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Low concentrations of fatty acids inhibited initial Ca uptake by sarcoplasmic reticulum vesicles, the extent of
inhibition varying with chain length and unsaturation in a series of C,,~C,, fatty acids. Oleic acid was a
more potent inhibitor of initial Ca uptake than stearic acid at 25°C, whereas at S°C there was less difference
between the inhibitory effects of low concentrations of these fatty acids. When the fatty acids were added
later, during the phase of spontaneous Ca release that follows Ca uptake in reactions carried out at 25°C,
1-4 u M oleic and stearic acids caused Ca content to increase. This effect was due to marked inhibition of Ca
efflux and slight stimulation of Ca influx. At concentrations of >4 pM, both fatty acids inhibited the Ca
influx that occurs during spontaneous Ca release; in the case of oleic acid, this inhibition resembled that of
initial Ca uptake at 5°C. The different effects of fatty acids at various times during Ca uptake reactions may
be explained in part if alterations in the physical state of the membranes occur during the transition from the
phase of initial Ca uptake to that of spontaneous Ca release.

Introduction ing rates of calcium influx and efflux across the
vesicle membranes [2]. While the mechanisms re-
sponsible for these changing flux rates remain
unclear, several features of the observed calcium
efflux suggest that, like calcium influx, the ‘down-
hill' movement of this ion out of calcium-filled

sarcoplasmic reticulum vesicles may be mediated

Sarcoplasmic reticulum vesicles undergo spon-
taneous changes in calcium content during calcium
uptake reactions carried out in the presence [1,2]
or absence [3-6] of a calcium-precipitating anion.
In reactions carried out with ATP as substrate and

inorganic phosphate as calcium-precipitating an-
ion, phases of initial calcium uptake followed by
spontaneous calcium release and renewed calcium
uptake *** have been shown to arise from chang-

* Preliminary reports of portions of these findings have been
reported ((1979) Circulation 59, 11-12; (1980) Circulation
62, 111-112, and (1981) Life Sc1 28, 1103
** Present address; Department of Veterinary Biology, Col-
lege of Vetennary Medicine, Umiversity of Minnesota, St
Paul, MN 55108, U.S.A.
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by the calcium pump ATPase (1,2,7].

In an attempt to define further the mechanisms
mnvolved in these changing calcium fluxes in the
sarcoplasmic reticulum, we investigated the effects

*** As used mn this article, ‘calclum uptake’ and ‘calcium
release’ refer to the gain or loss of calcium by the vesicles;
‘calcium influx’ and ‘calcium efflux’ refer to the umdirec-
tional calcium fluxes into or out of the vesicles, respec-
uvely Ca,, 1omzed Ca’* concentration outside the
vesicles
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of various fatty acids. Several investigators have
found that oleic acid [8-10] inhibits calcium up-
take, and that high concentrations of this fatty
acid disrupt these membranes [11]. The effects of
fatty acids on the sarcoplasmic reticulum are com-
plex in that palmitic acid can increase calcium
accumulation 1n the absence of a calcium-
precipitating anion [12]. Furthermore, high con-
centrations of palmityl carnitine inhibit this
calcium accumulation 13,14}, whereas low con-
centrations of this fatty acid denvative can in-
crease calcium accumulation [14]. These latter ef-
fects are reminiscent of those produced by oleic
acid on the erythrocyte membrane, where low
concentrations exert a ‘stabilizing’ effect that in-
hibits osmotic lysis. while higher concentrations
promote lysis [15].

The present study examines the effects of a
variety of fatty acids on the initial rate of calcium
uptake mmto sarcoplasmic reticulum vesicles, and
the response of calcium influx and efflux to oleic
and stearic acids added at the time of the sponta-
neous transition from initial calcium uptake to
calcium release.

Materials and Methods

Preparation of sarcoplasmic reticulum vesicles
from rabbit fast skeletal muscle, and measure-
ments of calcium uptake and calcium release by
the Millipore technmique were as described previ-
ously [1,16]. Calcium mflux was measured by ad-
ding tracer amounts of high specific activity car-
rier-free “CaCl, to a reaction mixture in which
“CaCl, was used for the initial calcium uptake
reaction. A duplicate reaction was started with
“*CaCl, nstead of **CaCl, to follow calcium up-
take or release throughout the time of the experi-
ment, and to allow calculation of total calcium
concentration outside the vesicles at the time of
tracer addition [1]. Calcium efflux was calculated
by subtracting the rate of calcium uptake from, or
adding the rate of calcium release to the calcium
mnflux rate. Unless otherwise specified, all exper-
ments were carried out at 25°C,

ATPase activity was determined by measuring
the pyruvate concentration [17] mn filtrates ob-
tained after Millipore filtration of reaction mix-
tures similar to those used for calcium uptake
studies except for the inclusion of SmM phos-

phoenolpyruvate. Pyruvate kinase (0.15 mg/ml),
which was added to the filtrate, catalyzed the
rapid conversion of phosphoenolpyruvate to
pyruvate as evidenced by complete conversion of
0.1 mM ADP to ATP within 15,

A low bouyant density sarcoplasmic reticulum
fraction (‘light’ vesicles), purified on a 20% to 60%
(w/v) linear sucrose density gradient [18,19] at
4°C, was used in all experniments. Unless otherwise
stated, experiments were carried out in 120 mM
KCl, 40 mM histidine buffer (pH 6.8), 50 mM
potassium phosphate (pH 6.8) as the calcium-
precipitating anion, 5 mM MgATP, and 4-6 ug /ml
light sarcoplasmic reticulum vesicles. lonized
calcium concentrations outside the vesicles (Ca )
were calculated according to the equations of Katz
et al. [20], except that, when Ca-EGTA buffers
were used, a binding constant for CAEGTA of 10"
was used.

Fatty acids were added n ethanol such that the
final ethanol concentration in the reaction mixture
did not exceed 0.5% (v/v), which was without
significant effect on calcium influx or efflux. In
the absence of vesicles, the low concentrations of
fatty acids used in this study did not trap signifi-
cant amounts of calcium on the Millipore filters.
Unsaturated fatty acids were kept in N, to avoid
spontaneous oxidation.

The association of fatty acids with sarcoplasmic
reticulum vesicles was investigated by sucrose den-
sity gradient centrifugation in the presence of '4C-
labelled oleic or stearic acids. Sarcoplasmic reticu-
lum vesicles (6 pg,/ml) were incubated at 25°C 1n
0.12M KCl, 60 uM CaCl,, 5 mM MgATP, 50 mM
potassium phosphate (pH 6.8), 40 mM histidine
(pH 6.8), with 0.04 uCi/mi '*C-labelled oleic or
stearic acids at concentrations between 0.16 and
32 pM. 20 ml of this muxture was overlaid on a
10%/80% sucrose ‘step’ gradient and centrifuged
in a Beckman SW 27 rotor at 115000 X g for 40
mun (25°C). The samples were then fractionated
(70 fractions /tube) and fractions assayed for pro-
temn concentration and radioactivity by Coomassie
blue binding [21] and hquid scintillation counting,
respectively. There was no significant loss of ra-
dioactivity attributable to adsorption of the fatty
acids to the tubes or pipettes used in these studies.

Fatty acids were obtained from Apphed Scien-
ces Laboratory and Sigma Chemical Co. Pyruvate



kinase (Type III) was purchased from Sigma
Chemical Co., and phosphoenolpyruvate (mono-
potassium salt) was obtained from Boehringer-
Mannheim Co. All reagents used were reagent
grade and deionized water was distilled from glass
prior to use. Disodium ATP (Boehringer-
Mannheim) was desalted and neutralized with Tris
or KOH and MgCl, as described previously [16].
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All data are representative of series of at least
three replicate experiments unless otherwise stated.

Results

Effect of nitial calcium uptake velocity
When added to sarcoplasmic reticulum vesicles
at the onset of a calcium uptake reaction, each of a
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Fig 1 Effect of various fatty acids on initial calcium uptake velocity at 25°C Fatty acids were present at a concentration of 8 uM and
total CaCl, was 48 uM All other reagents were as described 1n Matenals and Methods Error bars represent the standard error of the
mean for expeniments 1n which n>2. Numbers 1n parentheses represent the number of individual experiments Data obtained with
fatty acids from Applied Sciences Lab and Sigma Chemical Co were pooled, there having been no sigmificant differences between the
effects of fatty acids from the two sources Shaded bars represent data from studies with saturated fatty acids
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series of long-chain fatty acids at a concentration
of 8 uM inhibited initial calcium uptake velocity at
25°C (Fig. 1). In the case of the unsaturated fatty
acids, greater inhibition was seen with the C,; and
C,, than with the C,, and C,, fatty acids. The
number of hydrocarbons had less influence on the
extent of the inhibitory effect than did the pres-
ence of one or more double bonds in the hydro-
carbon chain. The saturated C;3 and C,; fatty
acids caused much less inhibition than did un-
saturated fatty acids of the same chain length,
whereas the saturated C,, fatty acid was a more
potent inhibitor than the corresponding fatty acid
with one cis double bond. In the C,; series, a
single cis double bond potentiated the inhibitory
effect more than a single zrans double bond, while
c1s-A%1213 _octadecatrienoic acid was a relatively
weak inhibitor. A single c1s double bond in the C
series did not alter significantly the inhibitory
effect. The fatty acids with the fewest hydro-
carbons that displayed the largest difference in
potency between saturated and cis unsaturated
fatty acids (C,3) were chosen for further study.
At concentrations greater than 1 uM, oleic acid
(c1s-A%-octanedecenoic acid) was a more potent
inhibitor of initial calcium uptake velocity at 25°C

TABLEI

INHIBITION OF INITIAL CALCIUM UPTAKE BY OLEIC
AND STEARIC ACIDS AT 25°C

Values are mean=S E , numbers in parentheses are the number
of individual determinations CaCl, concentration was 48 uM,
vesicles were incubated for 8 min prior to the start of reactions
with MgATP Other conditions as described in Matenals and
Methods

Fatty acid Initial calcium uptake velocity
concn (pM) (mol/mg per min)
Oleic acid Stearic acid
0 152008 (N 1472010 (5
10 138007 (5) 139010 (3)
20 120009 (5)* 129+010 (3)
40 066=005(5° 126012 (3)
80 008002 ()¢ 118006 (5)°
160 o 121 ()

? P<<00S vs control
b p<001 vs control
¢ P<0001 vs control

than stearic acid (octadecanoic acid) (Tablel).
Half-maximal inhibition was observed at oleic acid
concentrations less than 4 pM, whereas concentra-
tions of stearic acid up to 16 uM inhibited calcium
uptake by only 20%. Stearic acid concentrations
above 30 uM, which inhibited initial calcium up-
take velocity by less than 30%, formed visibly
turbid suspensions so that its half-maximal inhibi-
tory concentration could not be determined.

Preincubation of the vesicles for various times
with oleic or stearic acids did not demonstrate a
time-dependent increase in the inhibitory effect of
a given concentration of either fatty acid, nor was
the nhibitory effect reduced when the reaction
was started by adding the vesicles to a complete
reaction mixture containing the fatty acid. In the
range between 0.6 and 9 uM, Ca_, had no signifi-
cant effect on the potency of either fatty acid.

The association of oleic and stearic acids with
sarcoplasmic reticulum vesicles was examined to
determine whether the different potencies of these
fatty acids were related to different degrees of
association with the membranes. The vesicles eon-
centrated at the 10%/80% sucrose interface after
centnfugation were collected and analyzed for
protemn and '*C-labelled fatty acid as described 1n
Materials and Methods. Less than 10% of the
labelled fatty acids were collected at the interface
in the absence of the vesicles, so that most of the
radioactivity that appeared at this interface in the
presence of the vesicles could be attributed to
association of fatty acids with the sarcoplasmic
reticulum. The amounts of oleic and stearic acids
collected at the interface increased when the fatty
acid concentrations were increased from 0.16 to 32
M 1n the presence of 6 pg/ml vesicles in a com-
plete reaction mixture. Approx 80% of both fatty
acids were associated with the sarcoplasmic re-
ticulum vesicles under the conditions of these ex-
periments, and no significant differences were
found between oleic and stearic acids.

To examine the possibility that the different
inhibitory potencies of these fatty acids on initial
calcium uptake velocity at 25°C (Table I) could be
explained by an interaction of the hydrocarbon
chains with specific physical states of the mem-
brane, the effect of lowering temperature on the
inhibition of initial calcium uptake velocity by
oleic and steartic acids was investigated. Oleic acid



was a less potent inhibitor at 5°C than at 25°C in
that half-maximal inhibition by oleic acid in-
creased from 4uM at 25°C to approx. 8uM at
5°C, and the extent of inhibition by 4 uM oleic
acid decreased from 57% to 10% when temperature
was lowered (Table II). In contrast, the slight
inhibitory effect of stearic acid was not signifi-
cantly affected by lowering the temperature from
25 to 5°C. A statistically significant stimulation of
initial calcium uptake velocity by low oleic acid
concentrations appeared at the lower temperature
(Table II), whereas at 25°C there was no evidence
for a stimulatory effect of 1-2 uM (Tablel) or
lower (0.1-1.0 pM, data not shown) oleic acid
concentrations.

Effect on calcium content at the time of nitial
maximum of calcium content

To evaluate the possibility that the previously
reported time-dependent changes in calcium influx
and efflux rates that occur spontaneously during
the calcium uptake reaction [2] are accompanied
by changes in the physical state of the membrane
phospholipids, we examined the effects of oleic
and stearic acids added at the initial maximum of
calctum content, where calcium influx rate had
slowed and calcium efflux was rapid [2]. Low

TABLE I

INHIBITION OF INITIAL CALCIUM UPTAKE VELOC-
ITY BY OLEIC AND STEARIC ACIDS AT 5°C

Values are mean = § E., numbers in parentheses are the number
of individual determinations CaCl, concentration was 30 uM,
vesicles were preimncubated for 8 nun prior to the start of the
reactions with MgATP Other conditions are described n
Matenals and Methods

Fatty acid Imtial calcium uptake velocity
concn (pM) (pmol /mg per mun)
Olexc acid Steanc acd
0 00500010 (6) 0.050=0010 (6)
10 0.054+0.005 (6) 0051=0.007 (6)
20 0066 =0 008 (6) * 004520 005 (6)
40 0.051=0 008 (6) 0038=0.,005 (6) 2
80 00180007 (6)* 0 050=0.005 (6)
160 0001=+0001 (4)® 0032=0.007 (4)

2 P<<005 vs. control
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Fig. 2 Effect of addition of 2 uM oleic (A) or stearic (B) acid
on calcium content. Reaction conditions were as described 1n
Materials and Methods. CaCl, concentrations were 60 pM.
Control (@); fatty acid added at zero time (O); fatty aad
added at r=6 min, at the time of the imtial maximum of
calcium content (A)

concentrations of oleic and stearic acids when
added at this time affected the calcium uptake
reaction differently than when the fatty acids were
added at the start of the reaction (Fig.2). A low
concentration (2 uM) of either fatty acid added at
the time of initial maximum of calcium content
caused renewed calcium uptake (Fig.2). At con-
centrations between 1 and 4 uM, oleic and stearic
acids added at this time caused calcium content to
increase, whereas 8 and 16 pM concentrations
caused net calcium release (Fig. 3).

Effect on umidirectional calcium fluxes at the ime of
the imitial maximum of calcium content

Calcium influx and efflux rates at 25°C were
measured to determine whether the ability of low
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Fig 3 Effect of oleic and stearic acids added at the imtial
maximum of calcium content The control calcium contents
were normalized and plotted as zero on the abcissa (dashed
line) The change in calcium content after fatty acid addition 15
plotted as the mean=S E of the net change from control The
number of determinations 1s 1n parentheses Zero time repre-
sents the time of fatty acid addition Reaction conditions as in
Fig 2 except imtial CaCl, concentrations ranged between 48
and 72 uM

fatty acid concentrations to increase calcium con-
tent at the time of the imtial maximum of calcium
content (Figs. 2 and 3) was due to inhibition of
calcium efflux, stimulation of calcium nflux, or
both. In a typical experiment, 1 and 2 pM oleic
acid increased calcium influx rate slightly,whereas
concentrations above 4 uM inhibited calcium in-
flux (Fig.4). Calcium efflux was markedly in-
hibited by 1-8 uM oleic acid concentrations
(Fig. 4).
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Fig 4 Effect of oleic acid on calcium content, calcium 1nflux
and calcium efflux when the fatty acid was added at the imtial
maximum of calcium content Calcium content (upper curves)
was measured at =7 min as descnibed 1n Matenals and Meth-
ods 1n reactions contaiming 60 M **CaCl, (®). portions of
which were transferred into oleic acid (O) Calcium nflux
(lower curves) was measured 1n 1dentical reaction mixtures as
described 1n Matenals and Methods 1n the presence (O) or
absence (@) of olewc acid added at =7 min Calcium content
and calcium 1nflux were measured every 15 s for [ 5 min after
addition of the **Ca tracer Calcum efflux rates were calcu-
lated from calaium content and calaum influx data (see
Matenals and Methods) (C control, O oleic acid)

When data from all of at least four replicate
experiments were analyzed, 1 and 2 uM oleic acid,
and 1, 2, and 4 uM stearic acid caused a 10-20%
stimulation of calcium influx rate when added at
the time of the initial maximum of calcium content
(Fig. 5C). These low fatty acid concentrations,
however, induced a more pronounced inhibition
(up 10 80%) of calcium efflux rate at this time (Fig.
5D).

Calcium influx rate at the time that calcium
content reached 1ts mitial maximum at 25°C was
half-maximally inhibited by 7-8 pM concentra-
tions of both fatty acids, whereas calcium efflux
was inhibited 50% by 1uM oleic acid and 2 pM
stearic acid (Fig. 5C). At a higher concentration of
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Fig 5 Effects of oleic (@) and steanic (O) acids on titial
calcium uptake velocity at 25°C (A) and 5°C (B), and calcium
mflux (C) and calcium efflux (D) measured at the time of
maximum calcium content Data were normahzed by setting
control values as 100% In C, the simulation of calcium influx
by 1 pM oleic acid was statistically significant ( P<<0.05) as was
that by 1 and 4 uM steanc acid (P<<005 and P<0.01, respec-
tively) In D, mhibition of calcium efflux by 1-6 pM olexc and
stearic acids was also statistically sigmficant Normalized data
from Tables I and II are presented 1n A and B, respectively

16 uM, both fatty acids significantly inhibited
calcium influx and tended to increase calcium
efflux.

Effects on adenosine triphosphatase activity
At concentrations of 2uM, oleic and stearic
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TABLE III

EFFECTS OF OLEIC AND STEARIC ACIDS ON ATPase
ACTIVITY AT 25°C

Values are mean=S.E of the difference in ATPase activity
compared to a control reacion Numbers in parentheses are
the number of individual determmnations CaCl, concentration
was 60 uM, other reaction conditions as described 1n Matenals
and Methods

Fatty acid Percent of control
Addition Addition at
atr=0 t=7 min
2 uM stearic 80= 8 (6) 117%=4 (6)
2 uM oleic 9= 3 (4) 1313 (4)
8 uM stearic 93=10(3) 233=1(3)
8 uM oleic 2= 73) 1137 (3)

acids slightly inhibited ATPase activity during ini-
tial calcium uptake at 25°C (Table III). This in-
hibitory effect did not increase significantly at
fatty acid concentrations up to 8 uM. When added
later during the reaction, at the time of the initial
maximum of calcium content, both fatty acids
stimulated ATPase activity (Table III).

Discussion

The present findings confirm and extend previ-
ous reports that oleic acid inhibits calcium uptake
by sarcoplasmic reticulum vesicles [8—10]. A possi-
ble artefact, that the fatty acid caused the Milli-
pore filters to become leaky as recently described
in the case of diethyl ether [22), is excluded by the
finding that depending on conditions, fatty acids
could either increase or decrease measured calcium
content (Figs. 2 and 3), and by the absence of
detectable protein in the filtrate following Milli-
pore filtration of vesicles (12 ug/ml) in the pres-
ence of these fatty acids. There was no significant
binding of calcium to the filters either in the
presénce or absence of the fatty acids.

The fatty acid concentrations in the present
study were well below the critical micelle con-
centration of approx. 100 pM in pure solution
[23]. The ability of higher fatty acid concentrations
(>8 uM) to cause calcium release and inhibition
of calcium influx could reflect formation of mixed
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micelles containing phospholipids removed from
the sarcoplasmic reticulum membrane by a ‘deter-
gent’ action of the fatty acids. However, even at
concentrations just below that at which pure stearic
acid formed turbid solutions, this fatty acid had
relatively little inhibitory effect on initial calcium
uptake velocity.

The sarcoplasmic reticulum preparations used
in these studies have a phospholipid: protein ratio
of approximately 1pmol/mg (Watras, J., un-
published data) so that a protein concentration of
6 ng/ml corresponds to a membrane phospholipid
concentration of approx. 6 uM. As most of the
added fatty acid becomes associated with the
vesicles, the effects of 1 uM fatty acid on 6 pg/ml
vesicular protein occur at a fatty acid: membrane
phospholipid molar ratio of 1:6, and a fatty
acid : calctum pump ATPase protein ratio of 100: 6,
assuming the latter to have a molecular weight of
10°.

The inhibitory effects of different fatty acids on
initial calcium uptake velocity appear unlikely to
have resulted from changes in overall membrane
structure, such as membrane expansion, because
the extent of inhibition was dependent on the
structure of the fatty acyl chain (Fig. 1). All of the
saturated fatty acids tested at a concentration of
8 uM inhibited calcium uptake velocity by less
than 30% and showed a tendency for inhibition to
decrease as chain length increased from 14 to 20
carbons. A single cis double bond decreased the
inhibitory effect of the C,, fatty acids, had little
effect in the case of the C,, fatty acids, and
markedly potentiated the inhibitory effects of the
C,s and C,, fatty acids. A single trans double
bond in the C 4 fatty acid was associated with less
mhibition than was seen with the corresponding
ais unsaturated fatty acid, and increasing the num-
ber of cis double bonds decreased the inhibitory
effects of the C,; fatty acids. The wide disparity
between the potencies of fatty acids with different
degrees of saturation but similar chain length, and
between stereoisomers, may be explained if effects
on calcium transport resulted from specific inter-
actions of the fatty acids with a region of the
phospholipid membrane intimately related to the
calcium pump protein. A suggested correlation
between melung temperature and the inhibitory
potency of a number of fatty acids on acetylcho-

line receptor function [25] is not confirmed by the
data in Fig. 1.

The lack of correlation between the inhibitory
effects of 2uM oleic and stearic acids on initial
calcium uptake velocity (TableI) and the concur-
rent rate of ATP hydrolysis (Table III) indicates
that inhibition of initial calcium uptake velocity is
not due simply to ‘uncoupling’ of the calcium
pump. Even at fatty acid concentrations above
8 uM, mhibition of calcium uptake cannot be
explained by a non-specific increase in membrane
permeability as these fatty acid concentrations
increased calcium efflux velocity only slightly
(Fig. 5) and 8 uM oleic acid did not disrupt vesicle
structure examined 1n electron microphotographs.
The greater potency of oleic than stearic acid in
causing inhibition of initial calcium uptake veloc-
ity (Fig. 5A) 1s similar to the previously reported
sensitivity of the (Na*™ +K™*)-activated ATPase
activity of rat brain to these fatty acids [26]. These
differences may be related to a greater ability of
the unsaturated fatty acid to insert into a fluid
domain of the membrane [27] that is intimately
related to the calcium pump ATPase protemn in the
sarcoplasmic reticulum. The finding that the
sarcoplasmic reticulum calcium pump ATPase 1s
more active when the membrane phospholipids
contain unsaturated than saturated fatty acyl
chains [28,29] is 1n accord with the view that the
phospholipid structure most favorable for calcium
pump function 1s a fluid rather than a gel struc-
ture. The lower inhibitory potency of the saturated
fatty acids on initial calcium uptake at 25°C (Figs.
I and 5) may therefore be explained if they are
excluded from such a fluid domain.

The transition from initial calcium uptake,
where calcium efflux rate is at or near zero [2], to
spontaneous calcium release, where calcium efflux
rate exceeds that of calcium influx, is accompanied
by changes in the relative sensitivity of calcium
influx to oleic and stearic acids (Fig. 5C). A simple
explanation for the reduced sensitivity of calcium
influx during the phase of calcium release to the
inhibitory effects of oleic acid, and the increased
sensitivity to stearic acid (compare Fig. 5C with
5A) 1s that the phospholipid region surrounding
the calcium pump assumes a less fluid conforma-
tion during calcium release. This explanation would
predict that the incorporation of oleic acid in this



region of the membrane would be reduced during
calcium release, while that of stearic acid would be
increased. This hypothesis was tested by examin-
ing the effects of oleic and stearic acids on initial
calcium uptake velocity at 5°C (Fig. 5B), assuming
that the reduction in temperature would tend to
order this region of the phospholipid membrane. It
has been reported previously that lowering tem-
perature from 22 to 0°C partially uncouples
calcium transport from ATP hydrolysis [30,31],
and that the calcium pump assumes a new confor-
mation at the lower temperature [32]. These find-
ings offer some support to the present hypothesis
that the phospholipid environment of the calcium
pump becomes less fluid during the spontaneous
transition from initial calcium uptake to the state
of rapid calcium efflux as ATP hydrolysis becomes
uncoupled from calcium transport during this
transition [2]. As predicted by this hypothesis, the
inhibitory effects of oleic acid on initial calcium
uptake velocity were significantly reduced at 5°C,
the concentration producing half-maximal inhibi-
tion increasing from approximately 4 uM to 8 uM
(compare Fig. 5B with 5A). However, the reduc-
tion in temperature did not significantly increase
the sensitivity to stearic acid. The present findings,
therefore, provide only partial support for the
hypothesis that the transition from initial calcium
uptake to the phase of spontaneous calcium re-
lease, and the associated increase in calcium efflux
rate, is accompanied by an ordering of the phos-
pholipids surrounding the calcium pump.

The appearance of a stimulatory effect of low
oleic and stearic acid concentrations on calcium
influx at the time of the initial maximum of calcium
content (Fig. 5C), an effect not seen in the case of
nitial calcium uptake velocity at 25°C (Tablel,
Fig. 5A), might also be partly explained if order-
ing of the membrane lipids surrounding the calcium
pump alters the effects of the fatty acids. This
hypothesis is supported by the finding that low
oleic acid concentrations stimulated initial calcium
uptake at 5°C; however stearic acid did not
stimulate initial calcium uptake at the lower tem-
perature (Table II, Fig. 5B). Calcium efflux at the
time of the initial maximum of calcium content at
25°C was markedly inhibited by both fatty acids
(Fig. 5D), but there was no clear reciprocity be-
tween stimulation of calcium influx and inhibition
of calcium efflux.

25

It is well established that the calcium pump can
mediate both an active transport of calcium into
sarcoplasmic reticulum vesicles [33,34]; and, when
Ca, is reduced in the presence of low ATP, and
high ADP and P, concentrations, a calcium efflux
that i1s accompanied by ATP resynthesis [35,36].
These vesicles are also capable of a calcium efflux
that 1s not accompanied by ATP resynthesis [7],
and which is increased by high Ca_ [1,2,7,37]. This
latter process corresponds to the calcium efflux at
the time of maximal calcium content described in
the present report, and may also be mediated by
the calcium pump [1,2,7]. The spontaneous transi-
tion from initial calcium uptake, characterized by
rapid calcium influx and very slow calcium efflux,
to the state when calcium content reaches a maxi-
mum, where calcium efflux becomes rapid and
calctum influx slow [2], 1s accompanied by a change
in the sensitivity of calcium influx to oleic and
stearic acids. As the interactions of these fatty
acids with the phospholipid bilayer can be in-
fluenced by the fluidity of the membrane [27], the
spontaneous change in the functional state of the
sarcoplasmic reticulum may be accompanied by a
change 1n the physical state of a critical region of
the bilayer that influences the calcium fluxes that
are mediated by the calcium pump.
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