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ABSTRACT: Using rapid filtration, we investigated the kinetics of release toward the lumen of sarcoplasmic 
reticulum vesicles of the two Ca2+ ions transported by the Ca2+-dependent ATPase of these vesicles. Release 
rates at  20 OC were measured by three methods, with vesicles previously made leaky with an ionophore. 
First, we measured the rate at which 45Ca2+ bound to ATPase approached its steady-state level after addition 
of ATP to the 45Ca2+-equilibrated ATPase. At pH 6 in the absence of potassium, the observed kinetics 
did not reveal any very fast phase of 45Ca2+ dissociation from phosphorylated ATPase. Second, we measured 
the kinetics of 45CaZ+ dissociation from phosphorylated ATPase in a "chase" experiment, by isotopic dilution 
of calcium under turnover conditions in the presence of potassium. We found that these kinetics were 
essentially monophasic. Moreover, when they were measured in the presence of a high concentration of 
calcium, designed to saturate the low-affinity calcium transport sites on the lumenal side of the ATPase, 
they only departed slightly from monophasic behavior, irrespective of the experimental pH (pH 6, 7, or 
9). This small perturbation by high calcium concentrations of the observed dissociation kinetics was attributed 
to ADP-facilitated rapid exchange of %aZ+ for Mgz+ at  the catalytic site of phosphorylated ATPase. The 
third method was based on the fact that phosphorylation-induced 45Ca2+ occlusion occurred faster than 45Ca2+ 
dissociation from nonphosphorylated ATPase: here, we measured the rate of 45Ca2+ internalization on addition 
to 45Ca2+-saturated ATPase of an unlabeled ATP-containing medium. This method allowed separate 
observation of the dissociation kinetics of each of the two 45Ca2+ ions bound to phosphorylated ATPase, 
after either one or the other had been labeled by a preliminary partial isotopic exchange in the non- 
phosphorylated state of the ATPase. We found that after ATP-induced phosphorylation, the two 45Ca2+ 
ions dissociated toward the lumenal medium with virtually identical rate constants; this was observed under 
different ionic and pH conditions and also in the presence of a high Ca2+ concentration. As a control, the 
same partial isotopic exchange procedure allowed us to confirm that, in contrast, when ATP was absent 
from the final dissociation medium, the two 45Ca2+ ions dissociated from nonphosphorylated ATPase toward 
the cytoplasmic medium at different rates, the one bound more deeply only dissociating after a lag period 
corresponding to dissociation of the superficial one. Our results suggest that, after sequential binding to 
the nonphosphorylated ATPase, the two Ca2+ ions transported by the phosphorylated ATPase become 
kinetically indistinguishable when they are released toward the lumenal side of the SR vesicles. 

Sarcoplasmic reticulum Ca2+-ATPase (SR ATPase)' is the 
membranous enzyme responsible for the active transport of 
calcium from the cytoplasm of muscle cells toward the lumen 
of their calcium storage compartments (Hasselbach, 1974; 
Tada et al., 1978; de Meis & Vianna, 1979; Ikemoto, 1982; 
Mdler et al., 1982; Tanford, 1984; Martonosi & Beeler, 1985; 
Inesi, 1985; Andersen, 1989; Jencks, 1989). In the absence 
of ATP, high-affinity binding of two calcium ions per monomer 
of ATPase can be demonstrated (Inesi et al., 1980; Dupont, 
1980; Barrabin et al., 1984; Gafni & Boyer, 1984). In the 
presence of ATP, phosphorylation of the ATPase occurs, 
eventually leading to a reduction in the affinity of the binding 
sites for calcium, and to their reorientation toward the SR 
lumen, in which the bound calcium ions may thus accumulate 
after their dissociation (Makinose, 1973; Ikemoto, 1975; 
Watanabe et al., 1981). 

The kinetics of calcium binding to nonphosphorylated AT- 
Pase were suggested to be biphasic under certain conditions 
(Inesi et al., 1980; Ikemoto et al., 1981; Dupont, 1982; 
Champeil et al., 1983; Tanford et al., 1987; Petithory & 
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Jencks, 1988a; Nakamura, 1989). Independent experiments 
also demonstrated that the chase of bound 45Ca2+ by the 
calcium isotope T a 2 +  comprised two distinct phases: in the 
first, one calcium ion dissociated rapidly from non- 
phosphorylated ATPase and could thus exchange with the 
externally added isotope, whereas, in the second phase, the 
second bound ion dissociated much more slowly, at a rate that 
depended on the extent to which the rapidly exchangeable site 
was occupied (Dupont, 1982, 1984; Nakamura, 1986, 1987; 
Inesi, 1987; Petithory & Jencks, 1988b; Orlowski & Champeil, 
1991). The latter observation was accounted for by the sug- 
gestion that the two Ca2+ ions bound to nonphosphorylated 
ATPase resided in a relatively narrow channel, or pocket, 
which the superficial ion had to leave before the other ion could 
do so, resulting in ordered sequential Ca2+ dissociation (Inesi, 
1987; Petithory & Jencks, 1988b; Orlowski & Champeil, 
1991). 

' Abbreviations: SR, sarcoplasmic reticulum; ATPase, adenosine 
triphosphatase; EGTA, [ethylenebis(oxyethylenenitrilo)] tetraacetic acid; 
Mes, 2-(N-morpholino)ethanesulfonic acid; Mops, 4-morpholine- 
propanesulfonic acid; Tris, tris(hydroxymethy1)aminomethane; ATP, 
adenosine triphosphate; A23 187, calcimycin. 
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This attractive view of the calcium-binding domain as a 
channel-like structure was further strengthened by results 
suggesting that the two ATPase-bound Ca2+ ions were se- 
quentially internalized in the SR lumen during turnover, since 
dissociation of these ions from the ATPase after ATPase 
phosphorylation was found to comprise both a very rapid initial 
phase and a subsequent slower phase. Taking advantage of 
the possibility of differentiating between the two pools of bound 
calcium through isotopic exchange, it was even suggested that 
the pool of deeply bound calcium, undergoing slower exchange 
with the cytoplasmic medium in nonphosphorylated ATPase, 
was the one dissociating first, very rapidly, toward the lumenal 
side of the SR during the active transport cycle, according to 
a "first-in-first-out" mechanism (Inesi, 1987). In a different 
report, the experimental results of which have been withdrawn 
but in which the rationale is perfectly valid, it was suggested 
that, according to a simple model of sequential ion dissociation, 
internalization of the pool of superficially bound Ca2+ could 
well be blocked in the presence of high concentrations of 
calcium in the lumenal compartment (Khananshvili & Jencks, 
1988, 1990). In both studies, the rate of calcium dissociation 
from the ATPase toward the lumenal side was obtained from 
indirect multimixing measurements of the amount of calcium 
that remained trapped in SR vesicles after an (EGTA + ADP) 
quench. 

Using rapid filtration techniques to directly measure the 
amount of CaZ+ bound to the ATPase and taking our previous 
results concerning the kinetics of calcium dissociation from 
nonphosphorylated ATPase as conceptual and experimental 
background (Orlowski & Champeil, 1991), we investigated 
here the kinetics of calcium dissociation from phosphorylated 
ATPase in leaky SR vesicles, corresponding to internalization 
of the Ca2+ ions. Our results do not support biphasic inter- 
nalization of calcium but rather suggest that the two previously 
bound ions are kinetically indistinguishable when they are 
released toward the lumenal side of the SR membrane. The 
structural corollaries of this observation are discussed. 

EXPERIMENTAL PROCEDURES 
Sarcoplasmic reticulum vesicles were prepared as previously 

described from rabbit skeletal muscle (Champeil et al., 1985). 
Binding of 45Ca2+ (Amersham, U.K.) was measured in dou- 
ble-labeling filtration experiments as described in Champeil 
and Guillain (1986) except that [3H]glucose generally replaced 
[ 3 H ] ~ u c r ~ ~ e  as a marker of the amount of fluid wetting the 
filter. 45Ca2+ dissociation rates were measured with a rapid 
filtration apparatus (Orlowski & Champeil, 1991). The 
temperature was 20 OC in all experiments. Unless otherwise 
indicated, SR vesicles were preincubated in a medium con- 
taining 1 mM [3H]glucose and 100 pM 45Ca2+ (in the form 
of a CaClz solution), in the presence or absence of 0.04 g of 
ionophore A23187 (Calbiochem) per gram of protein. Next, 
0.3 mg of protein was layered onto a Millipore HA filter, and, 
in some cases, 1 mL of a different medium was flushed through 
the filter. After that, the filter was perfused for various 
electronically controlled periods with the final dissociation 
medium, and the 3H and 45Ca radioactivities on the filter were 
counted by liquid scintillation. For instance, the perfusion rate 
was 3 mL/s for a 100-ms perfusion period, which means that 
300 pL of fluid was flushed through the filter, Le., about 8-10 
times the volume of fluid wetting the filter (30-40 pL). More 
than 90% of the amount of fluid wetting the filter was washed 
away after only 25 ms, as indicated by the residual amount 
of 3H label on the filter, so that the subtraction procedure 
allowing the computation of the amount of 45Ca2+ specifically 
bound to the vesicles was particularly reliable when the final 
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dissociation medium was devoid of 45Ca2+. In the presence 
of 0.04 g of ionophore per gram protein, the vesicle passive 
permeability to calcium was high enough to ensure that cal- 
cium in the vesicles' lumen reequilibrated with the external 
medium rapidly, compared to the rate at  which calcium was 
released from the ATPase toward the internal side of the 
vesicles (see Discussion). As noted previously concerning rates 
of Ca2+ dissociation from nonphosphorylated ATPase (Or- 
lowski & Champeil, 1991), the rates of Ca2+ dissociation from 
phosphorylated ATPase measured varied somewhat from one 
SR preparation to another, almost within a factor of 2, so that 
all our experiments are shown together with appropriate 
controls performed in the same series of experiments. For 
instance, the preparation used for Figure 1A was one with 
relatively fast rates, and those for Figures 5A and 6A were 
preparations with slightly slower rates. The preparation used 
for Figures 1B and 2A was one with slow rates. 

RESULTS 
Rate of Calcium Internalization during the Transport 

Cycle, Measured Using Leaky Vesicles. Using SR vesicles 
rendered leaky by the A23187 ionophore, preequilibrated with 
45Ca2+ under our standard conditions, in the absence of K+ 
and in the presence of 150 mM Mes-Tris (pH 6,20 "C), 20 
mM Mg2+, and 0.1 mM 45Ca2+, and adsorbed on a cellulose 
filter, perfusion of these vesicles with a medium containing 
the same concentration of 45Ca2+ and 2 mM MgATP was first 
chosen to trigger the ATPase catalytic cycle. The initial rate 
at  which the amount of ATPase-bound 45Ca2+ dropped after 
triggering turnover (circles in Figure 1A) reflected the rate 
of 45Ca2+ dissociation from phosphorylated ATPase toward 
the lumenal side of the membrane (step 2 in the inset to Figure 
lA), since phosphorylation itself (step 1) was much faster 
(close to 100 s-I, as measured in separate multimixing ex- 
periments). This procedure thus allowed evaluation of the rate 
constant of the transition which, with tight vesicles, corresponds 
to the rate of calcium internalization toward the lumenal 
medium during the transport cycle (Champeil & Guillain, 
1986). This rate constant, derived from the initial rate of 
45Ca2+ dissociation (see the dashed line drawn down to the 
intercept of the abscissa axis), was found to be 3-3.5 s-' in 
this experiment. On the other hand, the amount of 45Ca2+ 
remaining bound to the leaky vesicle ATPase during turnover 
reflected the proportion of calcium-containing and calcium-free 
ATPase forms at steady state under these conditions (the latter 
forms were predominant here). A control experiment per- 
formed in the absence of ionophore only revealed the expected 
ATP-induced uptake of 45CaZ+ in the sealed vesicles (squares 
in Figure 1A). In agreement with our previous measurements 
(Champeil & Guillain, 1986), this experiment provided no 
evidence in favor of rapid dissociation toward the lumenal side 
of one of the two previously bound 45Ca2+ ions, unlike the 
results of a recent experiment performed at neutral pH and 
in the presence of potassium (Inesi, 1987). 

We then aimed at repeating our measurements in the 
presence of potassium. However, the difference between the 
amounts of 45Ca2+ bound to leaky vesicle ATPase in the ab- 
sence of ATP, and at steady state in the presence of ATP, is 
much smaller in the presence of potassium than in the absence 
of potassium (Champeil & Guillain, 1986). This is because 
at  steady state K+ greatly shifts the balance between the 
calcium-containing and calcium-free forms of ATPase in favor 
of the calcium-containing form due, in particular, to K+-in- 
duced stimulation of steps 3 and 4 in the catalytic cycle (inset 
to Figure l), which allows the ADP-sensitive Ca2ElP form to 
accumulate to a larger extent [see references in Champeil and 
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FIGURE I : Phosphorylation-dependent 45CaZ+ dissociation from AT- 
Pase toward the lumenal side during the transport cycle in leaky SR 
vesicles. SR vesicles (0.3 mg of protein/mL) were first equilibrated 
in a pH 6 medium containing 0.012 mg/mL A23187 ionophore (Le., 
4% w/w), 0.1 mM 45CaZ+, 1 mM [3H]sucrose, 20 mM Mg2+, and 
either 150 mM Mes-Tris (panel A) or 50 mM Mes-Tris and 100 mM 
KCI (panel B); 0.3 mg of protein was then layered onto Millipore 
HA filters. In the experiment illustrated by circles in panel A, the 
loaded filters were directly perfused for various electronically controlled 
periods with a pH 6 solution containing 0.1 mM 45CaZ+, 1 mM 
[3H]sucrose, 20 mM Mg2+, 150 mM Mes-Tris, and 2 mM MgATP. 
In the control experiment illustrated by squares in panel A, ionophore 
was omitted. Alternatively, the loaded filters were manually perfused 
with 0.5 mL of a pH 6 solution containing 0.1 mM 45Ca2+, 1 mM 
[3H]sucrose, 20 mM Mg2+, 2 mM MgATP, and either 150 mM 
Mes-Tris (triangles in panel A) or 50 mM Mes-Tris and 100 mM 
KCI (panel B), and within 5 s submitted to the electronically controlled 
perfusion period, with a medium containing 0.1 mM %a2+ instead 
of 45Ca2+, 2 mM ATP, and one of the following: 20 mM Mg2+ and 
150 mM Mes-Tris at pH 6 (triangles in panel A), 20 mM Mg2+, 50 
mM Mes-Tris and 100 mM KCI at pH 6 (triangles in panel B), or 
5 mM Mg2+, 50 mM Mops-Tris and 100 mM KCI at pH 7 (squares 
in panel B). The temperature was 20 OC throughout. The 5-s 
perfusion ( 5 * )  was performed manually. (Inset) Simplified scheme 
of the ATPase catalytic cycle. Under our conditions, step 1 is fast; 
in the absence of K+ a t  high ATP concentration, step 3 is the slowest 
in the cycle, and, a t  steady-state, the calcium-free E2P species ac- 
cumulates to a significant extent; this is not the case in the presence 
of K+ [see Champeil and Guillain (1986), and references therein]. 

Guillain ( 1986)]. Consequently, a time-resolved experiment 
in the presence of K+ similar to the one performed in its 
absence was not very informative because of the poor am- 
plitude of the observed drop (data not shown). 

For this reason, we decided to use a protocol described by 
Wakabayashi et al. (1986), which we initially tested in the 
absence of K+ to compare it with our previous protocol. Here, 
steady state was attained first through manual flushing of 
previously adsorbed 45Ca2+-equilibrated leaky vesicles with a 
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solution containing both 45Ca2+ and ATP. Only then was the 
filter perfused for various periods with a solution containing 
4oCa2+ and ATP at the same concentrations. Under these 
conditions (Figure 1 A, triangles), the amount of 45Ca2+ bound 
to the ATPase at time zero, corresponding to the steady state 
(compare with circles in Figure 1A at time 20.7 s), was less 
than two ions per ATPase monomer, but the rate constant of 
45Ca2+ dissociation could equally well be measured. The results 
obtained with this method (observed rate constant of 3-3.5 
S-I) were consistent with those obtained with the preceding 
method (compare initial rates in the curves illustrated by circles 
and triangles in Figure 1A). The advantage of this pulse-chase 
experiment is that the observed 45Ca2+ dissociation directly 
monitors the transition form Ca2ElP to E2P (step 2 in the inset 
to Figure lA), since 45Ca2+ bound at steady state (time zero 
of the experiment) is mainly bound to Ca2E1P. 

This second protocol was well suited for an experiment in 
the presence of potassium, as shown in Figure 1B. The tri- 
angles in Figure 1 B show that at pH 6, in the presence of 100 
mM K+, the amount of 45Ca2+ bound to the ATPase at steady 
state, corresponding to time zero of the experiment, was higher 
than in the absence of K+, as expected. Under these conditions, 
again, 4sCa2+ dissociation from Ca2EIP gave no indication of 
a very fast initial dissociation of one of the two bound calcium 
ions. In these experiments, the rate constant for Caz+ disso- 
ciation could be evaluated from either its initial rate or its half 
time. In the experiment illustrated by the triangles in panel 
B, it was about 2 s-l, i.e., slower than the one measured in the 
absence of potassium (panel A), partly because a different SR 
preparation was used and partly because K+ is known to slow 
down the rate of the Ca2ElP to E2P transition, thus contrib- 
uting to the higher proportion of ADP-sensitive phospho- 
enzyme found at steady state in the presence of potassium 
[Yamaguchi & Kanazawa, 1985; Champeil et al., 1986; see 
also Shigekawa and Akowitz (1979)]. 

This protocol could not be directly extended to experiments 
at neutral pH, because under these conditions the ATPase 
activity is high and the adsorbed ATPase keeps hydrolyzing 
ATP on the filter after the manual flushing period, so that 
ATP would be exhausted before the final perfusion is initiated. 
In the original experiments by Wakabayashi et al. (1986), the 
authors had lowered the temperature to reduce ATPase ac- 
tivity. To overcome the problem raised by the high ATPase 
activity at neutral pH and room temperature, we combined 
these experiments with a pH jump, as also used in some cases 
by Wakabayashi et al. (1986). For the experiments illustrated 
by the squares in Figure lB, the steady state in the presence 
of K+ at pH 6 was reached first, and dissociation of 45Ca2+ 
from phosphorylated ATPase was monitored with a perfusion 
fluid which was buffered to pH 7 with 50 mM Mops-Tris and 
also contained 100 mM KCI, 2 mM MgATP, 0.1 mM 40Ca2+, 
and 5 mM Mg2+ (free Ca2+ was about 0.085 mM). We found 
calcium dissociation to be faster at pH 7 than at pH 6, and 
again monophasic, in agreement with results previously ob- 
tained at low temperature (Wakabayashi et al., 1986). 

Effect of a High Calcium Concentration on 45Ca2+ Disso- 
ciation from Phosphorylated ATPase in Leaky Vesicles. If 
the transport pathway were indeed a channel-like single-file 
structure (see the introduction), the monophasic 4sCa2+ dis- 
sociation observed at pCa 4 could be expected to turn into 
biphasic dissociation in the presence of a high concentration 
of calcium on the lumenal side during the dissociation process 
(Khananshvili & Jencks, 1988). The most straightforward 
way of testing this possibility was to combine the protocol just 
described with a calcium jump during the perfusion step. This 
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markedly the affinity for calcium of the ATPase transport sites 
in both the nonphosphorylated and phosphorylated states 
(Verjovski-Almeida & de Meis, 1977), with the expectation 
that if ordered sequential dissociation of 4sCa2+ from phos- 
phorylated ATPase did occur, 30 mM 40Ca2+ at  pH 9 would 
completely saturate the lumenal dissociation site and would 
therefore render the dissociation of the second ion virtually 
impossible and the 45Ca2+ dissociation kinetics clearly biphasic, 
with a one-to-one stoichiometry between a rapid and a very 
slow phase. However, contrarily to this expectation, Figure 
2B shows that the high calcium concentration (closed symbols) 
only moderately slowed down the dissociation of 30-40% at 
most, of the pool of bound 45Ca2+. 

We therefore considered the possibility that this pH-inde- 
pendent nonmonophasic 45Ca2+ dissociation pattern at  high 
40Ca2t concentration was due to the exchange of 40Ca2+ for 
Mg2+ at the catalytic site of phosphorylated ATPase (step 5 
in the diagram forming the inset to Figure 2), leading to the 
subsequent slowing down of the Ca2E,P - E2P transition and 
therefore of 45Ca2+ dissociation from the transport sites of 
phosphorylated ATPase. As a matter of fact, calcium disso- 
ciation from the transport sites of a phosphoenzyme with 
calcium at the catalytic site (step 2' in the inset to Figure 2) 
is known to be slower than calcium dissociation from the 
transport sites of a phosphoenzyme with magnesium at the 
catalytic site (step 2) (Nakamura, 1984; Yamada, et al., 1986; 
Lund & Merller, 1988; Orlowski et al., 1988). Under our 
conditions, a major reason for metal exchange could have been 
the presence of ADP, which sustains active ATP-ADP ex- 
change even at low concentrations (Orlowski et al., 1988; Soler 
et al., 1990). We therefore repeated our experiments in the 
presence of 0.5 mM phosphoenolpyruvate and 0.01 mg/mL 
pyruvate kinase, which was not sufficient to compete with the 
high rate of ADP production by the ATPase on the filter but 
which did allow the removal of contaminating ADP from the 
perfusion medium (1-2% of 2 mM ATP already hydrolyzed 
in the perfusion medium results in an ADP concentration of 
20-40 pM). The presence of the ATP-regenerating system 
at this low concentration more than halved the difference 
between the dissociation curves observed in the presence of 
0.1 and 30 mM 40Ca2+, at both pH 6 and 7 (data not shown). 
This supports the suggestion that the calcium-induced deviation 
from monophasic behavior observed in our experiments could 
be attributed to ADP-dependent exchange of T a 2 +  for Mg2+ 
at  the catalytic site of phosphorylated ATPase and not to 
ordered sequential 45CaZt dissociation from the ATPase 
transport sites. 

Measurements of 45Ca2+ Internalization on Addition of 
40Ca2t and ATP to 45Ca2+-Saturated ATPase. It is also 
possible to measure the rate of calcium dissociation from 
phosphorylated ATPase in leaky vesicles by performing an 
experiment related to the one illustrated by the circles in Figure 
lA, Le., starting from ATPase preequilibrated with 45Ca2+ in 
the absence of ATP, but now perfusing the ATPase with 
40CaZ+ together with ATP. The only requirement for this 
purpose is that ATPase phosphorylation from ATP must be 
much faster than dissociation of 45Ca2+ from the transport sites 
of nonphosphorylated ATPase, which takes place toward the 
external medium. Since ATPase phosphorylation is known 
to render the bound 45Ca2+ unable to exchange with external 
calcium (Kurzmack et al., 1977; Dupont, 1980), subsequent 
ATPase turnover will permit 45Ca2+ dissociation on the lumenal 
side only (see diagrams in Figure 3B). 

As controls for this protocol, SR vesicles in the absence of 
ionophore were preequilibrated with 0.1 mM 45Ca2+ at pH 6, 
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FIGURE 2: Effect of a high %az+ concentration on 45Ca2+ dissociation 
from phosphorylated ATPase at pH 6 (panel A) or 9 (panel B) in 
the presence of K+. SR vesicles were first equilibrated in a medium 
containing 0.1 mM 45CaZ+, 1 mM [3H]glucose, 20 mM Mg2+, 100 
mM KCI, and 50 mM Mes-Tris at  pH 6 (20 "C) in the presence of 
4% (w/w) ionophore A23187, and 0.3 mg of protein was then layered 
onto HA filters. Next, the loaded filters were manually flushed with 
a solution containing 0.1 mM 45Ca2+, 1 mM ['H]glucose, 20 mM 
Mg2+, 100 mM KCI, 50 mM Mes-Tris at pH 6, and 2 mM MgATP, 
and then, within 5 s, submitted to perfusion for electronically controlled 
periods. In the experiments illustrated in panel A, the final perfusion 
solution contained 2 mM ATP, 100 mM KCI, 20 mM Mg2+, 50 mM 
Mes-Tris at pH 6, and either 0.1 mM (open symbols) or 30 mM 
(closed symbols) @Ca2+. In the experiments illustrated in panel B, 
the final perfusion solution contained 2 mM ATP, 100 mM KCI, 20 
mM Mg2+, 50 mM Tris-HCI at pH 9, and either 2 mM EGTA (open 
symbols) or 30 mM @Ca2+ (closed symbols). (Inset) Diagram il- 
lustrating 45Ca2+ dissociation from the transport sites of phosphorylated 
ATPase with either magnesium or calcium at the catalytic site (steps 
2 and 2', respectively). 

is shown in Figure 2. In the same way as for the experiment 
illustrated in Figure 1 B, steady state was reached first in the 
presence of 45Ca2t, K+, and ATP, at  pH 6. For the experi- 
ments illustrated in panel A of Figure 2, 4sCa2+ dissociation 
from phosphorylated ATPase was measured when the final 
perfusion medium contained either 0.1 mM @Ca2+ and ATP, 
as in Figure 1B (open symbols), or 30 mM %a2+ and ATP 
(closed symbols), at pH 6. The presence of a high 40Ca2+ 
concentration in the perfusion fluid did modify the time course 
of 4sCa2+ dissociation from phosphorylated ATPase (Figure 
2A), but only slightly. We wondered whether this small effect 
of 40Ca2+ in the perfusion fluid could be due to poor affinity 
of the phosphorylated ATPase for Ca2+ at  pH 6.  However, 
when we repeated the experiment with a perfusion medium 
buffered at pH 7 as in Figure 1 B, the same pattern was ob- 
served (data not shown), i.e., the high 40Ca2+ concentration 
of 30 mM only exerted a small effect on the kinetics of 45Ca2t 
dissociation, in contrast with what was previously conjectured 
(Khananshvili & Jencks, 1988). We then repeated the ex- 
periment at very alkaline pH, a condition known to enhance 
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FIGURE 3: Phosphorylation-induced %2a2+ internalization in sealed 
SR vesicles or dissociation toward the lumenal side of leaky vesicles, 
upon addition of ATP and %a2+ to vesicles equilibrated with Wa2+, 
as compared to 'Fa2+ dissociation from nonphosphorylated ATPase. 
(Panel A) SR vesicles were first equilibrated with 0.1 mM 45CaZ+ 
and 1 mM [3H]glucose in the same medium as for the experiment 
illustrated in Figure 1 A, either in the absence of A23187 ionophore 
(squares and open triangles) or in its presence (closed triangles), and 
layered onto a filter. They were then perfused at 20 OC for various 
periods with a medium containing 0.1 mM @Ca2+ and 2 mM ATP 
(open and closed triangle). Alternatively, sealed vesicles were perfused 
with a medium containing 2 mM EGTA (squares). (Panel B) Dia- 
gram of 45Ca2+ movements in the above experiments. 

in the absence of K+, and then perfused for various periods 
with a solution containing either EGTA alone (open squares 
in Figure 3A) or 0.1 mM nonradioactive calcium together with 
2 mM ATP (open triangles in Figure 3A). Under the latter 
conditions, most of the initially bound W a 2 +  remained bound 
to the vesicles on the subsecond time scale and was obviously 
transported into the SR internal compartment. ATP-induced 
phosphorylation of ATPase and occlusion of Wa2+ therefore 
occurred much faster than the dissociation of calcium from 
nonphosphorylated ATPase. In separate multimixing exper- 
iments, we indeed measured identical phosphorylation time 
courses and levels (with a half-time of about 5 ms) when 
calcium-equilibrated SR vesicles were mixed with solutions 
containing [ T - ~ ~ P ] A T P  plus either calcium or a high con- 
centration of EGTA (unpublished results). The latter ob- 
servation even suggests that the major reason for loss of part 
of the bound W a 2 +  ions when ATP was added to the SR 
vesicles in the absence of ionophore (open triangles) was the 
slowly proceeding exchange of W a 2 +  for previously accu- 
mulated 45Cas which is coupled to ATP-ADP exchange [e.g., 
Soler et al. (1990)], plus the possible presence in our vesicle 
preparation of a small population of spontaneously leaky SR 
membrane fragments. 

The same experiment was then repeated using vesicles which 
had been preequilibrated with Wa2+ in the presence of enough 
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ionophore to make them completely leaky to calcium (Cham- 
peil & Guillain, 1986). When these vesicles were perfused 
with the medium containing 2 mM ATP and 0.1 mM non- 
radioactive calcium, 45Ca2+ did dissociate from the phospho- 
rylated ATPase (closed triangles in Figure 3A). This disso- 
ciation therefore took place on the lumenal side of the leaky 
vesicles, as illustrated in the diagram on the right of panel B 
of Figure 3. The rate measured was consistent with the one 
found using the two previous protocols (3-3.5 s-'), and again 
there was no indication of very fast dissociation of part of the 
45Ca2+ pool toward the lumenal medium. Note that, in this 
case, the rate of 4sCa2+ internalization was slightly faster than 
the rate of calcium dissociation in the direction of the external 
medium (compare closed triangles and open squares). Note 
also that, as long as the high ATP concentration used ensured 
that ATPase phosphorylation was faster than %a2+ disso- 
ciation toward the external medium, any concentration of free 
calcium could be used in the perfusion solution. Similar 
dissociation rates were in fact measured when the perfusion 
solution contained ATP and 2 mM EGTA instead of ATP and 
0.1 mM 40Ca2+ (open squares in Figures 5A and 6A, and data 
not shown). 

This protocol was used to define the order in which the 
ATPase internalizes the two 45Ca2+ ions bound to it. As a 
preliminary experiment, we first showed that these two ions 
could be differentiated through their rate of dissociation from 
nonphosphorylated ATPase to the cytoplasmic medium. 

Differentiation of the Two Pools of Bound Ca2+ during 
Ca2+ Dissociation from Nonphosphorylated ATPase toward 
the Cytoplasmic (i.e,,  External) Side of SR Vesicles. The 
inset to Figure 4A recalls the basic experiment [taken from 
Orlowski and Champeil (1 99 1); see references therein] which 
made possible differentiation of two pools of bound calcium 
through isotopic exchange experiments (Inesi, 1987). When 
SR vesicles previously equilibrated with W a 2 +  are adsorbed 
on a cellulose filter and perfused for various periods with a 
medium devoid of radioactive tracer, the kinetics of 45Ca2+ 
dissociation are fairly monophasic when the perfusion medium 
contains a calcium chelator such as EGTA (solid line); how- 
ever, these kinetics become clearly biphasic when the perfusion 
medium contains nonradioactive calcium, in other words when 
45Ca2+ is replaced by @Ca2+ rather than simply extracted. In 
that case, one of the two bound 45Ca2+ ions is exchanged 
rapidly from what was called the "superficial" site; the higher 
the concentration of free 40Ca2+ in the perfusion medium, the 
slower the rate at which the other W a 2 +  ion dissociates from 
the "deeper" site (compare the dotted line obtained at  pCa 4 
and the dashed line obtained at  pCa 3). When the "Oca2+ 
concentration in the perfusion medium is sufficiently high, the 
deeply bound calcium ion remains trapped on the ATPase for 
several seconds. This allowed us to perform experiments in 
which the superficial 4sCa2+ ion was exchanged with 40Ca2+ 
during a preliminary manually performed perfusion step, 
before the adsorbed ATPase, together with the residual deeper 
45Ca2+ bound to it, was submitted to an electronically con- 
trolled rapid filtration step using the desired perfusion solution. 

Here, the application of this procedure allowed us to dis- 
tinguish between the kinetic properties of the two bound 45Ca2+ 
ions during their dissociation from nonphosphorylated ATPase 
toward the external (i.e., cytoplasmic) side of the SR vesicles 
(see Figure 4B). Experimental results are shown in the main 
frame of Figure 4A. In the control experiment (squares), the 
vesicles were equilibrated with 0.1 mM 45Ca2+ and then 
perfused for various periods with the rapid filtration device, 
using a medium containing 2 mM EGTA: the resulting ki- 
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exchangeable pool of calcium plus a small fraction of the slowly 
exchangeable pool of calcium was replaced by Wa2+ during 
the few seconds of the manual perfusion before the electron- 
ically controlled perfusion started. It is clear from Figure 4A 
(circles) that the initial rate of dissociation in the EGTA 
medium of the slowly exchangeable pool of 4sCa2+ bound at 
the "deeper" site was slow and that a lag (see also the circles 
in Figure 7A) preceded its complete dissociation, as expected 
(Petithory & Jencks, 1988a; Orlowski & Champeil, 1991). 
The overall half-time for dissociation was close to 350 ms, i.e., 
longer than in the control experiment. 

The complementary experiment was also performed (tri- 
angles in Figure 4) in which SR vesicles were preequilibrated 
with saturating nonradioactive calcium, subsequently manually 
perfused for a few seconds with a solution containing 0.1 mM 
4sCa2+, and then submitted, as for the other experiments, to 
rapid filtration with the EGTA-containing medium. In this 
case, during the few seconds of manual perfusion, the rapidly 
exchangeable pool must have been completely replaced by 
45Ca2+, plus, again, a small fraction of the slowly exchangeable 
pool (hence the initial amount of bound 45Ca2+ measured was 
7-8 nmol/mg of protein). In this experiment, there was no 
delay in 45Ca2+ dissociation during the perfusion with EGTA, 
and the half-time for the overall process was close to 200 ms, 
which was slighly faster than in the control experiment. 
Similar results were observed repeatedly (see also the triangles 
in Figure 7A). 

The calcium dissociation rates illustrated in Figure 4A were 
obtained with SR vesicles made leaky with ionophore, to make 
them exactly comparable to the ones to be described in the 
next paragraph. However, similar results would be expected 
with sealed vesicles [see Figures 2 and 6 versus 4 and 5 in 
Orlowski and Champeil (1991)], because in the absence of 
ATP, the calcium dissociation from nonphosphorylated AT- 
Pase took place toward the external, i.e., cytoplasmic, side of 
the SR vesicles. These results showed that it was possible to 
distinguish, after partial isotopic exchange, the two pools of 
calcium ions bound to nonphosphorylated ATPase, on the basis 
of the rate at which each pool dissociated from the ATPase 
toward the external medium in the presence of EGTA. 

Attempts To Differentiate the Two Pools of Bound Ca2+ 
during Ca2+ Dissociation from Phosphorylated ATPase to- 
ward the Lumenal (i.e., Internal) Side of SR Vesicles. The 
procedures described above and illustrated in Figures 4 and 
3 allowed us to test each of the bound calcium ions to see if 
after ATPase phosphorylation they were released toward the 
lumenal side in an ordered way, as expected for a linear sin- 
gle-file channel-like structure allowing transmembrane passage 
of the ions (see diagrams in Figure 5B). An experiment 
similar to the one shown in Figure 4A was therefore performed, 
except that the leaky vesicles adsorbed on a filter were now 
perfused with a solution containing ATP and EGTA (Figure 
SA). The symbols are similar to those used in Figure 4A. 
Contrarily to what would be expected for dissociation from 
a simple linear channel-like structure, the pool of "deeply" 
bound calcium ions, i.e., those that had remained trapped on 
nonphosphorylated ATPase after isotopic exchange of the 
superficial ions (circles in Figure 5A), did not dissociate from 
phosphorylated ATPase toward the lumenal side faster than 
the pool of superficially bound ions (triangles), and no clear-cut 
lag was observed for either kinetics. In a separate experiment, 
the leaky vesicles were perfused with a solution containing ATP 
and 0.1 mM nonradioactive calcium, a concentration which 
is expected to trigger steady-state cycling without having any 
effect on the lumenal side of the ATPase (Figure 6A). As 
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FIGURE 4: s uential dissociation toward the cytoplasmic side of the 

6. (Panel A, inset) Biphasic dissociation of 45Ca2+ from non- 
phosphorylated SR ATPase, during isotopic exchange in the absence 
of ATP. In these experiments, vesicles equilibrated with 45Ca2+ were 
perfused with a medium containing either EGTA (continuous line) 
or *Ca2+, at  a concentration of 0.1 mM (dotted line) or 1 mM (dashed 
line) [from Orlowski and Champeil (1991)l. (Panel A, main frame) 
For the control experiment illustrated by the squares, vesicles were 
first equilibrated with 0.1 mM 45Ca2+ and 1 mM [3H]glucose and 
then perfused for predetermined periods with a solution containing 
2 mM EGTA. For the experiment illustrated by the circles, vesicles 
were first equilibrated with 0.1 mM 45Ca2+ and 1 mM [3H]glucose, 
subsequently flushed manually with a solution containing 2 mM %a2+ 
to allow partial isotopic exchange, and then, within 2-3 s, perfused 
for predetermined periods with a solution containing 2 mM EGTA. 
For the experiment illustrated by the triangles, vesicles were first 
equilibrated with 0.2 mM *Ca2+, perfused manually with a solution 
containing 0.1 mM 45Ca2+ and 1 mM [3H]glucose, and then, within 
2-3 s, submitted to perfusion for predetermined periods with a solution 
containing 2 mM EGTA. The medium also contained 20 mM Mg2+ 
and 150 mM Mes-Tris at  pH 6. The temperature was 20 OC. Al- 
though ionophore was not necessary in these experiments, it was always 
included (4% w/w relative to protein), in order to make them exactly 
comparable to those illustrated in Figure 5,  performed in the presence 
of ATP. (Panel B) Diagram of the pools of calcium labeled in these 
experiments. Closed symbols represent radioactive 45Ca2+ ions, and 
open symbols, unlabeled W a 2 +  ions. 

netics of "CaZ+ dissociation in this experiment had a half-time 
close to 250 ms. In the experiment illustrated by the circles, 
preequilibration of the vesicles with 0.1 mM 45Ca2+ was fol- 
lowed first by manual perfusion with a medium containing 2 
mM 40Ca2+ to exchange the superficial 45Ca2+ ion and then, 
within 2-3 s, by electronically controlled perfusion with the 
same EGTA-containing medium as the one used in the control 
experiment. The amount of 4sCa2+ initially bound to the 
ATPase was 11-12 nmol/mg of protein, corresponding to two 
45CaZ+ ions bound per mole of ATPase monomer, and the 
residual amount bound to the ATPase after the manual per- 
fusion, at the start of the electronically controlled perfusion, 
was about 5 nmol/mg of protein. This implies that the rapidly 

two pools of Y Ca2+ ions bound to nonphosphorylated ATPase, at  pH 
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FIGURE 5 :  Phosphorylation-induced dissociation toward the lumenal 
side of the two pools of bound 4sCa2+, a t  pH 6. (Panel A) The 
experiments here were similar to those shown in Figure 4A, except 
that the perfusion medium contained 2 mM ATP together with 2 mM 
EGTA. The medium also contained 20 mM Mg2+ and 150 mM 
Mes-Tris at  pH 6. The symbols are the same as for Figure 4. (Panel 
B) Diagram of the pools of calcium labeled in these experiments. 
Closed symbols represent 4sCa2+ ions, open symbols, T a 2 +  ions. 

mentioned above, the measured kinetics of overall 45CaZ+ 
dissociation were virtually the same in the single-turnover 
experiment in the presence of EGTA and ATP (Figure 5A) 
and in the experiment where steady-state cycling was triggered 
by adding 0.1 mM 40Ca2+ and ATP (Figure 6A). Similar 
results were also obtained as regards the apparently identical 
rates of dissociation of the superficially and deeply bound Ca2+ 
ions. From these observations we conclude that, during active 
transport and dissociation from the phosphorylated ATPase 
to the lumenal medium, the pool of deeply bound calcium that 
undergoes slower exchange with the cytoplasmic medium when 
bound to nonphosphorylated ATPase cannot be kinetically 
discriminated from the pool of superficially bound calcium. 

The above experiments were also repeated when, together 
with ATP, the perfusion solution contained a very high con- 
centration of 40CaZ+ (30 mM) designed, in those experiments 
with leaky vesicles, to ensure a high concentration of Ca2+ on 
the lumenal side of the ATPase (Figure 6B). Under these 
conditions, the phosphorylation-induced occlusion of 45Ca2+ 
was again faster than its dissociation toward the external 
medium, as shown by control experiments performed with tight 
vesicles in the absence of ionophore, the results of which were 
similar to those illustrated by the triangles in Figure 3A. Using 
vesicles made leaky with ionophore, the measured initial rates 
of dissociation toward the lumenal side for both the deeply and 
the superficially bound 4sCa2+ ions were slower under these 
conditions (Figure 6B) than after addition of EGTA + ATP 
(Figure 5A) or 0.1 mM Ca2+ + ATP (Figure 6A), and the 
dissociation time courses were biphasic. Evidently, this is 
because, for a significant fraction of the ATPases, 4sCa2+ 
dissociated from a phosphoenzyme with W a Z +  at the substrate 
site (step 2' in the diagram of Figure 2A), as Ca-ATP was 
present in significant amounts under these conditions. Nev- 
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FIGURE 6: Phosphorylation-induced dissociation toward the lumenal 
side of the two p l s  of bound "Ca2+, in the presence of 0.1 mM (A) 
or 30 mM (B) Ca2+, at  pH 6. The experiments and symbols were 
similar to those shown in Figure 5 ,  except that the perfusion medium 
contained 2 mM ATP together with either 0.1 mM *a2+ (panel A) 
or 30 mM 40Ca2+ (panel B). In the former case, the concentration 
of 45Ca2+ for preliminary labeling of the Ca2+ pools was 0.2 mM 
instead of 0.1 mM; the slightly different labeling conditions in this 
particular experiment also allowed distinction of the two calcium pools 
when dissociation to the cytoplasmic side in the absence of ATP was 
examined in experiments similar to those in Figure 4 (data not shown). 

ertheless, the data in Figure 6B clearly demonstrate that the 
presence of 30 mM Ca2+ with free access to the SR lumenal 
side failed to block or even specifically slow down internali- 
zation of the superficially bound Ca2+ ion (triangles), com- 
pared to that of the deeply bound Ca2+ ion (circles). The two 
transported kinetically equivalent 45Ca2+ ions cannot be dis- 
criminated through their sensitivity to high lumenal Ca2+. 

We also repeated these 45CaZ+ dissociation experiments at 
pH 9 in the presence of 100 mM KCl. A pH jump was used 
to reach pH 9, as in the experiments illustrated in Figure 2B. 
SR vesicles were first preequilibrated at pH 6 in the presence 
of KC1; for the experiments after partial isotopic exchange, 
illustrated by triangles and circles in Figure 7, partial exchange 
was manually performed at pH 6 in the presence of KCl 
(symbols as for Figures 4 and 5 ) .  The SR-loaded filters were 
then submitted to the electronically controlled rapid perfusion, 
with a solution buffered at pH 9 and containing either EGTA 
plus ATP, to measure 45CaZ+ dissociation toward the lumenal 
side (Figure 7B), or EGTA only, to measure this dissociation 
toward the cytoplasmic side (Figure 7A). By showing that 
in the absence of ionophore, as in the experiments illustrated 
in Figure 3A, most of the 45Ca2+ ions bound to the ATPase 
remained trapped in the vesicles when the latter were perfused 
with EGTA plus ATP, we confirmed that, under the present 
conditions, the prerequisite for our experiment was also ver- 
ified, i.e., ATP-induced occlusion was faster than 4sCa2+ 
dissociation from nonphosphorylated ATPase (data not 
shown). The experiment was then performed in the presence 
of ionophore: panel B in Figure 7 shows that, as previously 
found at pH 6 (Figure 5A), the pool of deeply bound calcium 
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ions (circles) did not dissociate toward the lumenal medium 
after phosphorylation with ATP more rapidly than the su- 
perficial pool (compare circles to triangles). As a control, panel 
A shows that, in the absence of ATP, the relative rates of 
dissociation toward the cytoplasmic side for these two pools 
displayed the usual pattern; the distinction between these 
dissociation kinetics was even clearer at pH 9 than at pH 6, 
45Ca2+ dissociation from nonphosphorylated ATPase being 
biphasic at pH 9.2 Note that, in contrast with the situation 
prevailing at pH 6, 4sCa2+ dissociation at pH 9 occurred faster 
in the absence of ATP than in its presence (compare squares 
in panels A and B). All these measurements of 45Ca2+ dis- 
sociation at pH 9 therefore fully confirmed the conclusions 
drawn from the experiments performed at pH 6. 

DISCUSSION 
Using rapid filtration techniques, the kinetics of calcium 

dissociation from phosphorylated ATPase toward the lumenal 
side of leaky vesicles were explored by three methods in the 
present work; this dissociation corresponded to ion internali- 
zation during pump turnover in tight vesicles. The first method 
was perfusion of 45Ca2+-equilibrated leaky vesicles with a 
solution containing 45Ca2+ and ATP and measurement of the 
approach to steady state [circles in Figure 1A; see also 
Champeil and Guillain (1986)]. The second method was 
perfusion with @Ca2+ (or EGTA) and ATP of leaky SR vesicle 
ATPase which had previously reached steady state in the 
presence of 45Ca2+ and ATP [squares in Figure lB, triangles 
in Figure 1, and Figure 2; see also Wakabayashi et al. (1 986)]. 
The third procedure consisted of perfusing 4sCa2+-equilibrated 
leaky vesicles with a solution containing ATP and either %a2+ 
or EGTA (Figures 3, 5, 6, and 7B); the trapping of bound 
4sCa2+ which resulted, and which was also used in recent 
single-turnover studies (Inesi, 1987; Petithory & Jencks, 
1988a,b), occurred because phosphorylation was much faster 
than calcium dissociation toward the cytoplasmic side, as 
previously shown by many authors (Rauch et al., 1978; Sumida 
et al., 1978). 

Taking into account the variations between individual SR 
preparations [see Experimental Procedures and Orlowski and 
Champeil (1991)], all three methods gave rate constants for 
45Ca2+ dissociation from phosphorylated ATPase consistent 
with one another (about 3 s-* at pH 6, 20 OC, in the absence 
of KCl and in the presence of 20 mM Mg2+) and with the 
overall ATPase activity of leaky SR or purified ATPase under 
the same conditions [about 6 nmol/(mg.s), see Champeil et 
al. (1986); this hydrolysis rate is much lower than the one 
measured under more usual conditions, for instance at pH 7, 
25 OC, and in the presence of KCl]. In agreement both with 
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Calcium dissociation toward the cytoplasmic side at pH 9 in the 
presence of EGTA and Mg2+ (squares in Figure 7A) was not mono- 
phasic, in contrast with what was previously observed at pH 6 or 7 [see 
Figure 4A and Orlowski and Champeil (1991)l; this was also observed 
in separate experiments performed at pH 8 in the presence of 20 mM 
magnesium. However, in that case, removal of magnesium from the 
alkaline perfusion medium accelerated the dissociation kinetics and made 
them virtually monophasic once again (data not shown). Since magne- 
sium is known to reduce the ATPase apparent affinity for calcium, 
possibly by binding to a calcium site (Guillain et at., 1982; Loomis et al., 
1982; Champeil et al., 1983). one may speculate that, under these alka- 
line conditions, magnesium binding to the superficial Ca2+ site after 
departure of the first radioactive calcium ion was strong enough to 
partially slow down dissociation of the second radioactive calcium ion, 
just as unlabeled calcium itself would have done. This would also explain 
why the distinction between the dissociation kinetics of the two pools of 
bound calcium was clearer at pH 9 (Figure 7A) than at pH 6 (Figure 
4A). 
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FIGURE 7: Comparison, a t  pH 9 in the presence of KCI, of the rates 
of 4sCa2+ dissociation from nonphosphorylated ATPase (panel A) and 
phosphorylated ATPase (panel B) for the two pools of bound calcium. 
SR vesicles were first equilibrated in a medium containing 20 mM 
MgZ+, 100 mM KCI, 50 mM Ma-Tris at  pH 6,4% A231 87, and either 
0.1 mM 45Ca2+ and 1 mM [3H]glucose (squares and circles) or 0.2 
mM 40Ca2+ (triangles), and 0.3 mg of protein was then layered onto 
H A  filters. For partial isotopic exchange (circles and triangles), the 
loaded filters were manually perfused for a few seconds with a solution 
containing 20 mM MgZ+, 100 mM KCI, 50 mM Mes-Tris at  pH 6, 
and either 2 mM 40Ca2+ (circles) or 0.1 mM 45Ca2+ and 1 mM 
[3H]glucose (triangles). The filters were then immediately perfused 
for various periods with a solution containing 50 mM Tris-HC1 a t  
pH 9, 100 mM KCI, 20 mM Mg2+, and 2 mM EGTA, either in the 
presence of 2 mM MgATP (panel B) or in its absence (panel A). 
For the control experiments (squares), the loaded filters were directly 
perfused with the same final perfusion solutions without prior isotopic 
exchange. 

our previous findings and with those of other filtration studies 
performed at low temperature and neutral pH (Champeil & 
Guillain, 1986; Wakabayashi et al., 1986), all three methods 
failed to reveal any very fast phase in the time course of 4sCa2+ 
dissociation from phosphorylated ATPase. These results 
contrast with those of a recent multimixing study, in which 
45Ca2+ internalization was found to comprise an initial rapid 
phase followed by a slower rate-limiting one; in that study, 
a single enzyme cycle was observed by adding @Ca2+ + ATP 
to 45Ca2+-equilibrated sealed SR vesicles, followed by an ADP 
+ EGTA quench (Inesi, 1987). 

A critical question about our experiments is whether, in the 
presence of 0.04 g of A23 187 ionophore per gram of protein, 
the vesicle passive permeability to calcium was high enough 
to ensure that calcium in the vesicle lumen reequilibrated with 
the external medium rapidly, compared to the rate at which 
calcium was released from the phosphorylated ATPase toward 
the internal side of the vesicles. We think that this was the 
case, because (i) neither transient accumulation nor any delay 
in the reduction of vesicle-associated 45Ca2+ was observed upon 
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perfusion of ionophore-treated vesicles with ATP + 45Ca2+ (see 
Figure lA, open circles), which implies that the half-time for 
equilibration of Ca2+ between lumen and medium was much 
shorter than the half-time for enzyme turnover-in relation 
to that, 4% w/w A23187 was several-fold higher than the 
amount of A23 187 ionophore required to fully release inhib- 
ition of ATPase activity by accumulated Ca2+ (data not 
shown)-and (ii) using membranes of purified ATPase which 
are spontaneously leaky to calcium and devoid of any internal 
or external compartimentalization, fast dissociation of calcium 
from phosphorylated purified ATPase was not detected either 
(Champeil et al., 1986; Wakabayashi et al., 1986); moreover, 
in those experiments as well as in experiments performed with 
A23187-treated SR, the rate of 45Ca2+ dissociation from 
phosphorylated membranes was modulated by ATP (data not 
shown and the above references). These results exclude that 
the observed rate reflected the ionophore-mediated membrane 
permeability instead of the true rate of Ca2+ dissociation from 
phosphoenzyme. As an additional argument, experiments with 
detergent-solubilized ATPase in which the changes in medium 
Ca2+ were monitored with murexide failed to reveal very fast 
dissociation of a fraction of the bound Ca2+ (Andersen, 1989). 

The above facts therefore make it unlikely that too slow 
ionophore-mediated equilibration between internal and external 
calcium in our perfusion experiments, or any other artifact 
due to the presence of the ionophore, could alter our conclusion 
that Ca2+ dissociation from phosphorylated ATPase is mon- 
ophasic. We have no explanation for this experimental dis- 
crepancy with the previous report that very fast dissociation 
of one Ca2+ toward the lumen occurs after ATPase phos- 
phorylation (Inesi, 1987). The dead time of the filtration 
equipment prevented us from exploring exactly the same ex- 
perimental conditions as in the latter work, in which fast 
multimixing equipment was used as opposed to our mea- 
surements in which the amount of bound 45Ca2+ was measured 
directly. However, our data are consistent with other recent 
measurements which also failed to detect rapid dissociation 
of one of the two Ca2+ ions [Hanel and Jencks (1991) and the 
preceding paper in this issue]. 

On the cytoplasmic side of SR vesicles, dissociation of 45Ca2+ 
from nonphosphorylated ATPase, which is usually monophasic 
in the presence of EGTA (Petithory & Jencks, 1988a; Or- 
lowski & Champeil, 1991), is known to become markedly 
biphasic when W a 2 +  is present in the cytoplasmic medium 
[inset to Figure 4A; see Dupont (1982, 1984), Nakamura 
(1986, 1987), Inesi (1987), Petithory and Jencks (1988b), and 
Orlowski and Champeil (1991)l. This was the basis for the 
suggestion that the two Ca2+ ions bound to nonphosphorylated 
ATPase reside in a narrow pocket, or channel, from which they 
can only dissociate in an ordered sequential way toward the 
cytoplasmic medium (Inesi, 1987; Petithory & Jencks, 1988a; 
Orlowski & Champeil, 1991). Khananshvili and Jencks 
(1988) suggested that the pattern could be the same on the 
lumenal side when Ca2+ ions dissociate from the phosphory- 
lated ATPase. We therefore aimed at confirming this, but 
we were unable to do so. 

In our experiments, we did observe a deviation from mon- 
ophasic kinetics when 4sCa2+ dissociation from Ca2ElP was 
monitored in the presence of 30 mM 40Ca2+ (Figure 2), but 
we attributed it to progressive substitution of @Ca2+ for Mg2+ 
at the phosphorylation site (step 5 in the inset to Figure 2A) 
rather than to the action of calcium at the transport sites on 
the lumenal side of the phosphorylated ATPase. The main 
reason for rejecting the latter possibility was that, at pH 9, 
the large pH-induced enhancement expected in the affinity 
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for calcium of the transport sites (Verjovski-Almeida & de 
Meis, 1977) should have made any obligatory ordered se- 
quential dissociation from phosphorylated ATPase result in 
markedly biphasic kinetics, with a one-to-one ratio between 
the amplitudes of the two phases, whereas this was not the case 
in our experiments (closed triangles in Figure 2B). Similarly, 
in experiments previously performed at pH 9 and low tem- 
perature, the effect of 10 mM W a 2 +  was found to be only 
moderate (Wakabayashi et al., 1986). The nonmonophasic 
pattern observed in both studies was consistent with a gradual 
slowing down of the calcium dissociation rate resulting from 
the substitution of calcium for magnesium at the phosphory- 
lated ATPase catalytic site, because it was found that the rate 
of metal exchange at the catalytic site (step 5 in the diagram 
of the inset to Figure 2A) was of the same order of magnitude 
as the rate of calcium dissociation from transport sites on 
Mg2+-containing phosphoenzyme (step 2 of this diagram), 
especially in the presence of low amounts of ADP (Yamada 
et al., 1986; Wakabayashi & Shigekawa, 1987; Lund & 
Maller, 1988; Orlowski et al., 1988). In fact, in our experi- 
ments, a high concentration of 40Ca2+ was even less efficient 
in slowing down 45Ca2+ dissociation from phosphorylated 
ATPase when a regenerating system was included in the 
perfusion medium to reduce the concentration of contami- 
nating ADP (see Results). Consequently, the data favor the 
conclusion that a high lumenal calcium concentration per se 
does not inhibit dissociation of any of the two ions transported. 
It is fair to say, however, that metal exchange at the catalytic 
site makes the results of this type of experiment with leaky 
vesicles less clear-cut than measurements of the rate of calcium 
internalization into sealed vesicles with a well-controlled in- 
ternal Ca2+ concentration. Nevertheless, the same conclusion 
was recently reached by A. Hanel and W. P. Jencks after a 
repetition of direct internalization measurements [Hanel and 
Jencks (1991) and the preceding paper in this issue]. 

As an independent means of checking whether the mono- 
phasic calcium dissociation from phosphorylated ATPase took 
place through an ordered sequential mechanism or not, we 
decided to measure separately the kinetics of this dissociation 
toward the lumenal side for each of the two ATPase-bound 
calcium ions. The two pools of calcium bound to non- 
phosphorylated ATPase could be labeled specifically, on the 
basis of the biphasic kinetics of isotopic exchange which was 
previously observed3 (Dupont, 1982, 1984; Nakamura, 1986, 
1987; Inesi, 1987; Petithory & Jencks, 1988b; Orlowski & 
Champeil, 1991). We first checked the kinetics of dissociation 
toward the cytoplasmic side for each pool and found that the 
two pools did dissociate from nonphosphorylated ATPase at 
different rates during perfusion with EGTA and that, for the 
pool of deeply bound 45Ca2+ ions, dissociation was preceded 
by a lag (Figures 4A and 7A). A similar lag was also reported 
by Petithory and Jencks [Figure 8 in Petithory and Jencks 
(1988a)l. The different dissociation kinetics measured for the 
two calcium pools are perfectly consistent with the ordered 
sequential dissociation of the two bound calcium ions from a 
single binding pocket with a narrow channel-like structure, 
as illustrated in the diagram of Figure 4B [see also Orlowski 

Previous authors have considered the possibility that the asymmetry 
between the two Ca2+ sites might not be real but rather result from the 
interaction between two otherwise identical protein subunits (Ikemoto et 
al., 1981; Dupont, 1982). This hypothesis can in fact not account for 
biphasic isotopic exchange, because, if the fast escape of 45Ca2* from one 
protomer were prevented because of the occupation of the other protomer 
by Wa2+, the initial fast escape of one 45Ca2+ ion from the putative dimer 
would never be observed. The two calcium-binding sites in non- 
phosphorylated ATPase are therefore intrinsically different. 
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deocclusion of K+ ions in Na+,K+-ATPase (Forbush, 1987). 
In those experiments, the two K+ sites were identified by a 
double incubation sequence under conditions of phosphory- 
lation from Pi. Although the two sites differed with respect 
to the rate at  which the bound ions were released in the 
presence of Pi, no kinetic difference between them was observed 
when deocclusion was promoted by Na+ and ATP addition 
and consequent return to the nonphosphorylated so-called E, 
form. Beyond apparent differences in these dissociation ki- 
netics, it appears that a common feature of the Ca2+-ATPase 
and the Na+,K+-ATPase is that dissociation of the transported 
ions is ordered sequential under conditions where these ions 
bind to their transport sites with high affinity, whereas the two 
ions can no longer be kinetically distinguished under conditions 
where they bind to the ATPase with low affinity. 

These findings can now be discussed in relation to their 
possible structural implications. Our results might be tenta- 
tively interpreted in terms of independent but virtually si- 
multaneous direct dissociation of the two Ca2+ ions from the 
phosphorylated ATPase toward the SR lumen. If the observed 
curves did reflect true rates of 45Ca2+ dissociation from their 
binding sites, the virtually identical rates of dissociation of the 
two ions and the absence of inhibition by lumenal calcium of 
any of these rates would imply that once the transport sites 
are reoriented toward the lumenal side of the vesicles, the 
calcium-binding pocket is no longer narrow enough to impose 
ordered dissociation of the two bound ions. Conceivably, the 
putative transmembrane helices which create the narrow 
binding pocket in nonphosphorylated ATPase could part after 
phosphorylation, so that the binding pocket would become 
wider, permitting the two Ca2+ ions to rapidly “mix” on the 
phosphoenzyme (Hanel & Jencks, 1991) before sequential 
dissociation, or even permitting independent dissociation of 
the two ions toward the lumen4 The widening of the 
Ca2+-binding pocket would presumably simultaneously reduce 
its affinity for calcium, as required for active transport 
(Tanford et al., 1987). Significant structural rearrangement 
of the transmembrane section of the ATPase has been sug- 
gested to occur on phosphorylation from Pi [e.g., see de Foresta 
et al. (1990), and references therein], and a less compact 
arrangement of the bundle of transmembrane helices forming 
the putative transport sites might account for the remarkable 
instability of the solubilized and delipidated ATPase in its 
phosphorylated E2P conformation (Lund et al., 1989). Any- 
how, such speculations would imply significant phosphoryla- 
tion-induced changes in the structure of the Ca2+-binding 
pocket, making doubtful its close resemblance with the interior 
of a single-file channel. 

Alternatively, it is also possible that the observed rate of 
4sCa2+ dissociation does not reflect the rate of Ca2+ dissociation 
per se but instead reflects the rate of some preliminary slow 
reorganization of the protein structure, leading to a confor- 
mation and an accessibility of the Ca2+ sites allowing fast 
dissociation of Ca2+ from these sites toward the lumen. To 
interpret the simultaneous intracellular deocclusion of the two 
K+ ions observed on addition of Na+ and ATP to Na+,K+- 
ATPase, Forbush already suggested that a conformational 
change of the whole protein, the so-called “E2 to E,” transition, 
was rate limiting in this process (Forbush, 1987). If such a 

and Champeil (1991)J. Consequently, for the simplest sin- 
gle-file channel-like structure, it would be reasonable to expect 
the deeper Ca2+ ion, which dissociates slowly toward the cy- 
toplasmic or external side of the SR vesicles, to be the first 
to dissociate toward the lumenal or internal side during pump 
turnover (see the center diagram in Figure 5B). However, 
Figures 5A, 6A, and 7B show that such was not the case, 
because the superficial 4sCa2+ ion (triangles) never dissociated 
more slowly than the deeply bound ion (circles), even in the 
presence of a very high concentration of ‘Va2+. The two ions, 
which are distinguishable in the nonphosphorylated ATPase, 
can no longer be kinetically distinguished when they are re- 
leased toward the lumen. 

More careful examination of the data is required here. We 
already pointed out that Figures 5 ,  6, and 7B show that the 
superficial 4sCa2+ ion (triangles) never dissociated from 
phosphorylated ATPase more slowly than the deeply bound 
ion (circles). In some of these curves, it might even seem that 
the overall half-time for complete dissociation of the deeply 
bound calcium pool (circles) was slightly longer than the 
half-time for dissociation of the superficially bound calcium 
pool (triangles), so that, on this basis, a “first-in-last-out” 
mechanism could have been suggested instead of “first-in- 
first-out” (since the two ions bound to nonphosphorylated 
ATPase cannot exchange position, the deeply bound ion must 
be the one which has bound first). However, we think that 
this slight difference between overall half-times, if any, was 
not due to the presence of such a mechanism. In fact, some 
of these dissociation curves comprise a slow component of small 
amplitude (e.g., squares in Figures 5A and 6A), which com- 
plicates the detailed analysis. As to the origin of this slower 
component of small amplitude, one could conjecture that the 
delayed dissociation of a fraction of the calcium pool evidenced 
by this component was due to the insertion of a fraction of 
the ATPases into vesicles which were formed inside-out during 
the SR homogenization procedure: in the experiments in which 
4SCa2+-equilibrated vesicles were perfused with an ATP-con- 
taining medium, the ATPases in the inside-out vesicles were 
probably not immediately phosphorylated by the impermeant 
ATP, as has been previously observed in some cases with 
reconstituted ATPase (Inesi et al., 1983). The existence of 
this small, ill-controlled proportion of ATPases inserted in 
vesicles with an unusual orientation was previously invoked 
to explain small deviations from monoexponential behavior 
in the kinetics of 45Ca2+ dissociation from nonphosphorylated 
ATPases in the absence of calcium ionophore (Orlowski & 
Champeil, 1991). 

Taking these restrictions into account, we therefore consider 
that our data (Figure 5 ,  6, and 7B) should be interpreted as 
indicating that the two pools of bound calcium are in fact 
released toward the lumenal side of the SR vesicles with 
virtually identical rate constants. In addition, these two pools 
cannot be distinguished on the basis of their sensitivity to a 
high lumenal calcium concentration (Figure 6B). In recent 
experiments, Hanel and Jencks also measured the rate of 
4sCaZ+ internalization after selectively labeling the ions bound 
to the “deeper” and “superficial” calcium sites, respectively, 
and concluded that the two ions became kinetically indistin- 
guishable after ATPase phosphorylation [Hanel and Jencks 
(1991) and the preceding paper in this issue]. The experi- 
mental results of that work and those of the present report 
therefore concur in excluding the possibility of distinguishing 
which ion is released first toward the SR lumen. 

At this point, one should also recall that related lines of 
research have been developed by Forbush to characterize 

Note that, at pH 9 and low temperature, Wakabayashi et al. (1986) 
found that 4sCa2+ dissociation from phosphorylated ATPase in a medium 
containing EGTA somehow deviated from monoexponential behavior. 
The exact location of the lumenal gate with respect to the bound ions 
might allow to account for such small differences in the dissociation rates 
for the two ions. 
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preliminary slow conformational rearrangement precedes the 
actual fast dissociation of Ca2+ from phosphorylated ATPase, 
it places limitations on the previous discussion about the pu- 
tative changes occurring in the Ca2+-binding pocket as a result 
of phosphorylation. For instance, 30 mM Ca2+ might not be 
high enough to saturate the potentially blocking lumenal 
subsite of this binding pocket, because we do not know the true 
affinity of this subsite from which Ca2+ dissociates toward the 
lumen (we only know the apparent affinity with which lumenal 
Ca2+ drives the catalytic cycle backward, which combines true 
dissociation constants and the equilibrium constant of the 
conformational rearrangement). In addition, if the actual 
dissociation rate of both ions is very fast, we do not know 
whether the slowing down of the rate of dissociation of the 
second ion induced by the rebinding of one calcium at the 
lumenal subsite will be large enough to affect in a detectable 
way the overall rate of calcium dissociation, which, according 
to this hypothesis, is mainly limited by the rate of the pre- 
liminary reorganization. Therefore, from our data, we cannot 
completely exclude that sequential dissociation from phos- 
phorylated ATPase still occurs. Finally, in terms of models 
where the ion-binding pocket is “occluded“ most of the time, 
and only transiently accessible to the medium (Forbush, 1987; 
Orlowski & Champeil, 1991), it might be that, in phospho- 
rylated ATPase, the lumenal gate which limits access to the 
binding pocket remains open long enough for both ions to leave 
the pocket, in contrast with nonphosphorylated ATPase in 
which the cytoplasmic gate closes very rapidly after its opening, 
thus only allowing exit of one of the two bound ions at a time. 
A different balance between gate opening rates and closure 
rates in phosphorylated versus nonphosphorylated ATPase 
could also account for part of the difference in the apparent 
ATPase affinity for Ca2+ of these two ATPase states without 
requiring changes in the true Ca2+-binding strength within the 
pocket. 

Anyhow, it seems likely that dissociation of the two Ca2+ 
ions indeed comprises some preliminary reorganization of the 
protein structure. The reason for this view is the documented 
existence of several experimental situations where, by using 
CPATP as the substrate (Vilsen & Andersen, 1986), by 
cross-linking the active site with glutaraldehyde (McIntosh 
et al., 1991), or by mutating the ATPase at positions critical 
for conformational rearrangements [e.g., Gly 233 or Pro 312, 
see Andersen et al. (1989) and Vilsen et al. (1989)], the 
ATPase can be phosphorylated in a stable state from which 
the bound calcium ions can probably no longer dissociate 
toward the lumenal medium. The existence of a state in which 
the Ca2+ ions are occluded from the medium on both sides of 
the ATPase is therefore likely. This strictly occluded state 
would be the fundamental state of the “Ca2E,P” (sometimes 
called “Ca2E - P”) ATPase. The above-mentioned reorgan- 
ization of the protein structure allowing dissociation of the two 
ions might then comprise the transient opening toward the 
lumenal medium of the calcium-binding pocket. However, it 
is not yet clear how fast this reorganization is, and whether 
it should be called a “Ca2E,P to Ca2E2P” transition (Pickart 
& Jencks, 1984). As regards the latter issue, it seems that 
the large-scale protein movements comprising the so-called 
“E2 to Ca2E,” transition and those allowing the calcium- 
binding sites to become exposed to the bulk water medium on 
the lumenal side of the membrane do involve different mo- 
lecular mechanisms, as these two events are affected in dif- 
ferent ways by various modifiers of ATPase function like 
dimethyl sulfoxide, nonylphenol, perturbing detergents, or 
cross-linking agent at the active site (unpublished data). 
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Anyhow, the ATPase state from which Ca2+ ions would dis- 
sociate toward the lumenal side (let us call it “Ca2E#P”, with 
no subscript) would only be transient. 

Finally, we have to address the question of how dissociation 
of two Ca2+ ions from the open “Ca2E#P” state can be rec- 
onciled with the report that lumenal calcium inhibits ATPase 
activity with a Hill coefficient close to 1 (Khananshvili et al., 
1990; Hanel & Jencks, 1991; and the preceding paper in this 
issue). In our view, this result could imply that binding to 
phosphoenzyme of only one calcium on the lumenal side is 
sufficient to slow down hydrolysis, or, in other words, that the 
phosphoenzyme is not able to react with water and be hy- 
drolyzed as long as there is one calcium left on the transport 
sites (Ca2E#P or CaE#P). In fact, this would ensure a con- 
stant ratio of 2 between transported Ca2+ ions and hydrolyzed 
ATP molecules. The putative conformational signal from the 
transport sites to the catalytic site responsible for chemical 
specificity (resulting in formation of the true E2P species) 
would therefore be transmitted after both ions have dissociated 
(E#P to E2P). Similarly, we previously suggested that tran- 
sition of nonphosphorylated ATPase from its form with high 
affinity for Ca2+ to its form with low affinity for Ca2+ only 
takes place after both Ca2+ ions have left their sites (Orlowski 
& Champeil, 1991). 
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