound (nanomoles per milligram of protein). 

Table I: Effects of Mixed-Chain Phosphatidylcholines on the 
( Ca2+-Mg2+)-ATPase 

[EPIU Ca2+ bound 
phospholipid (nmol/mg of protein) (nmol/mg of protein) 

SRb 3.5 
egg Yolk 3.2 
phosphatidylcholine 
(C 18: 1 ,C 14:O)PC 3.3 
(C 14:0,C18: 1)PC 3.2 

6.9 
5.7 

6.1 
6.6 

Maximal levelof phosphorylationobserved with 100pM [y-32P]ATP 
in the presenceof 1 mM Ca2+, asdescribed in the text. Unreconstituted, 
purified ATPase. 

OC (Caffrey & Feigenson, 1981; Froud et al., 1986a,b; Lee, 
1991). Maximal levels of phosphorylation of the reconstituted 
ATPaseweredetermined by incubation with 100pM [ T - ~ ~ P ] -  
ATP in the presence of 1 mM Ca2+ to reduce the rate of 
dephosphorylation of the phosphorylated ATPase. As de- 
scribed elsewhere (Michelangeli et al., 1990a,b), and as 
observed by others [see, for example, Stahl and Jencks (1 984) 
and Orlowski and Champeil (1991)], maximal levels of 
phosphorylation vary between preparations of ATPase. The 
maximal level of phosphorylation observed for the preparation 
used to obtain the data shown in Figure 1 was 3.5 nmol of 
[EP]/mg of protein (Table I), corresponding to 40% of that 
expected for a pure protein of molecular weight 1 15 000. As 
shown in Figure 1, the maximal level of phosphorylation of 
the ATPase is unaltered by reconstitution. In contrast, the 
stoichiometry of Ca2+ binding changes on reconstitution with 
di(C12:O)PC, di(C14: 1)PC, or di(C24:l)PC from the normal 
two Ca2+ ions bound per molecule of phosphorylatable ATPase 
(Table I) to one Ca2+ ion bound. In previous experiments, 
we had observed the change in stoichiometry on reconstitution 
with di(C14:1)PC, but although we had observed reduced 
binding of Ca2+ on reconstitution with di(C24: 1)PC compared 
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FIGURE 2: Rapid filtration measurement of the rate of Ca2+ 
dissociation from the ATPase reconstituted with (A) di(C20:1)PC, 
(B)di(C22:1)PC,and (C) di(C24:l)PC. The ATPasewasincubated 
with 4sCaZ+ in a medium containing 100 pM 45CaZ+, 5 mM Mg2+, 
and 100 mM KCI, pH 7.2,20 OC, and then adsorbed on a filter and 
perfused with buffer (20 mM Hepes/Tris, pH 7.2, 100 mM KCI, 5 
mM Mg2+) containing either 2 mM EGTA (0) or 1 mM 40Ca2+ (0). 
The level of 45Ca2+ bound to the ATPase (nanomoles per milligram 
of protein) is plotted against the perfusion time (s). Curves represent 
single- or double-exponential decays, calculated with the parameters 
given in Table 11. The inserts show a possible model for dissociation 
of Ca2+ for the ATPase reconstituted with (A) di(C20:l)PC or (C) 
di( C24: 1 ) PC. 

to di(C18:1)PC, the level of binding appeared to be greater 
than on reconstitution with di(C14:l)PC. We therefore 
checked the value of binding given in Figure 1 by measuring 
the level of Ca2+ binding as a function of time of reconstitution 
with di(C24:l)PC in parallel to measurements of ATPase 
activity. The ATPase was incubated with di(C24:l)PC in 
cholate and samples were taken at various times for assay of 
ATPase activities. It was found that ATPase activity 
decreased from an original value of 4.9 IU/mg to a steady 
level of 0.6 IU/mg after 1 h; activities were found to be stable 
for up to 2 h of incubation with di(C24:l)PC. Measurements 
of Ca2+ binding were found to be constant at 3.2 nmol/mg 
for incubations between 1 and 2 h (data not shown). 
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Table 11: Dissociation of 45Ca2+ from the (Ca2+-Mg2+)-ATPasea 
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5 1  ' r  A ,=r j 5  

rate constants (s-I) 
1 mM 40Ca2t 2 mM EGTAb 

lipid kl kl k2 
SR 24.0 24.0 1.8 
di(C 16: 1)PC 35.4 35.4 1.5 
di(C2O: 1)PC 35.3 35.3 1.9 

di(C24:l)PC 8.0 12.0 
di(C22:l)PC 28.7 28.7 1.7 

di(C14: 1)PC + di(C24:l)PCc 35.3 35.3 1.9 
a 45Ca2+ dissociation measured in 20 mM Hepes/Tris, pH 7.2, 100 

mM KCI, 5 mM Mg2+ containing either 2 mM EGTA or 1 mM %a2+. 
Fitted to the sum of two exponentials of equal amplitude, with the rate 

kl fixed at the value obtained on washing with 40Ca2+. Molar ratio of 
di(C 14: l)PC:di(C24: 1)PC of 4:6. 

EGTA caz+ EGTA cas+ 

2 L 

EGTA 

c I  I 
4 x L  -7-/- 

30 a 

FIGURE 3: Effects of EGTA and Ca2+ on the tryptophan fluorescence 
intensity of the ATPase reconstituted with (A) di(C12:O)PC, (B) 
di(C16:1)PC, or (C) di(C24:l)PC. The ATPase was incubated in 
2.5 mL of buffer (20 mM Hepes/KOH, pH 7.2, 5 mM Mg2+, 100 
mM KCl) containing 100 pM CaZ+, and then EGTA (12.5 pL) and 
Ca2+ (6 pL) were added to give final concentrations of 1.2 and 2.4 
mM, respectively. 

The changed stoichiometry of Ca2+ binding following 
reconstitution with di(C24: l)PC was also confirmed by 
measuring the time course of release of Ca2+ from the 
reconstituted ATPase, For the ATPase reconstituted with 
di(C2O:l)PC or di(C22:1)PC, it is observed that whereas on 
washing with EGTA essentially all the bound 4sCaZ+ is lost 
from the ATPase, on washing with 1 mM %a2+ only half the 
45Ca2+ is lost (Figure 2); an identical result was obtained for 
the ATPasereconstituted with di(C16:l)PC (data notshown). 
When the ATPase was reconstituted with di(C24: 1)PC, the 
results were distinctly different, with loss of 4sCa2+ being 
essentially complete on washing with either EGTA or %a2+ 
(Figure 2). 

We found that, because of the excess lipid present in the 
system, a maximum of about 100 pg of reconstituted ATPase 
could be adsorbed on the filters, compared to about 300 pg 
for the native ATPase. As a consequence, levels of bound 
45Ca2+ that could be achieved for the reconstituted system 
were less than for native ATPase and the Ca2+ dissociation 
curves were correspondingly less well defined. Nevertheless, 
data for the dissociation of 4sCaZ+ in the presence of 40Ca2+ 
fitted well to a single exponential (Figure 2, Table 11). For 
the ATPase reconstituted with di(C24: 1)PC, dissociation of 
45Ca2+ in the presence of EGTA also fitted well to a single 
exponential (Figure 2, Table 11), but for the ATPase 
reconstituted with phosphatidylcholines with chain lengths 
between C16 and C22 dissociation of 45Ca2+ in the presence 
of EGTA could not be fitted to a single exponential. Although 
in these cases the precision of the data was insufficient to 
obtain unambiguous fits to a double exponential, satisfactory 
fits could be obtained to a double exponential if the two 
components were fixed to be of equal intensity (see eq 1) with 
one rate constant fixed at the value obtained in the presence 
of 40CaZ+ (Figure 2, Table 11). 

5 1  3 r  B r l 5  

5 1  3 r  B r l o  

1 .8 .6 .4 .2 0 

Mole fraction dilC14:lIPC 

FIGURE 5 :  Effects on the (Ca2+-Mg2+)-ATPase of mixtures of di- 
(C14:l)PC with either (A) di(C22:l)PC or (B) di(C24:l)PC at the 
given molar ratios. Symbols: A, ATPase activities measured at 25 
OC; ., 9% change in tryptophan fluorescence intensity on addition of 
EGTA to the ATPase initially in the presence of Ca2+; hatched bars, 
Ca2+ bound (nanomoles per milligram of protein). 

Binding of Ca2+ to the ATPase can also be followed from 
changes in the tryptophan fluorescence of the ATPase (Dupont 
et al., 1988). Although removal of Ca2+ from the native 
ATPase by addition of EGTA results in a decrease in 
fluorescence intensity, removal of Ca2+ from the ATPase 
reconstituted with di(C12:O)PC results in an increase in 
intensity as shown in Figure 3. Removal of Ca2+ from the 
ATPase reconstituted with di(Cl4:l)PC also results in an 
increase in fluorescence intensity (Michelangeli et al., 1990b) 
(Figure 1). For the ATPase reconstituted with phosphati- 
dylcholines of chain lengths between C16 and C24 inclusive, 
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FIGURE 6: Rapid filtration measurement of the rate of Ca2+ 
dissociation from the ATPase reconstituted with a 4:6 molar ratio 
of di(C14:l)PC to di(C24:l)PC. The ATPase was incubated with 
45Ca2+ and then perfused with buffer (20 mM Hepes/Tris, pH 7.2, 
100 mM KC1, 5 mM Mg2+) containing either 2 mM EGTA (0) or 
1 mM 4oCa2+ (0) as described in the legend to Figure 2. Curves 
represent single- and double-exponential decays, with the parameters 
given in Table 11. 
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FIGURE 7: Effects on the (Ca2+-Mg2+)-ATPase of mixtures of 
androstenol and (A) di(C14:l)PC or (B) di(C24:l)PC. Symbols: 
A, ATPase activities measured at 25 OC; ., % change in tryptophan 
fluorescence intensity on addition of EGTA to the ATPase initially 
in the presence of Ca2+; hatched bars, Ca2+ bound (nanomoles per 
milligram of protein). 

removal of Ca2+ results in a decrease in fluorescence intensity, 
reversed by subsequent addition of Ca2+ as shown in Figure 
3. 

Effects of mixtures of di(C18:l)PC with either di(C14:l)PC 
or di(C24:l)PC are shown in Figure 4. ATPase activities are 
fairly constant in these mixtures for di(C18:l)PC contents 
between 100% and ca. 5096, with activities then gradually 
decreasing to levels characteristic of di(C14:l)PC or 
di(C24: 1)PC, respectively. In contrast, the stoichiometry of 
Ca2+ binding changes sharply from two Ca2+ ions bound per 
ATPase molecule for mixtures containing 50% or more di- 
(C18:l)PC to one Ca2+ ion bound per ATPase molecule for 
mixtures containing 40% or less di(C18:l)PC (Figure 4). As 
shown in Table I, the stoichiometry of Ca2+ binding to the 
ATPase reconstituted with the mixed chain phospholipids 
(C18:1,C14:O)PC and (C14:O,C18:1)PC is two Ca2+ ions 
bound per ATPase molecule, as for a 1:l mixture of di- 
(C18:l)PC and di(C14:l)PC (Figure 4A). For mixtures of 

0 0.5 1.0 1.5 2 

Molar ratio Additive:di(C14:l)PC 

FIGURE 8: Effects on the (Ca2+-Mg2+)-ATPase of mixtures of di- 
(C14:l)PC with (A) oleic acid, (B) methyl oleate, and (C) oleyl 
alcohol at the given molar ratios. Symbols: A, ATPase activities 
measured at 25 OC; ., % change in tryptophan fluorescence intensity 
on addition of EGTA to the ATPase initially in the presence of Ca2+; 
hatched bars, Ca2+ bound (nanomoles per milligram of protein). 

di(C18:l)PC and di(C14:1)PC, the response of trytophan 
fluorescence to removal of Ca2+ also changes sign in parallel 
to the changes in Ca2+ binding stoichiometry (Figure 4A); in 
mixtures of di(C18: l)PC with di(C24:1)PC, changes in 
tryptophan fluorescence on removal of Ca2+ are essentially 
independent of the phospholipid composition (Figure 4B). 

Effects on the ATPase of mixtures of di(C14:l)PC with 
the longer chain phospholipids di(C22: l)PC and di(C24:l)- 
PC are shown in Figure 5. Both the stoichiometry of Ca2+ 
binding and the fluorescence response to the removal of Ca2+ 
are normal in mixtures of di(C24:l)PC and di(C22:l)PC 
containing 40% or more di(C22:1)PC, but in mixtures 
containing only 20% di(C22:1)PC, the stoichiometry of Ca2+ 
binding and the fluorescence responses are as observed for the 
ATPase reconstituted with di(C14:l)PC alone. Effects of 
these lipid mixtures on ATPase activities are more complex; 
addition of increasing amounts of di(Cl4l)PC todi(C22:l)PC 
results in an increase in ATPase activity to a maximum value 
observed in mixtures containing 60% di(C22: 1)PC, but 
addition of further di(Cl4 1)PC results in decreasing activities 
(Figure 5A). For the ATPase reconstituted with mixtures of 
di(C14:l)PC and di(C24:1)PC, the stoichiometry of Ca2+ 
binding is one Ca2+ bound per ATPase molecule for all 
mixtures except that containing 40% di(C 14: l)PC, where the 
stoichiometry of Ca2+ binding changes to close to two Ca2+ 
ions bound per ATPase molecule. To confirm this change in 
binding stoichiometry, we studied the time courses of release 
of 4sCa2+ from the ATPase reconstituted with a 4:6 molar 
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ratioofdi(C14:1)PCanddi(C24:1)PC (Figure6). Asshown, 
washing with 1 mM 40Ca2+ results in the release of half the 
bound 45Ca2+ whereas washing with EGTA results in release 
of essentially all the bound 45Ca2+, a result characteristic of 
the ATPase with two bound Ca2+ ions per ATPase molecule 
(see Figure 2). 

Effects of androstenol, oleic acid, methyl oleate, and oleyl 
alcohol on the ATPase reconstituted with di(C14:l)PC and 
di(C24: l)PC are shown in Figures 7 and 8. Whereas addition 
of these molecules to the ATPase reconstituted with 
di(C14: l)PC increases activity and restores the stoichiometry 
of Ca2+ binding to the normal two Ca2+ ions bound per ATPase 
molecule (Figures 7,8), addition of androstenol to the ATPase 
reconstituted with di(C24:l)PC has no effect (Figure 7); 
similarly, addition of oleic acid, methyl oleate, or oleyl alcohol 
to the ATPase reconstituted with di(C24: l)PC has no effect 
on ATPase activity, on Ca2+ binding, or on the fluorescence 
response to the removal of Ca2+ (data not shown). 

DISCUSSION 
Membrane proteins are unique in that part of their 

environment is composed of phospholipid molecules. Any 
mismatch between the thickness of the hydrophobic region of 
the ATPase and of the phospholipid bilayer is unlikely to 
result in significant exposure of these regions of the protein 
to water because the Gibbs free energy of exposure of 
hydrophobic residues to water is high (Tanford, 1973). Thus, 
changes in conformation of either the protein or the phos- 
pholipid can be expected to minimize the mismatch. Since 
binding constants for phosphatidylcholines to the ATPase have 
been shown to be independent of chain length (Caffrey & 
Feigenson, 1981; East & Lee, 1982; Froud et al., 1986c), 
major distortion of the phospholipids seems unlikely. Rather, 
if different conformational states of the ATPase have different 
hydrophobic thicknesses, then differences in solvation energies 
could lead to changes in the relative energies of the confor- 
mational states, the state with the narrower hydrophobic region 
being favored by the phospholipid with the shorter chain. Since 
phospholipid binding is independent of fatty acyl chain length, 
free energy differences between conformations would have to 
be small compared to k T  per annular lipid, but with about 30 
phospholipid molecules binding to the ATPase (East et al., 
1985), a cooperative transition between conformations would 
seem possible. Although measurements using fluorescence 
energy transfer have suggested that aggregation of the ATPase 
is more extensive in di(C14:l)PC than in di(Cl8:l)PC 
(Munkonge et al., 1988), this does not appear to involve 
significant changes in the interactions between hydrophobic 
regions of the ATPase, since fluorescence quenching exper- 
imentssuggest equal bindingofdi(C14:l)PC anddi(C18:l)PC 
to the ATPase (Caffrey & Feigenson, 1981; East & Lee, 
1982; Froud et al., 1986a,b,c; Michelangeli et al., 1990~). 

As shown in Figure 1, although ATPase activities measured 
at 25 OC are dependent on the fatty acyl chain length of the 
surrounding phosphatidylcholines in reconstituted systems, 
maximal levels of phosphorylation of the ATPase by [ Y ~ ~ P ] -  
ATP are identical for the native ATPase and for all the 
reconstituted ATPases (Figure 1, Table I). However, the 
stoichiometry of Ca2+ binding changes from two Ca2+ ions 
bound per active ATPase molecule for the native ATPase and 
for the ATPase reconstituted with phospholipids of chain 
lengths C16-C22 to one Ca2+ ion bound per active ATPase 
molecule for the ATPase reconstituted with di(C12:O)PC, 
di(C14:1)PC, or di(C24:l)PC. The change in stoichiometry 
of Ca2+ binding is also demonstrated in measurements of the 
kinetics of dissociation of 45Ca2+ from the ATPase. For the 
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native ATPase, or for the ATPase reconstituted with phos- 
pholipids with chain lengths between C16 and C22, release 
of the two bound Ca2+ions is sequential, with the second Ca2+ 
only being released after release of the first, as demonstrated 
by the very slow rate of release of the second Ca2+ ion in the 
presence of high (1 mM) concentrations of Ca2+ in the bathing 
medium (Figure 2). In contrast, for the ATPase reconstituted 
withdi(C24:1)PC, a highconcentrationof Ca2+in the bathing 
medium has only a slight inhibitory effect on the release of 
Ca2+ (Figure 2C), as reported previously for the ATPase 
reconstituted with di(C14:l)PC (Michelangeli et al., 1990b). 
In terms of a gated channel model for the ATPase, two Ca2+ 
ions can bind in the channel in the native ATPase and 
phosphorylation of the ATPase with closing of the outer 
channel gate can only occur with two Ca2+ ions in the channel 
(see insert Figure 2A). In contrast, for the ATPase recon- 
stituted with di(C12:O)PC, di(C14:1)PC, or di(C24:1)PC, 
only a single Ca2+ ion can bind in the channel, and 
phosphorylation of the ATPase occurs with just one Ca2+ ion 
bound (insert to Figure 2C). 

Dissociation of Ca2+ from the ATPase can be followed 
directly using 45Ca2+ or by measuring changes in tryptophan 
fluorescence of the ATPase. Under the conditions used for 
the Ca2+ dissociation experiments ( 5  mM Mg2+, 100 mM 
KC1, pH 7.2), the change in tryptophan fluorescence intensity 
observed on removal of Ca2+ from the unreconstituted ATPase 
by mixing with EGTA has been shown to be double exponential 
(Moutin & Dupont, 1991). Although we have found that the 
time course of dissociation of 45Ca2+ from the unreconstituted 
ATPase on washing with EGTA does not fit to a single 
exponential, the noise level of the experiments does not allow 
an unambiguous fit to a double-exponential process. However, 
within experimental error, fluorescence decay curves and 
45Ca2+ dissociation curves are identical suggesting both that 
the fluorescence changes directly monitor occupancy of the 
Ca2+ binding sites on the ATPase and that the release of 
45Ca2+ under these conditions is bi-exponential (A. P. Starling, 
I. Henderson, J. M. East and A. G. Lee, unpublished data). 
For sequential dissociation of Ca2+ (Scheme I), the rate of 
dissociation of the first Ca2+ observed on washing with 40Ca2+ 
gives the rate constant kl, whereas dissociation in the presence 
of EGTA should fit to the sum of two exponentials with rate 
constants kl and k2 of equal amplitude if kl >> k2 (eq 1). As 
shown in Figure 2 and Table 11, the data can be fitted in this 
way. Values for the rate constants are very similar for the 
ATPase in the native SR membrane and in phosphatidyl- 
cholines with fatty acyl chain lengths between C16 and C22. 
The 45Ca2+ dissociation data for the ATPase reconstituted 
with di(C24:l)PC fits to a single exponential for washing 
with either EGTA or 40Ca2+, with a somewhat slower rate in 
the latter case. A similar observation was made prev- 
iously for the ATPase reconstituted with di(C14: l)PC with 
rate constants of 8.8 and 3.7 s-' for washing with EGTA and 
40Ca2+ respectively (Michelangeli et al., 1990b). It has been 
observed that lanthanide ions bind to the ATPase at sites 
other than at the Ca2+ binding sites and decrease the rate of 
dissociationofCa2+ (Ogurusuetal., 1991;Henaoetal., 1992). 
It is possible that, at high concentrations, Ca2+ can bind to 
these same sites and decrease the rate of dissociation of Ca2+. 

Since binding affinities for phosphatidylcholines at the lipid- 
protein interface of the ATPase are independent of fatty acyl 
chain length (Caffrey & Feigenson, 1981; East & Lee, 1982), 
the composition of the lipid bilayer around the ATPase will 
be the same as the bulk composition. As shown in Figure 4, 
the stoichiometry of Ca2+ binding to the ATPase changes in 
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a highly cooperative way with phospholipid composition in 
mixtures of di(C18:l)PC and either di(C14:l)PC or di- 
(C24: 1)PC. The high cooperativity suggests a conformation 
change dependent on phospholipid binding at  a large number 
of sites at the lipid-protein interface, rather than one dependent 
on phospholipid binding to just one site (or a small number 
of sites) on the ATPase. Changes in ATPase activity show 
a more complex dependence on composition showing that 
changes must occur in more than just Ca2+ binding when the 
phospholipids surrounding the ATPase are changed; it has, 
for example, been shown that rate constants for phosphory- 
lation and dephosphorylation also change on reconstitution 
with di(C14:l)PC (Michelangeli et al., 1991). 

For the ATPase reconstituted with mixed chain phosphati- 
dylcholines containing both C14:O and C18:l chains, the 
binding stoichiometry is the normal 2: 1, independent of the 
position of the two chains in the phosphatidylcholine (Table 
I), despite the fact that the chain at the 1-position extends 
further into the bilayer than that at the 2-position, because 
of a bend in the fatty acyl chain at the 2-position (Pearson 
& Pascher, 1979). 

For the ATPase reconstituted with mixtures of di(C14: l)PC 
and di(C24:1)PC, a change in Ca2+ binding stoichiometry to 
2:l is observed at  40% di(C14:l)PC (Figures 5B and 6). This 
suggests a relationship between binding stoichiometry and a 
critical membrane thickness, as does the observation that in 
mixturesof di(C14:l)PC with di(C22:1)PC, the Ca2+ binding 
stoichiometrystaysat 2:l at  higherproportionsofdi(C14:l)PC 
than in mixtures with di(C18:l)PC (Figures 4A and 5A). 
However, the relationship between binding stoichiometry and 
“average chain length” cannot be a simple one. Studies of the 
ATPase in single phospholipids (Figure 1) show that chain 
lengths between C16 and C22 are compatible with a binding 
stoichiometry of 2: 1, but “average chain lengths” in this range 
obtained with mixtures ofdi(C14: 1)PC and di(C24:l)PC show 
a binding stoichiometry of 1:l (Figure 5B). 

As shown in Figures 7 and 8, and as reported previously 
(Simmonds et al., 1982; Froud et al., 1986c; Michelangeli et 
al., 1990c), addition of androstenol, oleic acid, oleyl alcohol, 
or methyl oleate all increase the activity of the ATPase 
reconstituted with di(C14:l)PC. We now show that they also 
return the stoichiometry of Ca2+ binding to the normal two 
Ca2+ ions bound per ATPase molecule (Figures 7 and 8). 
Similarly, addition of androstenol to the ATPase reconstituted 
with di(C12:O)PC also increases ATPase activity and changes 
the stoichiometry of Ca2+ binding to 2:l (data not shown). In 
contrast, addition of androstenol to the ATPase reconstituted 
with di(C24:l)PC has no effect on either activity or the 
stoichiometry of Ca2+ binding (Figure 7B); addition of oleic 
acid, methyl oleate, or oleyl alcohol also has no effect (data 
not shown). Reversal of the effects of di(C14:l)PC by these 
additives could follow from an increase in the thickness of the 
phospholipid bilayer or from conformational changes resulting 
from direct binding to the ATPase since fluorescence quench- 
ing data suggest that such binding does occur (Froud et al., 
1986b; Michelangeli et al., 1990~).  The observation of more 
gradual changes in Ca2+ binding stoichiometry than observed 
for the ATPase reconstituted with mixtures of phospholipids 
(Figures 7 and 8) suggest that effects follow from binding to 
a restricted number of sites on the ATPase, rather than to a 
change in the phospholipid bilayer, which, as described above, 
would be expected to be highly cooperative. 

Removal of bound Ca2+ from the native ATPase results in 
a ca. 4% decrease in the intensity of the fluorescence of 
tryptophan residues, reversed by addition of Ca2+ (Moutin & 
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Dupont, 1991). Similar changes are observed for the ATPase 
reconstituted with phosphatidylcholines with chain lengths 
between C16 and C24 (Figure 3), but for the ATPase 
reconstituted with di(C12:O)PC or di(C14:1)PC, removal of 
bound Ca2+ results in an increase in fluorescence intensity 
(Figures 1 and 3). Since many of the Trp residues on the 
ATPase are located close to the membrane-water interface 
(Froud et al., 1986b), changes in the thickness of the membrane 
could result in different degrees of exposure of the Trp residues 
to water or the phospholipid polar head groups, and so to 
different fluorescence responses to the same conformational 
change on the ATPase. 

In terms of the gated pore model for the ATPase (see Figure 
2), it would appear that phosphatidylcholines with chain 
lengths between C16 and C22 are required to prevent the 
outer gate closing with only one Ca2+ ion bound in the channel. 

REFERENCES 
Caffrey, M. & Feigenson, G. W. (1981) Biochemistry 20,1949- 

Chadwick, C. C., & Thomas, E. W. (1983) Biochim. Biophys. 

Clarke, D. M., Loo, T. W., Inesi, G., & MacLennan, D. H. (1989) 

Coan, C., & DiCarlo, R. (1990) J. Biol. Chem. 265,5376-5384. 
de Meis, L. (1981) The Sarcoplasmic Reticulum, Wiley, New 

Dupont, Y .  (1982) Biochim. Biophys. Acta 688, 15-81. 
Dupont, Y., Guillain, F., & Lacapere, J. J. (1988) Methods 

East, J. M., & Lee, A. G. (1982) Biochemistry 21,4144-4151. 
East, J. M., Melville, D., & Lee, A. G. (1985) Biochemistry 24, 

Froud, R. J., Earl, C. R. A., East, J. M., & Lee, A. G. (1986a) 

Froud, R. J., East, J. M., Rooney, E. K., & Lee, A. G. (1986b) 

Froud, R. J., East, J. M., Jones, 0. T., & Lee, A. G. (1986~) 

Hardwicke, P. M., & Green, N. M. (1974) Eur. J .  Biochem. 42, 

Hasselbach, W., & Makinose, M. (1961) Biochem. Z .  333,518- 
528. 

Henao, F., Orlowski, S., Merah, Z., & Champeil, P. (1992) J. 
Biol. Chem. 267, 10302-10312. 

Lee, A. G. (1983) in Membrane Fluidity in Biology (Aloia, R. 
C., Ed.) Vol. 2, pp 43-88, Academic Press, New York. 

Lee, A. G. (1988) in Advances in Membrane Fluidity (Aloia, R. 
C., Curtain, C. C., & Gordon, L. M., Eds.) Vol. 2, pp 11 1-139, 
A. R. Liss, New York. 

Lee, A. G. (1990) in Comprehensive Medicinal Chemistry 
(Emmett, J. C., Ed.) Vol. 3, pp 1-43, Pergaman Press, Oxford. 

Lee, A. G. (1991) Prog. Lipid Res. 30, 323-348. 
Mata, A. M., Stefanova, H. I., Gore, M. G., East, J. M., & Lee, 

A. G. (1993) Biochim. Biophys. Acta (in press). 
Michelangeli, F., Colyer, J., East, J. M., & Lee, A. G. (1 990a) 

Biochem. J. 267, 423429. 
Michelangeli, F., Orlowski, S., Champeil, P., Grimes, E. A., East, 

J. M., & Lee, A. G. (1990b) Biochemistry 29, 8307-8312. 
Michelangeli, F., East, J. M., & Lee, A. G. (1990~) Biochim. 

Biophys. Acta 1025, 99-108. 
Michelangeli, F.,Grimes, E. A., East, J. M., &Lee, A. G. (1991) 

Biochemistry 30, 342-35 1. 
Moutin, M. J., & Dupont, Y. (1991) J. Biol. Chem. 266,5580- 

5586. 
Munkonge, F., Michelangeli, F., Rooney, E. K., East, J. M., & 

Lee, A. G. (1988) Biochemistry 27, 6800-6805. 
Munkonge, F., East, J. M., & Lee, A. G. (1989) Biochim. Biophys. 

Acta 979, 113-120. 
Nakamura, J. (1986) Biochim. Biophys. Acta 870, 495-501. 

1961. 

Acta 730, 201-206. 

Nature 339,476478. 

York. 

Enzymol. 157, 206-219. 

261 5-2623. 

Biochim. Biophys. Acta 860, 354-360. 

Biochemistry 25, 1535-7544. 

Biochemistry 25, 1544-1 5 52. 

183-1 93. 



Starling et al. 1600 Biochemistry, Vol. 32, No. 6, 1993 

Ogurusu, T., Wakabayashi, S., & Shigekawa, M. (1991) 

Orlowski, S., & Champeil, P. (1991) Biochemistry 30,352-361. 
Pearson, R. H., & Pascher. I. (1979) Nature 281. 499-501. 

Stahl, N., & Jencks, W. P. (1984) Biochemistry 23,5389-5392. 
Sumbilla, C., Cantilina, T., Collins, J. H., Malak, H., Lakowicz, 

J. R., & Inesi, G. (1991) J .  Mol. Chem. 266,1268242689, 
Biochemistry 30, 9966-9973. 

Petithory, J. R., & Jencks, W. P: (1988) Biochemistry 27,5553- Tanford, C. (1973) The Hydrophobic Effect, Wiley, New York. 
C C L A  

Warren, G. B., Toon, P. A., Birdsall, N. JM., Lee, A. G., & J J 0 . t .  

Metcalfe, J. C. (1974a) FEBS Left. 41, 122-124. Pick, U., & Racker, E. (1979) Biochemistry 18, 108-113. 
Simmonds, A. C., East, J. M., Jones, 0. T., Roonev, E. K.. 

McWhirter, J., & Lee, A. G. (1982)-Biochim. Biophys. Acta 
693,398-406. 

Warren, G. B., Toon, P. A., Birdsall, N. JM., Lee, A. G., & 
Metcalfe, J. C. (1974b) Biochemistry 13, 5501-5507. 


