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Summary

In the absence of oxalate, Ca’* accumulation by isolated sarcoplasmic retic-
ulum vesicles may show a transient behavior in which the vesicles accumulate
during the first 2 min of incubation as much as twice the amount of Ca®*
which is retained after 5—7 min, when Ca?* accumulation approaches a steady
state. Before Ca?* release begins, the Ca’* accumulation can reach 200—250
nmol/mg protein. The spontaneous release of the “extra” Ca’* initially accu-
mulated appears to be triggered by the attainment of a sufficiently high con-
centration of free Ca®* inside the vesicles.

The amplitude of the transient phase of Ca®* accumulation reaches a high
value near pH 6.0 and is increased by free Mg?*. At optimal concentrations of
H' and Mg?*, the amount of Ca?* accumulated during the transient is augment-
ed by various anions, in the order maleate > propionate > succinate > chloride
> sulfate > acetylglycine. The divalent anions have their maximum effects at
20—40 mM and the monovalent anions, at 40—200 mM. At 200 mM, all of the
carboxylic anions tested significantly reduce the amount of Ca** retained in the
steady state.

Introduction

In a number of studies of Ca?* accumulation by isolated sarcoplasmic reticu-
lum vesicles in the absence of Ca’*-precipitating agents, a spontaneous release
of part of the Ca®* initially accumulated by the vesicles has been described. Cal-

* To whom reprint requests should be addressed. Present address: Laboratory of Neurophysiology,
Department of Neurology, College of Physicians and Surgeons of Columbia University, 630 West
168th St. New York City, N.Y., 10032, U.S.A.

Abbreviation: EGTA, ethyleneglycol-bis(3-aminoethyl ether)-N,N'-tetraacetic acid.



211

cium accumulation by vesicles isolated from both cardiac muscle and white
skeletal muscle reaches a maximum in less than a minute; subsequently a por-
tion of the accumulated Ca®* is released over a period of several minutes, and
the vesicles approach a new steady state. Measurements of ATPase activity or
the use of an ATP-regenerating system have excluded ATP depletion as a cause
of the Ca®* release [1-6].

The Ca?* release described above seems to occur only under specific experi-
mental conditions. Huxtable and Bressler [5] showed that 25% of the Ca?*
accumulated at pH 6.5 and 37°C in the first 30 s of incubation was released in
4 min. If the pH was raised to 7.2, the net accumulation of Ca** was nearly
50% lower than the maximum amount accumulated at pH 6.5, but the level
attained at 30 s was maintained for several minutes. Other investigators have
demonstrated that the Ca®* release depends on temperature. At temperatures
between 15 and 25°C, maximal Ca?* uptake was similar to that observed at
35—37°C, but the spontaneous release of Ca** was greatly slowed or abolished
[2,3]. The release was not observed in the presence of oxalate [2,3,5].

In this paper, we investigate the parameters affecting the transient accumula-
tion and subsequent release of Ca®*,

Methods

Sarcoplasmic reticulum vesicles were prepared from rabbit skeletal muscle
using KCI, EDTA, phosphate buffer, sucrose, and MgATP, as previously
described [7]. In the last two washes at 70 000 X g, 0.1 M KCIl was used. The
vesicles were re-suspended in 0.1 M KCI or in 0.7 M enzyme-grade sucrose at
10—40 mg protein/ml, and stored at 0-—-4°C for no longer than 3 days. As
others have noted (e.g. ref. 3) vesicle preparations from different rabbits vary
considerably in their capacity for accumulating Ca®*. Vesicles referred to in
Results as having high or low capacities for Ca** accumulation were prepared
identically, but were selected according to the amplitude of the overshoot
obtained at optimal concentrations of H*, maleate, and Mg?* (details in legends
to Figs. 6 and 7).

Ca®* uptake was measured at 30°C in the absence of oxalate in media con-
taining Tris,/Na, ATP/Mg?*/**CaCl, buffer, and other additions as described in
the legends of the figures. The pH of each assay was adjusted to within 0.05
units of the stated value beforehand, and checked at the end of the incubation
period using a Radiometer pH meter. Potassium salts other than KCl and
K,50, were prepared by titration of the acid with KOH. For the experiments
described in connection with Fig. 7, magnesium maleate was prepared by titra-
tion of MgO with maleic acid. In some experiments, and ATP-regenerating sys-
tem was used, consisting of 4 or 5 mM phosphoenolpyruvate (monocyclohexyl-
amine salt, neutralized with Tris base) and 0.1 mg/ml ATP : pyruvate phospho-
transferase, preincubated with the assay medium at 30°C for 3—5 min before
starting the reaction.

The reactions were started by the addition of vesicles to a final concentra-
tion of 0.2—0.4 mg protein/ml, and stopped at various intervals by filtration
of 0.3-0.5-ml aliquots through Millipore or Gelman filters of average pore
diameter of 0.45 um. An aliquot of the filtrate was counted in a liquid scintil-
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lation counter and compared with an aliquot of the unfiltered assay medium
to determine the amount of Ca** accumulated by the vesicles. In some experi-
ments, ATPase activity was measured by determining the concentration of P;
in the filtrate [8].

Materials. Enzymes, substrates, Tris, and enzyme-grade sucrose were obtain-
ed from Sigma Chemical Co. (St. Louis, Mo., U.S.A.). **CaCl, was purchased
from the Radiochemical Centre (Amersham, U.K.). All other reagents were
analytical grade.

For the calculation of free Mg?* and MgATP?~ complex in the experiments
of Figs. 6 and 7, a computer program and association constants already
described from this laboratory were used [9]. The complexes of H', Mg?*, and
Ca®* with maleate were calculated using the pK, values 1.92 and 6.22 and the
association constant 10%2* M™! for the formation of calcium maleate [10]. The
association constant for the formation of magnesium maleate was estimated at
63% of the value for the formation of calcium maleate, by analogy with other
four-carbon dicarboxylic acids for which the association constants of the com-
plexes with both metals have been measured [10].

Results

It will be shown that the transient accumulation and release of Ca** at 30°C
depends on three factors: pH, the concentration and nature of the anion pre-
sent in the medium, and the concentration of Mg®*. As far as possible, the
influence of each of these three parameters was studied while maintaining the
other two at near-optimal concentrations.

Dependence on pH

The effect of pH is illustrated in Fig. 1A, which shows the time course of
Ca** uptake at pH 6.1, 6.4 and 7.1 in a medium containing 40 mM maleate and
100 mM KCl. At the lowest pH, Ca?* accumulation reaches its maximum rapid-
ly as the vesicles take up 94% of the Ca®* present in the medium in 40 s. Half
of this Ca?* is subsequently released, and the level of Ca®* retained by the vesi-
cles approaches a new steady state in 5—8 min. The initial accumulation of
“extra’’ Ca** may be termed an “overshoot” or a “‘transient”, since it is follow-
ed by Ca?* release to a lower value which is then maintained. After a much
smaller and slower overshoot at pH 6.4, a similar steady state is reached. At pH
7.1, no overshoot occurs and a steady state does not appear to have been com-
pletely established in 7 min. Experiments were not prolonged beyond 7 or 8
min in order to avoid building up in the medium enough inorganic phosphate
from ATP hydrolysis to permit the accumulation of calcium phosphate by the
vesicles [11]. Passive binding of Ca?' (without ATP) determined in several
preparations at pH 6.4—6.5 under the conditions of Fig. 1 was less than 10
nmol/mg protein.

The results of three experiments similar to that of Fig. 1A are plotted in Fig.
1B, showing the effect of pH on the maximum amount of Ca®* accumulated
during the overshoot and on the amount retained near the steady state at 8
min. Thus when maleate is the major anion present, the maximum overshoot
occurs at pH 5.8—6.0 and above pH 6.8 no overshoot is observed. The steady
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Fig. 1. (A) Time course of Ca?* accumulation at different pH values. The assay media contained 3 mM
ATP, 2 mM MgCl,, 0.1 mM 45CaCl,, 104 mM KCl, and 40 mM maleic acid adjusted to pH 6.1 (=), 6.4
(0), or 7.0 (A) by the addition of Tris base, at 30°C. The reaction was started by the addition of vesicles
to a final concentration of 0.4 mg protein/ml, and stopped at various intervals by filtration as described in
Methods. Similar results were obtained in more than five other experiments. (B) Effect of pH on Ca?*
accumulation transient and steady state. The assay media were as described for (A), but contained 4 mM
KCl. Aliquots filtered at 20, 40, 60 or 120 s were used for the determination of maximum accumulation
(m»), and aliquots filtered at 8 min (a) provided the steady-state levels of accumulation. Values represent
means and standard errors of experiments on three different vesicle preparations.

state shows a broad plateau, from pH 5.8—6.8.

The amplitude of the overshoot in a given set of conditions varied from prep-
aration to preparation. In 18 preparations tested under conditions similar to
those of Fig. 1 at pH 6.0—6.2, the maximum amount of Ca?* accumulated
during the overshoot ranged from 126—270 nmol/mg protein. The steady-state
accumulation ranged from 69—138 nmol/mg protein. The overshoot and spon-
taneous release were seen in all the preparations. The fraction of the maximal
load accumulated during the overshoot which was spontaneously released after
5—8 min ranged from 27—58%.

ATP-regenerating system

Addition of an ATP-regenerating system to the assay medium had no effect,
either on the amplitude of the overshoot or on the spontaneous release phase.
In eight preparations tested under various conditions with an ATP-regenerating
system present, the overshoot and the steady state were 98 + 6% and 99 + 7%
(mean = S.E.) of the controls without regenerating system, respectively. Persis-
tence of the spontaneous release phase in the presence of an ATP-regenerating
system (cf. also Figs. 6 and 7, Table I, and ref. 3) indicates that the sponta-
neous release of Ca’* is not due to depletion of ATP or to accumulation of
ADP in the medium.

Reversibility

Fig. 1A shows that the overshoot and the spontaneous Ca’* release which
occur at low pH are virtually complete within 2—3 min. If the vesicles are pre-
incubated in the assay medium for this length of time before ATP is added, a
large overshoot still occurs and the steady state of Ca®* accumulation is unaf-
fected (data not shown). Others have shown that the overshoot and release
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TABLE I
HALF-TIMES OF Ca?* RELEASE FROM DIFFERENT LOADS

Assay media contained (A) 1 mM or (B) 20 mM MgCl;, 1 mM ATP, 0.1 mM 45CaCl,, 100 mM KCl, 40
mM Tris maleate (pH 6.15), 4 mM phosphoenolpyruvate, 0.1 mg/ml ATP : pyruvate phosphotransferase,
and 0.2 mg vesicle protein/ml, at 30°C. Aliquots were filtered at 20, 40, 60, 120 and 300 s and the half-
time of release was taken as the interval between the peak of the overshoot and the loss of one-half of the
difference between the peak and the steady-state loads at 300 s. The variation in amplitude of the over-
shoot due to different concentrations of MgCl, in A and B is described in the preceding section of the
text. Values represent means and standard errors of n experiments.

Ca?* accumulated Half-time n
(nmol/mg protein) (s)

Overshoot Steady state

(A) 190 7 103
(B) 242 + 12 101

+ i+
o
o
N
I
o
-2

cycle can be repeated if a second aliquot of ATP is added to the medium after
most of the ATP initially present has been hydrolyzed [1,6].

Effects of anions

The time course of Ca** accumulation is greatly modified by the anion pre-
sent. In the absence of maleate, Ca’* accumulation under the conditions of Fig.
1B shows no release whatsoever between pH 6.05 and 7.5. At pH 6 and in the
presence of 20 mM MgCl,, conditions which are optimal for the overshoot
when maleate is present, little Ca®* release is observed in the absence of maleate
(Fig. 2). When either Tris maleate or potassium maleate is added in increasing
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Fig. 2. Activation of Ca?* accumulation transient by maleate at low pH. Assay media contained 4 mM
ATP, 20 mM MgCly, 0.1 mM 45CaClz, 1.2 mM KCIl, 0.2 or 0.25 mg sarcoplasmic reticulum vesicle pro-
tein/ml, and O (m), 10 (0), or 60 (v) mM maleate adjusted with KOH or Tris base to pH 6.05, at 30°C. The
curves are averages from two preparations.

Fig. 3. Effect of chloride on Ca2* accumulation transient at low pH. In addition to the concentrations of
KCl shown in the figure, the assay media contained 4 mM ATP, 20 mM MgCl;, 0.1 mM 45CaClg. 0.6 mM
KCl, and 0.2 mg vesicle protein/ml, at 30°C. The pH was adjusted to pH 6.05 with HCI or Tris base, and
did not vary more than 0.1 unit during the experiments. Concentrations of KCl added were (in mM) 5 (u),
100 (o), 200 (a), and 500 (2).
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amounts, the overshoot becomes progressively larger (Fig. 2). Potassium male-
ate does not appear to be more effective than Tris maleate.

Enhancement of the overshoot is not unique to maleate. Concentrations of
KCl op to 200 mM also augment the overshoot, although not as much as male-
ate (Fig. 3). Fig. 4 shows the results of experiments similar to those of Figs. 2
and 3, using the potassium salts of Cl”, SO%", and various mono- and di-carbox-
ylic anions. The divalent anions tested are maximally effective in the 20—40
mM range (Fig. 4, right), the monovalent anions require 40—200 mM for their
maximal effects (Fig. 4, left). At the optimum concentration for each anion,
the order of effectiveness in enhancing the overshoot is maleate > propionate
> succinate > CI” > SO3 > acetylglycine. At these same concentrations, propi-
onate and maleate slightly inhibit the steady-state accumulation of Ca®*; the
other anions have no significant effect (Fig. 4). At higher concentrations (100—
300 mM), the organic anions can markedly depress the amount of Ca®* retained
by the vesicles in the steady state. Since in this higher concentration range
there is a parallel inhibition of the overshoot, the total amount of Ca?* released
by the vesicles foltowing the overshoot remains relatively constant (Fig. 5). In
contrast to the other anions, SO~ above 100 mM abolishes the overshoot.

The decrease in Ca?* accumulation at the steady state in the concentration
range of 100- -300 mM may be related to the acid dissociation constants of the
organic anions. At any given concentration between 100 and 300 mM, the
inhibitory effectiveness of the different anions is in the same order as the con-
centration of undissociated carboxyl groups provided by each compound [34].
Thus CI” and SO%™ have no effect, acetylglycine (pK, 3.7) and propionate (pK,
4.9) are moderately inhibitory, and succinate (pK,; 5.6) and maleate (pK, 6.2)
are most inhibitory.

Mg?** dependence
In preliminary tests for the effect of Mg?* on the amplitude of the over-
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Fig. 4. Effects of anions on Ca2* accumulation transient and steady state at low pH. Assay media contain-
ed 4 mM ATP, 20 mM MgCl;, 0.1 mM 45CaC12. 2 mM KCl, and 0.2 mg protein/ml. at pH 6.0 and 30°C,
in addition to the concentrations of potassium salts shown on the abscissae. Values are means and stan-
dard errors of five vesicle preparations. Solid lines, peak of transient at 20 or 40 s; dashed lines, steady-
state at 5.5 min. Left, monovalent anions added were chloride (®,0), propionate (4,2), and acetylglycine
(®,0). Right, divalent anions added were maleate (®,0), succinate (4,2), and sulfate (®,0),
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Fig. 5. Ca2* release following the overshoot in the presence of different anions. Data are taken from Fig.
4, showing the difference between the amount of Ca?t accumulated by the vesicles at the peak of the
overshoot and the amount retained at the steady state, at each concentration of anion shown on the
abscissa.

shoot, we observed differences in the responses of different preparations which
appeared to depend on the degree of Ca’* loading. Accordingly, the Mg?*
dependence was studied in detail on two groups of vesicles, one having a Ca®*
capacity about 50% greater than the other at the peak of the overshoot in 20—
30 mM magnesium. In these experiments the pH and the concentration of
maleate were maintained near their optimal values for the overshoot.

Increasing the concentration of magnesium at a fixed concentration of ATP
increases both the rate and amount of Ca** accumulation during the overshoot
(Figs. 6 and 7). In the higher-capacity vesicles (Fig. 6, left), the overshoot con-
tinues to increase as the concentration of magnesium is raised to 10 and 20
mM. The amount of Ca®* retained in the steady state does not vary with mag-
nesium. In the lower-capacity preparations (Fig. 7), the overshoot is maximal
with 3 mM magnesium present; higher concentrations do not increase it fur-
ther. In these vesicles, the steady-state accumulation also increases with magne-
sium, although the effect is less than on the overshoot.

The contrast between the data of Figs. 6 and 7, using vesicles with different
maximal capacities for Ca?*, may indicate that the concentration of Ca?* inside
the vesicles influences the magnesium requirement for activation of the over-
shoot.

In order to determine whether the activation shown in Fig. 6 is due to free
Mg?* or to MgATP? complex, the Ca?* loads at peak and steady state were
measured in the presence of 3 mM and 0.01—0.03 mM ATP, with 3 mM magne-
sium present in the medium. An ATP-regenerating system was used to main-
tain constant the concentrations of ATP. The free Mg?* concentrations were
similar in the two media (pMg?* 3.5 and 3.1, respectively), but there was a 100-
fold difference in MgATP concentrations. In the three preparations tested, the
average amount of Ca?* accumulated at the peak of the overshoot in the two
conditions was the same (224 and 215 nmol/mg protein). The steady-state
loads were also unaffected by the difference in MgATP concentrations. A more
complete test was performed using low-capacity vesicles, as shown in Fig. 7.
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Fig. 6. Effect of Mg2* on Ca?* accumulation by high-capacity vesicles. Vesicles which accumulated at the
maximum 219—244 amol Ca?*/mg protein were used. Left, assay media contained 1 mM ATP, 0.1 mM
4SCaC12, 100 mM KCl, 4 mM phosphoenolpyruvate, 0.1 mg/ml ATP : pyruvic phosphotransferase, 40
mM Tris maleate (pH 6.2), and 0.1 (&), 1.0 (&), 10 (0), or 20 (») mM MgCl, at 30°C. The reactions were
started by the addition of vesicles to a final concentration of 0.2 mg protein/ml. Right, averages of three
experiments similar to those at left, but varying MgCl; from 0.03—20 mM. Solid lines, maximum accumu-
lation at 20, 40, 60 or 120 s; dashed lines, steadystate accumulation at 5 min, Free Mg2* concentrations
were calculated as described in Methods.
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Fig. 7. Effect of Mg2* on Ca?* accumulation by low-capacity vesicles. Vesicles which accumulated at the
maximum 149—168 nmol Caz*/mg protein were used. Assay media contained 3.0 (@) or 0.3 (o) mM ATP,
0.1 mM 45CaCly, 10 mM His - HCI, 0.1 mg/ml ATP : pyruvate phosphotransferase, 4 mM phosphoenol-
pyruvate, potassium maleate as required to keep the total concentration of maleate at 60 mM, 0.2 mg
vesicle protein/ml and 0.03—30 mM magnesium maleate at pH 6.0 and 30°C. Free Mg2* concentrations
were calculated as described in Methods. Solid lines, maximum accumulation at 20, 40, 60 or 120 s. Dash-
ed lines, steady state at 5.5 or 6.5 min. Values are the means and standard errors of experiments on three
preparations. In five similar experiments in which the CI” concentration was maintained at 100 mM as
MgCl, was added in the presence of 3 mM ATP, both the transient and the steady state also showed
optima at pMg2* 3.5.

Fig. 8. Ca?*-activated ATP hydrolysis during the overshoot. Assay medium contained 1 mM ATP, 20 mM
MgClp, 0.1 mM 4SCaC12, 0.03 mM EGTA, 100 mM KCl, 40 mM maleic acid adjusted to PH 6.15 with
Tris base, and 0.2 mg vesicle protein/ml, at 30°C. The assay was started by the addition of vesicles and
stopped by filtration at the times indicated. Liberation of inorganic phosphate (0) and 45Ca uptake (w)
were measured as described in Methods, using, respectively, 0.2 and 0.1 ml of each filtrate. A Mg2?*-depen-
dent ATPase activity of 0.097 umol/mg protein per min, measured in the same medium but with CaCly
omitted, was subtracted from the total activity to obtain the Ca2*-dependent activity shown.
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For this experiment the magnesium concentration was increased over four
orders of magnitude at two different ATP concentrations, and the data plotted
as a function of free Mg?*. The curves obtained with different ATP concentra-
tions virtually superimpose when plotted in this way. These data indicate that
the overshoot is activated by free Mg?*,

ATP hydrolysis

In a number of experiments, ATP hydrolysis and Ca?* accumulation were
measured simultaneously in order to determine whether the Ca?* release fol-
lowing the overshoot might be due to an abrupt inhibition of the Ca®** pump
(Fig. 8). The release of Ca** following the overshoot is not accompanied by any
decrease in the rate of Ca**-dependent hydrolysis of ATP. A similar finding was
reported by Huxtable and Bressler [5].

Effect of Ca®* load

The next experiments were designed to explore the role of the Ca?* concen-
trations inside and outside the vesicles. The time course of Ca?* accumulation
from media containing a fixed concentration of **CaCl, and four different con-
centrations of vesicular protein is shown in Fig. 9 (left). The increase in protein
concentration leads to removal of proportionately increasing amounts of Ca?*
from the medium: with 0.4 mg protein/ml, at the peak of the overshoot only
7% (7 uM) of the Ca®" initially added to the medium still remains. In these
experiments larger protein concentrations were avoided in order to ensure that
at the peak of the overshoot, the Ca’" concentration remaining in the assay
medium was sufficient to maximally activate the transport ATPase [12]. In
Fig. 9 (right), the data are re-plotted to show the amount of Ca?* accumulated
per mg of protein at the peak of the overshoot and in the steady state, as a
function of the concentration of Ca?* remaining in the medium at those two
incubation times. This experiment shows that the overshoot is independent of
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Fig. 9. Effect of external Ca2* concentration on overshoot and steady state of Ca2* accumulation. Assay
media contained 5 mM ATP, 5 mM MgCl,, 0.1 mM 4SCa012. 20 mM KCl, 40 mM maleic acid adjusted to
pH 6.4 with Tris base, and the concentrations of vesicle protein shown, at 30°C. Left, time course of Ca%*
accumulation at vesicle protein concentration of 0.05 (&), 0.1 (a), 0.2 (0), or 0.4 (®) mg/ml. Right, data
at left re-plotted to show Ca2* accumulation at peak of overshoot (¥) and at steady state (v) as a function
of the concentration of calcium remaining in the medium at each of those incubation times.
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external CaCl, over the range of 7—88 uM. Since the calcium load at the peak
of the overshoot is the same even when the external calcium concentration is
reduced 10-fold, these data also indicate that the overshoot can withstand a
5—10-fold increase in the transmembrane Ca®* concentration gradient without
alteration.

At the steady state the Ca’* load in the experiment of Fig. 9 was indepen-
dent of external CaCl; between 46 and 92 uM. In another experiment, the peak
and steady-state loads were measured at a constant protein concentration (0.2
mg/ml) but in media containing different CaCl, concentrations. The peak and
the steady-state Ca®* loads were the same whether the medium initially con-
tained 30 or 100 uM CaCl,. Final concentrations at the steady state were 20
and 90 uM, respectively. This experiment confirms that of Fig. 9 and extends
down to 20 uM the range in which the steady-state load is independent of
external calcium.

It is somewhat more difficult experimentally to vary the internal Ca’** con-
centration. In designing the next experiments we have assumed that Ca®* is
accumulated during the overshoot by being actively transported into the vesi-
cles, where some of it remains free. It may be in equilibrium with another
fraction that is bound to components of the membrane [13,14]. The results of
adding oxalate to the medium (Fig. 10) indicate a role for internal Ca** in the
spontaneous release of Ca2?* that follows the overshoot. Vesicles incubated with
ATP, Ca?*, Mg?* and oxalate accumulate calcium actively and oxalate passively
until the limit of solubility is reached inside the vesicles, and calcium oxalate
precipitates [14—17]. As calcium accumulation continues, the free Ca** con-
centration inside the vesicles remains constant. This concentration is lower the
higher the oxalate concentration of the assay medium [14—16]. Fig. 10 shows
that the presence of small amounts of oxalate (up to 0.5 mM) in the assay me-
dium abolishes the release phase following the overshoot, without greatly affect-
ing the rate of uptake. In three similar experiments, the Ca?* release phase was
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Fig.10. Loss of spontaneous Ca?* release in the presence of oxalate. Assay media contained 1 mM ATP,
5 mM MgCl;, 0.1 mM 45CaCl2, 100 mM KCl, 4 mM phosphoenolpyruvate, 0.1 mg/ml ATP : pyruvate
phosphotransferase, 40 mM Tris maleate (pH 6.2), and 0 (v), 0.3 (2), 0.4 (®), or 0.5 (J) mM potassium
oxalate, at 30°C. The reactions were started by the addition of vesicles to a final concentration of 0.2 mg

protein/ml.
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attenuated or abolished at oxalate concentrations between 0.2 and 0.3 mM. At
oxalate concentrations above 0.5—1 mM, Ca?* uptake becomes very rapid and
the steady-state capacity of the vesicles is greatly increased (data not shown).

If the Ca®* release depends on internal Ca?", its rate should increase as the
internal Ca’* concentration increases. In the experiment of Table I, the time
course of the spontaneous Ca?* release was studied in vesicles which had been
loaded to two different levels at the peak of the overshoot. This was accom-
plished by taking advantage of the Mg?* effect described in a preceding sec-
tion. High-capacity vesicles were allowed to accumulate Ca’* under the condi-
tions described for Fig. 6 in the presence of 1 or 20 mM MgCl,. Identical half-
times are observed for the spontaneous Ca?* release from the two different
degrees of filling thus obtained. We assume that the different Ca?* loads in A
and B are reflected by differences in the internal Ca?* concentrations. The data
of Table I would thus be consistent with Ca®* outflow at a rate which is pro-
portional to the internal Ca** concentration.

A second point can be made from the data in Table I. If the lower overshoot
obtained in the presence of the lower concentration of MgCl, were simply due
to a greater leakiness of the membrane, one would expect a smaller half-time
and a lower steady-state capacity for this experimental condition. As this was
not the case, it is unlikely that different amplitudes of the overshoots reflect
differences in the membrane’s passive permeability to Ca®*.

Discussion

The data presented in this paper document ionic requirements for a transient
accumulation and spontaneous release of Ca?* by isolated sarcoplasmic reticu-
lum vesicles in the absence of Ca®*-precipitating agents. The data of Fig. 9 and
Table 1 establish that the overshoot and the steady state represent two distinct-
ly different capacities for Ca** retention. Optimal concentrations of anions, H'
and Mg?* all increase the maximum capacity during the overshoot, with lesser
effects on the lower, steady-state capacity. The spontaneous release of Ca®*
which follows the overshoot is a reversible process and represents a transition
between the high- and low-capacity states.

Although new information is provided about the conditions which are opti-
mal for observing the early, high-capacity state which characterizes the over-
shoot, it is still not possible to describe completely the mechanism by which it
is induced. The overshoot is accompanied by ATP hydrolysis (Fig. 8) and is too
large to be accounted for by the small amount of passive binding found in the
absence of ATP. Our data do not exclude the possibility that the “extra” Ca?*
accumulated during the overshoot represents a bound fraction whose binding
depends on ATP [18] and is affected by pH, Mg?* and anions. Nevertheless, the
graded effects of low concentrations of oxalate which abolish the Ca?* release
(Fig. 10) indicate that the free Ca?* concentration inside the vesicles is an
important factor in controlling the overshoot. We suggest that the amplitude of
the overshoot is limited by attainment of a critical Ca?* concentration inside
the vesicles. Low concentrations of oxalate suffice to prevent this critical inter-
nal Ca?* concentration from being reached. In the absence of oxalate, the criti-
cal internal Ca?* concentration triggers readjustment to a low-capacity state,
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and Ca®* is then released by passive diffusion (Table I) until the new steady
state is attained.

The different amplitudes of the overshoot which are observed when the ionic
conditions are varied in the absence of oxalate may correspond to alterations
in the threshold concentration of Ca?* inside the vesicles which is required to
trigger the release phenomenon. An alternative which is made less likely by the
data of Table I is that a higher overshoot simply reflects a lower passive perme-
ability to Ca®* already accumulated. Since the release occurs while the pump is
still operating normally, as indicated by the ATPase activity (Fig. 8 and ref. 5),
it is not a result of the pump suddenly being arrested. Nor does it appear to be
the consequence of reversal of the Ca®* pump [19], since it is not blocked by
the use of a regenerating system that removes ADP from the medium (Figs. 6
and 7 and ref. 3).

Anions. Activation by anions of Ca’>* accumulation by isolated vesicles has
not previously been reported. Using intact vesicles and concentrations of Mg?*
and H* which are optimal for activating the overshoot, we have been unable to
detect any activation of the ATPase activity by 40 mM maleate which could
provide the increased Ca?* influx necessary to produce an overshoot. A study
of the effects of anions on the kinetics of the Ca**-dependent ATPase activity
is in progress, using vesicles purposely made leaky in order to permit control of
the Ca®* concentration at the inner surface of the vesicle membrane.

Earlier studies of anion effects have been confined to pH 7, where an over-
shoot does not occur, and have been focussed on chaotropic anions. Various
degrees of inhibition of the steady-state capacity were observed at anion con-
centrations between 50 and 300 mM [20—24]. Both increased leakiness of the
vesicles and direct inhibition of the Ca** transport ATPase contributed to the
decrease in Ca®?* capacity [23,24]. We have not attempted to estimate mem-
brane permeability in the presence of anion concentrations which inhibit the
steady-state capacity (Fig. 4). It may be that some permeability increase occurs
at these higher concentrations.

Comparison with skinned fibers. This study includes anions which have been
shown to promote uptake or release of Ca** by elements of the sarcoplasmic
reticulum which persist in isolated ‘‘skinned” fibers, from which the sarcolem-
ma has been removed [25—31]. In these preparations, the sarcoplasmic reticu-
lum accumulates Ca** from bathing media containing Mg?*, Ca?*, ATP and one
of a number of potassium salts. Ca?* accumulation is greater in the presence of
“more permeant’’ anions such as Cl” than in the presence of propionate or SO3~
[28]. In the isolated vesicles, these anions differ greatly in their ability to
induce an overshoot at their optimal concentrations (Fig. 4). Nevertheless their
effects are not in the same order as their reported actions on skinned fibers.
Propionate, for example, enhanced the overshoot more than CI", but SO3~
depressed it.

PpH and Mg**. Our data confirm previous reports of a transient accumulation
and release of Ca®* which showed that it occurs at pH 6.5 but not at pH 7.2
[5]. However, we observed a maximum at pH 6 or below (Fig. 1B), whereas for
Huxtable and Bressler [5], pH 6.5 was optimal. A comparison of Figs. 1—3,
and also Fig. 6, suggests that differences may be expected on the basis of the
different anions (110 mM CI” vs. 40 mM maleate), and possibly the different
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Mg?* concentrations used. Using maleate and a large excess of Mg**, Nakamaru
and Schwartz [32] also found an increase in the amplitude of the overshoot as
the pH was reduced below 6.5.

The pH profile which we observe for the overshoot is in striking contrast to
that which we find for the lower levels of Ca®* accumulation that are associated
with the steady state (Fig. 1B). Several authors who have studied pH effects on
the steady state in the presence of oxalate have reported that the pH optimum
shifts to more acidic values when either Ca®* accumulation or ATPase activity
is measured in the absence of oxalate [3,5,33]. This shift has been attributed to
the higher internal free Ca®* concentrations which prevail in the absence of
oxalate [33]. It may be that the lower pH optimum observed for the over-
shoot, in contrast to the steady state (Fig. 1), is due to the higher internal Ca?*
concentrations present at the peak of the overshoot.

The Mg?* dependence at pH 6 has not been studied before. The Mg** profile
for low-capacity vesicles at pH 6 (Fig. 7) is similar to that reported for vesicles
having a Ca’* capacity in this same range or lower at pH 6.6—6.7, where no
overshoot would occur [13,21]. In the high-capacity vesicles, the Mg?*
becomes more effective in inducing the overshoot (Fig. 6).
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