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Ca’* efflux from sarcoplasmic reticulum vesicles was studied by measurements of net Ca* uptake, *>Ca?*
flux and hydrolysis of energy-rich phosphate. The maximal Ca’* uptake capacity (150-200 nmol / mg protein
at pH 6.7, 10 mM MgCl, and p=0.26) was independent of the nature and concentration of the
energy-donating substrate (ATP or carbamyl phosphate) and of temperature (15-35°C), suggesting coupling
between influx and efflux of Ca’*, In the presence of high concentrations of ATP, this efflux of Ca’* was
much higher than the passive Ca’* permeation, measured after ATP or Ca’* depletion of the reaction
medium. Ca’* efflux was imperceptible at vesicle filling levels below 35-40 nmol Ca**/mg protein, and
uncorrelated to the inhibition of the Ca2*-ATPase by high intravesicular Ca* concentrations. Analysis of the
data indicated that Ca?* efflux under our conditions probably is associated with one of the Ca?*-ATPase
partial reactions, occurring after dephosphorylation, rather than with a reversal of the Ca* translocation step
in the phosphorylated state of the enzyme. Furthermore, passive Ca>* permeation may be concurrently
reduced during the enzymatically active state. It is proposed that both Ca?* efflux and passive Ca?*
permeation (Ca?* outflow) proceed via the same channels which are closed (occluded) during part of the
Ca’*-ATPase reaction cycle.

Introduction

Tight vesicles of membrane fragments of
sarcoplasmic reticulum, isolated from skeletal
muscle, are able to accumulate Ca?* at the expense
of the chemical energy contained in ATP or other
energy-rich phosphate compounds. When ATP is
added to a suspension of sarcoplasmic reticulum
vesicles in a medium without Ca?*-precipitating
anions and in the presence of a surplus of Ca®*,
the vesicles accumulate Ca’* to a certain maximal
filling level, representing balance between the en-
ergy-consuming Ca?* translocation (Ca?* influx)
and Ca’* efflux. Interesting observations are that
identical maximal Ca?*-filling levels are obtained
in the vesicle suspensions, despite a wide variation
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in the turnover rate of the ATPase [1-3]. This is
not to be expected if Ca?* accumulation is
governed by a ‘pump and leak’ system, but instead
suggests a tight coupling between Ca’* influx and
efflux at high intravesicular levels of Ca®*. Recent
studies have suggested that the efflux of Ca?*
represents reversal of the active transport step, but
without resynthesis of ATP [4,5]. A

In the present paper Ca’** efflux was studied
during active Ca’* influx by a combination of net
Ca®* uptake, *°Ca’* flux and ATPase activity
measurements under conditions where reversal of
Ca®* transport, with resynthesis of ATP, is negligi-
ble. We find that Ca®* efflux at a high turnover of
the pump and at high Ca®* load levels is much
faster than can be accounted for by passive per-



192

meation. We obtain evidence that under our con-
ditions Ca’* efflux is associated with one of the
latest steps in the enzymatic cycle, rather than
with an exchange in the Ca®*-transport step in the
phosphorylated state. In addition, a detailed anal-
ysis suggests that ATPase activity-dependent ef-
flux and passive permeation of Ca’* are interde-
pendent phenomena.

Materials and Methods

Preparation of sarcoplasmic reticulum vesicles
and spectrophotometric measurements of net Ca®*
uptake and release were performed as described in
the previous paper [6]. The buffer used in all
experiments comprised 50 mM Tris-maleate /100
mM KCl/10 mM MgCl,. In addition to a mag-
netic stirrer, improved mixing of the spectropho-
tometer cuvette contents was obtained by the use
of a motor-driven plastic propeller situated in the
upper part of the cuvette. Ca’* uptake was ini-
tiated by addition of ATP from a microsyringe
mounted in a spring-activated injection device.
The time for complete mixing was 300 ms, when
10 ul reagent was shot into a cuvette containing
2500 pl reaction medium.

Ca’ *-influx measurements

Measurement of Ca?* influx was made when
maximal filling of the sarcoplasmic reticulum
vesicles had been obtained with “°Ca’" in the
presence of ATP or carbamyl phosphate in some
experiments. A small volume of *CaCl,
(Amersham International: spec. act. 400-1600
Ci/mol) was added at the appropriate time. The
spectrophotometer cuvette with its magnetic stirrer
was used as mixing chamber and 250-500-u1 sam-
ples were taken for Millipore filtration and
analyzed as previously described [6]. Influx of
Ca’* was calculated either from the initial slope of
43Ca’* disappearance from the medium as a func-
tion of time, or by logarithmic transformation,
assuming a two-compartment model in steady state

[7]:

45 Ca:
n| —Z%e ) =—V( L, 1 )+1n fie ()
45Cao'w Cai‘oo CaO.oo Cao,co

in which ¥ is Ca?* influx (nmol /ml), **Ca,, is the

radioactive concentration remaining in the medium
at time ¢ after addition of **Ca** (cpm/ml) and
Ca;,, and Ca, are the equilibrium concentra-
tions of *°Ca’* inside and outside the vesicles
(nmol /ml).

ATPase activity

ATPase activity was measured by following the
liberation of inorganic phosphate, either chemi-
cally [6] or as 2P, from [y->?PJATP (Amersham
International). In the latter type of experiment,
where a high time-resolution was aimed at, a man-
ually operated mixing apparatus with two syringes
and a motor-driven Teflon stirrer was used. The
reaction was initiated by the addition of ATP and
quenched by addition of 250 ul 36% (w/v) trichlo-
roacetic acid, containing 0.5 mM inorganic phos-
phate as carrier, to | ml reaction medium. Remain-
ing [*?PJATP was partly removed from the mix-
ture by addition of 1 ml 2% (w/v) acid-treated
charcoal, followed by Millipore filtration [8]. Ex-
traction of *2P, was done by an isobutanol-silicon
tungstate procedure [9] and the radioactive content
of the extract was counted by liquid scintillation.

Other methods and materials

Determination of the concentration of protein,
ATP and of the total Ca®* content in the sarco-
plasmic reticulum vesicles (endogenous Ca?*) was
performed as described in the previous paper [6].
The Ca’* ionophore X537A (Lasalocid®) was a
gift from Hoffman La Roche (Hvidovre, Den-
mark) and was used from stock solutions (3-4
mM), prepared in dimethylsulfoxide.

Results

Dependence of Ca’* accumulation on Ca’ *-ATPase
activity and temperature

Fig. 1 shows the time-course of Ca’* uptake by
sarcoplasmic reticulum vesicles in the presence of
different ATP concentrations. It is seen that, de-
spite widely different initial Ca?* uptake rates, the
vesicles ultimately reach the same level of Ca®*
content. The constancy of the maximal Ca®* load
under the given conditions (pH 6.7, 10 mM MgCl,
and p-0.26) was demonstrated in different series of
experiments, including changes in ATP concentra-
tion from 1 pM to 1 mM (not shown) and the use
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Fig. 1. Net Ca?* uptake by sarcoplasmic reticulum vesicles in
the the presence of different concentrations of ATP (figures on
curves, pM). Curves are averages of 4-18 experiments and
maximal Ca?*-filling levels are indicated by symbol (¢)£S.D.
Assay conditions: 20°C; 0.51 mg/ml protein; 0.2 mg/ml
pyruvate kinase; 2 mM phosphoenolpyruvate; ATP as indi-
cated; 113 pM CaCl, added; 20 pM arsenazo III in all
experiments.

of carbamyl phosphate as an energy-donor. In the
latter case, the maximal Ca’* load at 930 pM
carbamyl phosphate was 160 + 16 nmol/mg, as
compared to 171 £ 17 nmol/mg with 36 pM ATP
(a different preparation from that in Fig. 1 was
used, which accounts for the somewhat higher
accumulation capacity in these experiments). In
comparison, the Ca?* influx rate, as measured
with 45Ca?* during maximal uptake, was 0.85 with
carbamyl phosphate as energy-donor and 3.5
nmol/mg per s with ATP. Also, a variation in
carbamyl phosphate concentration from 200 to
2000 pM left the maximal Ca®*-filling level un-
changed. The constancy of the maximal Ca’* load
suggests that Ca?” efflux balancing Ca’* influx is
dependent on the activity of the ATPase, or, in
other words, coupled to active, inward transport of
Ca?".

Variation in temperature did not significantly
change the maximal Ca®* load either (15°C: 189
+12: 20°C: 211 £ 9; 25°C: 209 + 4; 30°C: 199 £
15; and 35°C: 201 + 1 nmol/mg; 100 pM ATP
and 1 mM phosphoeno/pyruvate: a preparation
with an even higher Ca?* accumulation was used).
Under the same conditions, the Ca’*-ATPase ac-
tivity during maximal accumulation increased more
than 10-fold from 0.7 nmol/mg per s at 15°C to
9.7 nmol/mg per s at 30°C. As the coupling ratio
between Ca®* translocation and Ca’*-ATPase ac-
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tivity is considered to be independent of the tem-
perature over this range [10,11], it follows that the
temperature coefficient of Ca?* efflux is identical
to that of ATP-supported Ca’* influx, in agree-
ment with a coupling of the two processes.

The effect of other environmental parameters
on Ca?*-accumulation was not studied in any sys-
tematic manner. However, we found that a de-
crease of pH to 6.1 resulted in unchanged maximal
Ca?*-filling but decreased Ca’*-ATPase activity
and initial Ca?*-uptake rate. Conversely, the maxi-
mal Ca?*-filling level decreased to around 80
nmol /mg when pH was elevated to 7.5 and in this
case the Ca’*-ATPase activity and the initial
Ca’*-uptake rate was increased.

Ca’* efflux during maximal Ca’* accumulation
The disappearance of 4°Ca?* from the medium,
when the isotope is added to the vesicular suspen-
sion at the point of maximal uptake (see points in
Fig. 1), is shown in Fig. 2A. At the two higher
ATP concentrations, 4°Ca?* partitions rapidly be-
tween the medium and vesicles in the same pro-
portion as “°Ca?*, This ideal behaviour is not fully
followed at the two lower ATP concentrations,
presumably because the time required for equi-
libration is too long to maintain intravesicular
Ca?* in a steady state (notice the presence of the
‘overshoot’ phenomenon, which presumably indi-
cates time-dependent changes in the Ca>* permea-
bility of the vesicles [6]). Accordingly, only the
data at the two higher ATP concentrations were
subjected to compartmental analysis (Materials
and Methods), while Ca?* influx was estimated
from initial rates in the two other experiments.
The results obtained are compiled in Table I,
together with determinations of both steady-state
Ca?*-ATPase activity and initial Ca?*-uptake rate.
It is seen that Ca’* influx during steady state is
lower than the initial Ca?* uptake rate, especially
at the higher ATP concentrations. This decrease is
attributable to the inhibition of Ca?*-ATPase ac-
tivity by a high intravesicular concentration of
Ca?* [1-3,12]. The apparent coupling ratio in
steady state, calculated as the ratio between Ca’*
influx and ATPase activity, varies from 1.08 to
1.58 without any systematic variation on the ATP
concentration. These values are lower than the
generally accepted coupling ratio of 2 for the
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ATPase [2,13-16] (but see Ref. 17). It is also lower
than the coupling ratio that we have measured
during the initial part of the reaction (see Fig. 3)
or during reversal of the Ca’* pump [6). According
to the data of Fig. 3, the coupling ratio is 2 up to
an intravesicular Ca?* level of 30-35 nmol/mg
protein. At higher intravesicular levels there is a
relative decrease in net Ca’* uptake, presumably
heralding the onset of the Ca®*-efflux phenome-
non.

In the experiments of Fig. 2, unidirectional
fluxes are measured under conditions approaching
steady state, and therefore the coupling ratio might
have been expected to be the same as measured in
the initial uptake period in Fig. 3. However, as
noted by Hasselbach [14], the presence of unsealed
vesicles or non-vesicular membrane fragments may
be the main cause of apparently low coupling
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ratios at high Ca®* loads. In contrast to the sealed
vesicles, this fraction of the ATPase population is
not subject to inhibition by a high intravesicular
Ca’* concentation. Even if the ‘leaky’ vesicles
constitute a very small fraction of a preparation, it
may contribute considerably to the measured
Ca’*-ATPase activity during a maximal Ca>* load
and thereby cause an apparent lowering of the
measured coupling ratio. For example: 17-34% of
the Ca’*-ATPase activity under these conditions
will be due to leaky vesicles in a preparation
containing 2-5% of these, if the Ca?*-ATPase
activity of closed vesicles is 10% of that of the
leaky vesicles.

Ca’™ efflux at submaximal Ca’* accumulation
At any given time during the approach of Ca®*
accumulation to a maximal load level, efflux of

Fig. 2. A. Disappearance of **Ca?* from the medium at different ATP concentrations: 187 pM (v), 47 pM (@), 0.94 pM (a) or 0.47
#M () ATP. The radioactive isotope was added at a time corresponding to maximal filling of the vesicles with 4°Ca?* (cf. Fig. 1).
This corresponds to a distribution of *°Ca®* with 33-35% remaining in the medium (for all ATP concentrations). Assay conditions as
in Fig. 1. Part B demonstrates how closely experimental data actually fit the graphical analysis based on a simple two-compartment
mode] (see Methods, data from experiments with 47 uM ATP only).

Fig. 3. Initial net Ca®* uptake (unbroken curve, left-hand ordinate) and inorganic phosphate liberation (broken curve with symbols,
right-hand ordinate) in sarcoplasmic reticulum vesicles. P, liberation was measured using [y- 32PJATP as described in Materials and
Methods. Correction was made for P, liberation in the presence of 10 mM EGTA (basal-ATPase). The steady-state Ca®>*-ATPase
activity of the preparation was 0.79 nmol/mg per s. Assay conditions: 15°C; 0.44 mg/ml protein; 575 pM ATP (no regenerating
system); 100 uM CaCl, added; 17 pM arsenazo I1I in both types of experiment. Note that ADP accumulation, due to the absence of
an ATP-regenerating system, cannot be ascribed any significance as only about 3.5% of the ATP is hydrolyzed during the

experimental observation period (total ATPase activity).

P {nmot x mg'}



Ca’* (dCa,/dt) equals the difference between ac-
tive Ca?* influx (dCa,/dt) and net Ca’* uptake
(dCa,/dt) by the vesicles, i.e.

dCa; dCa, dP

dCa _dCau
dr  dt dr  dt dr

@

where dP,/d1 is the rate of Ca’* dependent ATP
hydrolysis and CR is the apparent coupling ratio
between Ca’* influx and ATP hydrolysis. The
results of calculations based on the data of Fig. 1
and steady-state ATPase activity (Table I) are
shown in Fig. 4. It is seen that Ca?* efflux rises
steeply at a level of 80 nmol Ca?*/mg. At the
lowest ATP concentration (0.47 pM) Ca** efflux is
barely distinguishable from Ca** outflow obtained
by depleting the ATPase of medium substrate. An
increase in ATP concentration increases Ca’™ ef-
flux from this basal level at all intravesicular Ca?*
loads, resulting in highly cooperative efflux curves.

The shaded curve in Fig. 4 depicts the inhibi-
tion of Ca?*-ATPase activity. The construction of
this curve is based on several measurements of
rates of ATP hydrolysis and Ca’* uptake during
the initial reaction periods (see legend to Fig. 4).
The figure shows that activity is reduced to a
minimal level at 80 nmol Ca’* /mg protein. There
is thus no correlation between inhibition of Ca?*-
ATPase activity and activation of Ca®* efflux by
intravesicular Ca?*. In this connection it is ap-
propriate to point out that calculations of Ca?*
efflux by Eqn. 2 assume the same Ca’*-ATPase
activity as in the steady state (otherwise the ap-
parent coupling ratio, taken from Table I, would
be changed). For this reason, the course of Ca’*
efflux below 80 nmol/mg has been indicated by
broken lines. It seems certain that Ca?* efflux
becomes negligible at low Ca®* loads. This conclu-
sion follows from the results of Fig. 3 which
showed that up to a Ca** content of approx. 35
nmol/mg there was no evidence for Ca?* ex-
change, as might perhaps have been expected at
the high Mg?2* concentration (10 mM) on the basis
of Ca?* exchange results published by Takakuwa
and Kanazawa [18].

Inhibition of Ca’*-ATPase activity by accumulated
Ca 2+
Independent verification of the inhibitory effect
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Fig. 4. Ca?* efflux, Ca®* outflow and Ca?*-ATPase inhibition
as a function of the vesicular Ca’* content. The Ca?* efflux at
different ATP concentrations is calculated from net Ca?* up-
take curves and the data of Table I as described in the text (@,
187 uM ATP; O, 47 uM ATP; w, 0.94 uM ATP; O, 047 pM
ATP). The Ca?* outflow experiments (&------ A) were per-
formed under conditions identical to those of Fig. 1, except
that the phosphoeno/pyruvate concentration was lower (225
uM), so that spontaneous Ca®* outflow occurred around 300 s
after ATP addition (four experiments). Alternatively, and giv-
ing an identical outflow curve {6], EGTA was added to a final
concentration of 10 mM at 300 s after ATP (2 mM phos-
phoenol pyruvate; three experiments). The quantitative analysis
of the inhibitory effect of intravesicular Ca?* on the ATPase
turnover activity (hatched curve, left-hand ordinate) is based on
several different experimental results. The initial part of the
curve was obtained both from fast spectrophotometric mea-
surements of net Ca®* uptake (below 35-40 nmol /mg) and of
Ca?*-ATPase activity (up to a Ca’* content of 60 nmol/mg,
see Fig. 3). Above 80 nmol Ca’*/mg protein, Ca>*-ATPase
activity is assumed to be constant as demonstrated by Fig. 5,
and activities in this region are obtained from the data of Table
1 (47 and 187 uM ATP). As an interesting point, it may be
noted that we find it possible to assemble the hatched curve
from experimental results obtained under different conditions,
i.e., temperature and ATP concentrations in the range 47-575
uM.

of intravesicular Ca’* on Ca’*-ATPase activity
was gained from experiments with Ca?* iono-
phore. By incorporation of varying amounts of
X537A in the sarcoplasmic reticulum membrane, a
leak of Ca’>* could be induced, causing a graded
decrease in the steady-state Ca®* content, accord-



TABLE I

EFFECT OF VARIATION IN ATP CONCENTRATION ON Ca?*.EXCHANGE AND Ca’*-ATPase ACTIVITY IN MAXIMALLY Ca?*-FILLED VESICLES AS
WELL AS ON PARAMETERS OF NET Ca?* UPTAKE

The Ca?* exchange ( = Ca’* influx) was calculated from the data of Fig. 2A as described in Materials and Methods. The Ca2*-ATPase activity is total ATPase activity
measured minus Ca?*-independent (‘basal’) ATPase activity, measured in the presence of 10 mM EGTA. The parameters of net Ca’* uptake were read from
spectrophotometric records, and the initial Ca® *-uptake rate was estimated within the first second of the reaction. The figures are averages + S.D. (number of experiments in

parentheses). In the case of exchange measurements, only one calculation was performed for each ATP concentration, experimental data being compiled from two or three
experiments, however. Assay conditions as in Fig. 1.

a b

[ATP] 45Ca’* influx Ca?* — ATPase Ratio Maximal Ca**- Half-time for Initial net Ca?”*

(uM) (nmol/mg per s) activity a/b filling level max. Ca®* filling uptake rate

(nmol /mg per s) (nmol /mg) (s) (nmol/mg per s)

0.47 0.66 0.49+0.03 (3) 1.35 1439419 (4) 105 1.0+0.11 (7)
0.94 1.06 0.67+0.11 (4) 1.58 145.0+ 4.6 (10) 49 14+0.12 (6)
47 1.72 1.264-0.16 (6) 1.37 148.4+4.3(18) 13.0 242+1.2 (1)
187 2.09 1.93+0.09 (4) 1.08 146.3+43 4) 9.5 284+00 (3)

961



ing to the concentration of the ionophore. In this
way, the effect of Ca?* load on ATPase activity in
the steady state could be estimated under other-
wise identical conditions. Fig. 5 shows that the
Ca’* content of the vesicles can be reduced to
about 80 nmol/mg without any increase in the
Ca?*-ATPase activity. This is in perfect agreement
with the notion that maximal inhibition is estab-
lished at this level of Ca?* load. Furthermore, the
observed increase in activity that follows a de-
crease of Ca’* uptake below this level also obeys
the relationship depicted by the hatched curve in
Fig. 4.

It is to be noted that the Ca?* content of the
vesicles indicated in Fig. 5 (as in all other figures)
represents uptake from the medium with no cor-
rection for endogenous Ca?* (approx. 25 nmol /mg
[6]). Also, the 100% turnover activity in Fig. 4 is
that exhibited by the enzyme in the presence of
endogenous Ca2”, i.e., in the initial 0.5 s or so of
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Fig. 5. Effect of the Ca2* ionophore X537A (Lasalocid) on the
maximal Ca?*-filling level (®; left-hand ordinate) and the
steady-state Ca®>*-ATPase activity (O; right-hand ordinate;
percent of control without ionophore) of sarcoplasmic reticu-
lum vesicles. Assay conditions: 20 or 25°C; 0.45 mg/ml pro-
tein (two different preparations): 110 uM CaCl, added; 550
M ATP; 17 uM arsenazo III. Vesicles were preincubated 5
min with ionophore in the reaction medium before Ca?* up-
take was initiated by ATP addition.
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the reaction. However, we have experimental re-
sults indicating that even endogenous Ca®* in-
hibits the transport enzyme appreciably. During
preincubation of the vesicles with ionophore (8-14
pM ionophore X537A), we recorded spectrophoto-
metrically a loss of 50-75% of the endogenous
Ca?* associated with the vesicles in a suspension.
The initial net Ca?* uptake rate was found to be
increased by a factor 1.3-1.4 after this treatment
with ionophore.

Discussion

Coupling between Ca’™ influx and Ca’” efflux

The present data show that under conditions of
a high Ca?* load and ATPase activity, Ca’* leaves
sarcoplasmic reticulum vesicles by a process which
is much faster than the Ca’* outflow that is ob-
served after stopping Ca’* pumping activity [6]. In
contrast to Ca’* outflow, which represents the
passive permeability of the vesicles, Ca?* efflux
under these conditions presumably is a carrier-
mediated process. This can be inferred from the
dependence of efflux on the turnover of the en-
zyme. At the same level of maximal, intravesicular
Ca’* load, efflux closely matches influx of Ca®*
despite wide variations in ATPase activity, in-
duced by changes in ATP concentration and tem-
perature. Thus Ca’* efflux appears to be closely
coupled to ATP-consuming Ca?* influx. This pro-
posal was originally presented by Weber et al. [1],
and it has subsequently been supported by various
experimental observations [3,5,18-23]. In the fur-
ther discussion of this phenomenon, it is important
to note that Ca’* efflux under our experimental
conditions cannot be attributed to reversal of the
Ca’* inward translocation process (with ATP
synthesis, step 4 of Scheme I, which presents a
slightly modified version of schemes for the Ca®*-
ATPase reaction sequence previously considered
[11,16,24]). This can be inferred from the following
facts. (i) The Ca?* concentation in the medium
was relatively high (30-100 uM), a circumstance
which strongly inhibits reversal, as evidenced by
no detectable NTP = P, exchange [25,26]. (ii)) ADP
was virtually absent due to continuous ATP regen-
eration. (iii) Ca?* exchange was observed also with
carbamyl phosphate as an energy-donor, in which
case reversal does not occur.
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Feher and Briggs [5], on the basis of data
similar to ours, suggest that Ca’* exchange takes
place by a dynamic reversal of step 4, not in-
volving resynthesis of ATP. A similar view has
been advanced by Takakuwa and Kanazawa [18]
in studies on Ca?* exchange at low temperature
and in the simultaneous presence of ATP and
ADP. However, our data on the low *’Ca’*-in-
flux /ATPase ratio (Table I) preclude extensive
exchange of Ca’* in step 4. It is conceivable that
shuttling of Ca?™ in step 4 can take place, but if so
this process must occur without exchange of the
bound 4Ca?* with unlabelled Ca?* within the
aqueous vesicle compartment. Otherwise we would
have observed an increase in the *Ca*/ATP
consumption (apparent coupling) ratio, whereas
the values obtained under conditions of a high
intravesicular Ca?* load actually were low (Table
D).

An additional argument against locating Ca**
exchange at step 4 is the lack of correlation be-
tween inhibition of the enzyme by intravesicular
Ca’* and activation of Ca?* efflux. The inhibitory
effect of high intravesicular Ca?* has been attri-
buted to saturation of the Ca’* transport sites in
their low-affinity state [11,27,28] and an associated
mnhibition of step 4 [29] and /or inhibition of step
5 in the reaction sequence [15,30,31]. But in our
experiments, significant activation of Ca?* efflux
required calcium loads which exceeded the level
required to obtain maximal inhibition of enzyme
turnover by Ca’* (Fig. 4).

It therefore seems more attractive to assume
that Ca’* efflux is associated with the return of
the Ca* translocation sites to their exterior posi-
tion, after dephosphorylation of the enzyme (shown
as step 8a in Scheme I). Certain aspects of this

2Ca2, 2Ca%, NTP NDP
4 A cap _ A Ca } co
S m) X ‘E-NTP ~P
o B GaE e E NP G
1
1(8a} 8) (4)

. : . . 6 . (5} _ Cas,
P = E- ‘;’ E-P - }’ E-P S
R Hy

2Ca¥y 0 2Caly

Scheme 1. Partial reactions of Ca®*-ATPase; slightly modified
from De Meis [11]. For further explanation, see text.

proposal call for comments. It has been suggested
that the relatively low rate at which Ca®* binds to
sarcoplasmic reticulum, after preincubation with
EGTA-containing media [11,32], represents reac-
tion 8 in Scheme I [11,33]. This would mean that
in the presence of a high intravesicular Ca’* con-
centration alone, step 8a would be expected to
occur. However, in the preceding paper we ob-
tained no evidence for a carrier-mediated outflow
of Ca?* after addition of EGTA [6]. This could
mean that efflux of Ca?* instead is associated with
reactions 6 or 7 in Scheme I or that the *E
conformation formed after phosphorylation with
ATP has somewhat different properties than the
conformation formed by gradient-independent
phosphorylation with P,. In agreement with the
latter possibility, fluorescence studies suggest that
the conversion of E to *E by addition of EGTA is
incomplete [34-36]. In particular, Guillain et al.
[35,36] have obtained evidence that in the presence
of a high Mg?2* concentration and pH 7, condi-
tions similar to those used in the present study,
one of the Ca?*-binding sites is probably occupied
by Mg?* with an outward-facing site.

Previous studies indicate that Ca’* may ex-
change with intravesicular H* [37-41] and K*
[42-47]. 1t has been suggested that Ca?* influx
occurs by a nonelectrogenic process, i.e., an
ATPase mediated counter-movement of H* or K*
[44,48]. If this is the case, efflux of Ca’* mediated
by the active pump will occur by competition with
K* and/or H*. This could account for the ab-
sence of Ca’*-efflux at low Ca®*-filling levels
(35-40 nmol/mg protein) of the sarcoplasmic re-
ticulum vesicles, where extrusion of monovalent
ions may predominate.

Relation between Ca’* efflux and Ca’™ outflow
The data presented here are important in re-
lation to the Ca?* outflow process occurring after
cessation of active Ca®™ transport, as described in
the preceding paper [6]. A stoichiometric relation
between Ca’?* influx and efflux will only result in
a fixed, limiting value for maximal Ca’* uptake, if
passive permeation is negligible. However, as
shown by Fig. 4, Ca’* outflow is not under all
conditions negligible compared to ATP-dependent
efflux. This is particularly noticeable at the lowest
ATP concentration, where Ca?™* efflux is barely



distuinguishable from Ca?* outflow, despite that
the ATPase activity is 25-73% of that measured at
the higher ATP concentrations (cf. Table I). Thus,
Ca®* transport dependent efflux and passive per-
meation of Ca’* seem to be interdependent phe-
nomena, passive Ca2* permeation being reduced
when the transport enzyme is active. A simple
explanation for this behaviour is the existence of a
common membrane channel, responsible for both
Ca’* translocation correlated to enzyme turnover
and Ca’* outflow when the enzyme is inactive.
There is evidence that Ca’*, at least transiently, is
in an occluded state during active transport
[33,49,50]. This could mean that the channel is
occupied (occluded) under these conditions, and
so would result in concomitant blockage of passive
Ca’* permeation.

Physiological implications

In the present and companion paper [6] we
have dealt with Ca’* efflux (activated by ATP),
Ca’* outflow (in the non-energized state of the
Ca®* pump), and briefly with time-dependent re-
lease of a minor amount of accumulated Ca** in
vesicles (‘overshoot’). As noted by Endo [51],
sarcoplasmic reticulum is probably only loaded to
one-fourth or one-third of its maximum capacity
in vivo. A recent electron-probe study has shown
that the Ca’* content of the longitudinal sarco-
plasmic reticulum in muscle cells is lower than that
of the terminal cisternae [52]). The use in the
present experiments of a preparation which is de-
rived primarily from the longitudinal sarcoplasmic
reticulum may thus indicate that the physiological
Ca’* loading level is even lower than proposed by
Endo [51], i.e., lower than 40 nmol/mg protein.
Under our conditions no Ca?* efflux was detecta-
ble at a Ca’* filling level below 35-40 nmol /mg,
the Ca’* outflow was very low [6], and ‘overshoot’
was not demonstrable. Therefore, it is improbable
that any of these phenomena is of significance for
Ca’* release in vivo. In agreement with this con-
clusion, theoretical calculations suggest that Ca?*
accumulation by muscle cells in the resting state is
close to thermodynamic equilibrium [14,53]. Hence,
it appears likely that under these conditions, rever-
sal of the Ca?"* transport process (with resynthesis
of ATP) plays an important role for the balance
between Ca’* influx and efflux. In combination
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with the low ATPase activity, resulting from the
low concentration of myoplasmic Ca?*, this would
effectively prevent futile, energy-requiring cycling
of Ca’* across the sarcoplasmic reticulum mem-
brane during the resting state of the muscle cell.
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