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Abstract 

The effect of palmitic and oleic acids on Ca 2+ -ATPase activity in coupled 
preparations of sarcoplasmic reticulum isolated from rabbit hind leg muscle 
have been compared with their effects on vesicles uncoupled with Ca 2+ 
ionophore, A23187. Palmitate at 2/tM • mg protein -l  has no significant effect 
on enzyme activity and does not uncouple catalytic activity from calcium 
accumulation within the vesicles. Oleic acid at 1/zM • mg protein- ~ uncouples 
the vesicles, whereas 2#M .mg protein -t  completely inhibits Ca2+-ATPase 
activity. Fluorescence anisotropy of diphenylhexatriene is not significantly 
altered by palmitate, but a large transient increase in motion of the probe is 
observed with addition of oleic acid. The effects of oleic acid on enzyme 
activity are not mediated via an effect on the bulk properties of the hydro- 
phobic domain of the membrane lipids. 
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Introduction 

The sarcoplasmic reticulum has often been used as a model membrane system 
in which to examine the interaction between intrinsic membrane proteins and 
phospholipids. The major membrane protein is Ca 2+ -ATPase which acts to 
accumulate calcium within the cysternae of the sarcoplasmic reticulum 
during muscle relaxation (Moller et aL, 1982). The catalytic activity of the 
enzyme and the permeability properties of the membrane are two useful 
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criteria for assessing the functional integrity of the system. A number 
of agents including anesthetics (De Boland et  al., 1975; Heffron and 
Gronert, 1979), monovalent ions (Martonosi et  al., 1968; Fiehn and 
Hasselbach, 1970; Swoboda et  al., 1979; Ng and Howard, 1980), and 
certain long-chain fatty acids (Hasselbach and Makinose, 1962; Cheah, 
1981; Katz et al., 1982; Simmonds et  al., 1982) have been shown to 
influence Ca2+-ATPase activity and/or calcium transport across the 
membrane. Based on these data a number of models have been proposed 
to explain the way membrane lipids and other agents interact with the 
protein. 

In the case of long-chain fatty acids it is clear that the particular 
perturbation depends on the type of fatty acid, i.e., the hydrocarbon chain 
length and the presence of cis unsaturated bonds and their position in the 
chain. For example, long-chain saturated fatty acids varying in chain length 
from 14-20 carbon atoms have been shown to produce relatively little effect 
on the initial calcium uptake into vesicle suspensions containing a precipitat- 
ing anion (Katz et  al., 1982). By contrast, C18 and C20 c i s -unsa tura ted  fatty 
acids markedly inhibit initial calcium uptake. Similar results are obtained 
with steady-state levels of free calcium accmnulated into vesicles in the 
presence of various fatty acids (Cheah, 1981), but the effect on Ca 2+ -ATPase 
appears to differ depending on the system. Thus in coupled systems Ca 2+- 
ATPase activity is stimulated at low concentrations of fatty acids as the 
calcium gradient across the membrane is collapsed and inhibited at higher 
concentrations presumably by interaction of the fatty acids directly with the 
protein. In reconstituted systems inhibition or stimulation of catalytic 
activity depends on the type of phospholipid into which the enzyme is 
intercalated, e.g., oleic acid is reported to inhibit Ca 2+-ATPase in protein 
reconstituted into dioleoylphosphatidylcholine, whereas stimulation is 
observed at similar concentrations in protein reconstituted in dimyristoyl- 
phosphatidylcholine (Simmonds et  al., 1982). The consequences of fatty acid 
binding have been assessed in these reconstituted systems by measurement 
of the extent to which fatty acid probes are able to quench the intrinsic 
trytophan fluorescence of the protein. 

The present experiments were undertaken to provide information on the 
extent to which fatty acids affect the two functional parameters of the 
membrane, namely, the ability of the vesicles to maintain a gradient of 
calcium and catalytic activity and to correlate these changes with an index of 
the motional properties of the hydrophobic domain of the membrane. There 
is evidence that equilibration of the membrane lipid organization upon 
addition of fatty acids to sarcoplasmic reticulum vesicles is not immediate, 
and studies of these time-dependent changes are a particular feature of this 
investigation. 



Changes in Sarcoplasmic Reticulum Induced by Fatty Acids 219 

Experimental 

Sarcoplasmic reticulum vesicles were prepared in a tightly coupled 
configuration by including dithiothreitol in the homogenizing medium and 
isolating vesicles according to the method of Warren et  al. (1974). Addition 
of ionophore, A23187 (6.4#M), to coupled vesicles in which Ca z+ has 
accumulated results in an increase in Ca 2 + -ATPase activity assayed using the 
enzymic method described by Madden et  al. (1979) since ATP hydrolysis is 
no longer constrained by a calcium gradient across the membrane (Weber, 
1971; Madden et  al., 1981). The ratio of ATP hydrolysis in the presence and 
absence of A23187 always exceeded 3.5 when determined at 32°C; the ratio 
decreased at 37°C due to an increase in the relative rate of ATP hydrolysis 
in the coupled vesicles. 

Palmitic and oleic acids were obtained from Sigma (London) Ltd. and 
were added to the vesicle suspension (30 or 60/~M, 0.03 mg protein/ml) in 
ethanol. The final concentration of ethanol did not exceed 0.5% (v/v), 
and this was found to have no significant effect on ATPase activity of 
coupled vesicles or on motion of diphenylhexatriene. Fluorescence ani- 
sotropy measurements were performed using a single photon counting 
fluorimeter and a xenon lamp as an excitation source (Kinosita et al., 1976, 
1981). All measurements were made at 37°C. 

Results and Discussion 

A comparison of the effect of palmitate with oleate on Ca 2+-ATPase 
activity in coupled and uncoupled vesicles is shown in Fig. 1. The presence 
of 2 #M • mg protein-1 palmitate causes a slight increase in enzyme activity 
over a 2-h incubation period at 37°C, but the vesicles remain coupled. 
Addition of 2/~M oleate.mg protein 1, on the other hand, causes an 
immediate and complete inhibition of Ca z+ -ATPase activity. The different 
effects of the two fatty acids is not due to a difference in binding to the 
membranes because measurement of the association of radioactivity-labeled 
fatty acids to vesicles isolated by centrifugation methods in our laboratory, 
and consistent with reports by other groups (Katz et  al., 1982), show that 
between 60 and 80% of the free fatty acids bind to the membrane over a wide 
range of concentrations. Nearly complete binding of oleate is reported to 
occur in reconstituted CaZ+-ATPase systems (Simmonds et  al., 1982), but 
there is no evidence to suggest that, in intact or reconstituted membranes, 
different fatty acids partition differently between the aqueous and membrane 
phases. There is some evidence, however, that higher concentrations of 
palmitate (3 #M-mgprotein 1) may extract phospholipid from the mem- 
brane and form mixed lipid micelles (Herbette et al., 1984). 
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Fig, 1. Ca 2+-ATPase activity of sarcoplasmic reticulum vesicles assayed at 37°C during 
incubation in the presence of 2 #M fatty acid • mg-t protein. Palmitic acid (o, o) and oleic acid 
(D, II) were added to coupled vesicles (o, l )  or vesicles uncoupled by addition of 6.4 #M A23187 
(o, n). 

The effect of  oleic acid on sarcoplasmic-reticulum functions depends on the 
concentration of fatty acid. Figure 2 compares the effect of  1 and 2 #M oleic 
a c i d . m g  protein -~ during incubation at 37°C on the activity of  Ca 2÷- 
ATPase. As in the first experiment, 2/~M oleic or higher concentrations up 
6btM fatty acid cause a complete inhibition of  Ca2+-ATPase and this 
inhibition is not reversed during 2-h incubation. By contrast, 1 #M oleic acid 
causes an increase in activity of  the enzyme reaching a steady-state value 

1 2 
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Fig. 2. Ca 2+ -ATPase activity of sarcoplasmic reticulum vesicles incubated for varying periods 
of time at 37°C in the presence of 1/~M oleic acid. nag -1 protein (O, O) and 2/~M oleic 
acid. mg -1 protein (D, i ) .  The vesicles were in a coupled configuration (solid curve) or 
uncoupled by addition of 6.4pM A23187 (dashed curve), 
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slightly lower than that observed in uncoupled vesicles. When oleic acid is 
added to uncoupled vesicles, there is a slight inhibition of CaZ+-ATPase 
activity which is presumably due to a direct effect of the fatty acid on the 
enzyme. This result is in agreement with the report of Cheah (1981) who 
showed that oleic acid concentrations less than about 0.5 #M • mg protein -~ 
increased catalytic activity in coupled vesicles when assayed immediately 
after addition of fatty acid. Together with arachidonic acid, the concen- 
tration at which maximal stimulation is observed coincides with a concen- 
tration that completely inhibits calcium transport suggesting that stimulation 
arises from release of constraints on enzyme activity imposed by a gradient 
of calcium across the membrane. Similar findings have been reported by 
Messineo et al. (1984) who concluded that oleic acid in concentrations of up 
to 2 ktM •mg protein-1 caused a breakdown of membrane permeability to 
calcium, but, in contrast to our results, they reported enhanced Ca 2+ -ATPase 
activity under these conditions. 

Changes in the physical state of hydrophobic domains of the sarco- 
plasmic reticulum due to the presence of different fatty acids have been 
probed using fluorescence polarization of diphenylhexatriene intercalated 
into the membrane. The results of addition of palmitic or oleic acids to a 
vesicle suspension on the steady-state fluorescence anisotropy of the probe at 
intervals during incubation at 37°C are shown in Fig. 3. This shows that 
palmitic acid in a concentration of 2 #M • mg protein- 1 causes only a small 
perturbation of the hydrophobic domain of the membrane which remains 
unchanged throughout the incubation period. The minimal effect of the 
saturated fatty acid on the physical properties of the membranes is consistent 
with the results in Fig. 1 showing no significant effect on Ca 2+-ATPase 
activity. Oleic acid causes a marked decrease in fluorescence anisotropy of the 
probe, suggesting the creation of a more disordered mobile hydrophobic 
domain which is gradually restored to a state comparable to that of the native 
membrane over a period of 1-2h. Higher concentrations of oleic acid 
( > 4 #M • mg protein- 1 ) have been shown to cause a much greater decrease 
in fluorescence anisotropy, and the fluorescence properties do not recover 
during subsequent incubation (Stubbs et al., 1984). 

Perturbation of the hydrophobic domain in the vicinity of the Ca z+- 
ATPase by fatty acids and phospholipids has been monitored by changes in 
intrinsic fluorescence of the tryptophan residues of the protein (London and 
Feigenson, 1981; East and Lee, 1982; Simmonds et al., 1982). Loss of enzyme 
activity caused by increasing concentrations of oleic acid in the membrane 
was found to result in a progressive decrease in fluorescence intensity from 
the trytophan, reaching a limiting quenching value of about 70%. Based on 
changes in fluorescence quenching of Ca 2+-ATPase reconstituted into a 
brominated phospholipid it was shown that oleic acid binds more weakly to 
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Fig. 3. Fluorescence anisotropy of diphenylhexatriene probe intercalated into sarcoplasmic 
reticulum vesicles incubated at 37°C after addition of 2 #M palmitic acid (D), 1 #M oleie acid (o), 
and 2#M oleic acid (o). Concentrations of fatty acids were expressed as equivalents per mg 
protein. 

the protein than does the phospholipid, and there was evidence to support the 
existence of fatty acid binding sites to which phospholipids do not have 
access (Simmonds et al., 1982). Comparison of the effects of oleic acid on 
Ca2+-ATPase and motion in the hydrophobic domain of the membrane 
presented in this work suggests that at low concentrations (< 1 / tM.mg 
protein -l ) the fatty acid causes uncoupling of catalytic activity from 
accumulation of calcium within the vesicles. The uncoupling effect is pre- 
sumably related to the perturbation of the hydrophobic domain, and because 
the average probe motion is eventually restored to values observed in the 
coupled state, an alteration in the arrangement of the native membrane lipid 
organization is implied. In addition to uncoupling the Ca2+-ATPase, the 
effect of high concentrations of oleic acid (> 2 #M • mg protein- ~) is to 
inhibit catalytic site activity, and this is likely to be mediated via a direct 
interaction of the fatty acid with the enzyme. It is noteworthy that the 
average motional properties reported by the fluorescence probe are very 
similar in preparations that are fully active and uncoupled and those that are 
completely inhibited and presumably leaky to Ca 2+ . Clearly the effects of 
oleic acid are not mediated via the bulk lipid properties of the molecules into 
which the enzyme protein is inserted. 
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