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ABSTRACT: We investigated the kinetics of calcium dissociation from its high-affinity transport sites on
sarcoplasmic reticulum Ca2*-ATPase by combining fast filtration with stopped-flow fluorescence mea-
surements. At pH 6 and 20 °C, in the absence of potassium and in the presence of 20 mM MgCl,, isotopic
exchange of bound calcium exhibited biphasic kinetics, with two phases of equal amplitude, regardless of
the initial extent of binding site saturation. The rapidly exchangeable site, whose occupancy by calcium
controlled the rate constant of the slow phase, had an apparent affinity for calcium of about 3-6 uM. A
similar high affinity was also deduced from measurements of the calcium dependence of the rate constant
for ATPasc fluorescence changes. This affinity was higher than the overall affinity for calcium deduced
[rom the cquilibrium binding measurements (dissociation constant of 15-20 uM); this was consistent with
the occurrence of cooperativity (Hill coefficient of 1.6-1.8). The drop in intrinsic fluorescence observed
upon chelation of calcium was always slightly faster than the dissociation of calcium itself, although the
rates for both this drop in fluorescence and calcium dissociation varied slightly from one preparation to
the other. This fluorescence drop was therefore mainly due to dissociation of the bound ions, not to slow
transconformation of the ATPase. Dissociation of the two bound calcium ions in a medium containing EGTA
cxhibited monophasic kinetics in the presence of a calcium ionophore, with a rate constant about half that
of the fast phase of isotopic exchange. This particular pattern was observed over a wide range of experimental
conditions, including the presence of KCI, dimethyl sulfoxide, 4-nonylphenol, or a nucleotide analogue, at
pH 6 or 7, and at various temperatures. The kinetics of calcium dissociation under the above various conditions
were not correlated with the ATPase affinity for calcium deduced from equilibrium measurements under
the same conditions. These results are consistent with sequential dissociation of calcium from a narrow
binding pocket inside which a single calcium ion can move fairly easily. Escape of calcium might be controlled

by a structural compartment acting as a gate.

Active calcium transport into the lumen of sarcoplasmic
reticulum is mediated by Ca?*-dependent ATPase.! This
protein, the main constituent of isolated SR fragments, is one
of the prototypes of active ion transport ATPases, and its
catalytic cycle has been studied in great detail (Hasselbach,
1974; Tada ct al.. 1978; de Meis & Vianna, 1979: Martonosi
& Beeler, 1985: Inesi, 1985). However, little is known about
the mechanism of ion transport and the structural {eatures
responsible for it. Even the location of the calcium binding
sites on the polypeptide chain is still uncertain, as these sites
were initially considered to be located on the ATPase N-
terminal stalk, casily accessible from the cytoplasmic medium,
but more recently to be located closer to the ATPase C-ter-
minus, in a region believed to be mostly membranous (Brandl
et al., 1986; Clarke et al., 1989: Green, 1989; le Maire et al..
1990b). Morcover, the structural predictions for ion transport
ATPases arc not all in agreement with respect to the location
of the putative transport sites [see a discussion of this issue
in le Maire et al. (1990a)].

In this connection, functional studies of the dynamics of
calcium movements to and from the transport sites can
probably provide important information about these sites and
how they alter during pump turnover. Unfortunately, few tools
are available for such an investigation. One of them, the
observation of the ATPase fluorescence changes upon calcium
binding or dissociation, was already used long ago as a “black

*Part of this work was presented at the 34th Biophysical Society
Meceting in Baltimore, MD [see Orlowski and Champeil (1990)].
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box” for this purpose (Dupont et al., 1978; Guillain et al., 1980;
Champeil et al., 1983). Time-resolved indirect measurements
of calcium binding and dissociation were also recently made
through multimixing experiments (Petithory & Jencks,
1988a,b). As opposed to these indirect measurements, direct
exploration of dissociation kinetics through filtration experi-
ments was first attempted at very low temperatures (Dupont,
1982), then at 0 °C (Nakamura, 1986, 1987), and finally at
room temperature by using a rapid-filtration device (Dupont,
1984: Inesi, 1987, Meszaros & Tkemoto, 1989). In the present
work, we reinvestigated the kinetics of calcium dissociation
from its high-affinity sites on ATPase by combining rapid
filtration and stopped-flow fluorescence under a wide range
of experimental conditions. These detailed studies support the
suggestion that the calcium ions bound to ATPase are located
in 2 narrow channellike pocket from which these jons escape
sequentially (Inesi, 1987; Petithory & Jencks, 1988a). They
show that a single rate-limiting step controls the rate of de-
parture of the two bound calcium ions from this pocket and
that there is no severe kinetic restriction on the movement of
a single ion inside it. A gating machinery of the binding pocket

! Abbreviations: SR, sarcoplasmic reticulum vesicles; ATPase,
adenosine triphosphatase; EGTA, [ethylenebis(oxyethylenenitrilo)]-
tetraacetic acid: EDTA, ethylenediaminetetraacetic acid; Mes, 2-(/V-
morpholinojethanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane;
AF/F. relative fluorescence change: k. observed rate constant; ATP,
adenosine triphosphate; AMPPCP, adenosine 5-(3,y-methylene)-tri-
phosphate: Me,SO, dimethyl sulfoxide: A23187, calcimycin; Trp, tryp-
tophan: SDS. sodium dodeccy! sulfate.
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might be part of the mechanism through which calcium is
taken up during the catalytic cycle.

EXPERIMENTAL PROCEDURES

Sarcoplasmic reticulum vesicles were prepared as previously
described from rabbit skeletal muscle (Champeil et al., 1985).
The stock SR suspension was adjusted to 40 mg of protein/mL
by solubilizing an aliquot in 1% SDS and assaying its protein
concentration through optical density measurements at 280
nm, using a correspondence factor previously checked by
comparison with a standard Lowry assay (1 mg/mL protein
results in an optical density of 1).

Binding of ¥*Ca?* (Amersham, U.K.) was measured in
double-labeling filtration experiments exactly as described in
Champeil and Guillain (1986) except that [3H]glucose gen-
erally replaced [*H]sucrose. Loading of a Millipore HA filter
with 0.3 mg of protein preequilibrated with 100 uM *5Ca?*
resulted in roughly equal amounts of #*Ca?* trapped in the
filter with the wetting fluid and *3Ca?* specifically bound to
the protein, so that subtraction of the trapped “*Ca?*, estimated
by *H labeling, from the total measured **CaZ* was accurate
to less than +1 nmol/mg.

To measure calcium dissociation rates, we used a rapid-
filtration apparatus (Biologic, France). Protein (0.3 mg) was
layered onto the filter as in the equilibrium binding experi-
ments above and was perfused for various periods with an
unlabeled medium, and *H and *Ca radioactivities on the filter
were counted. Judging from the residual amount of *H label
on the filter (crosses in Figure SA), more than 90% of the
amount of fluid wetting the filter was washed away after 25
ms, so that the subtraction procedure described above to
compute the amount of “3Ca?* specifically bound to the vesicles
was particularly reliable.

Unless otherwise indicated, the medium contained 150 mM
Mes-Tris and 20 mM MgCl,, and the temperature was 20 +
1 °C. Ca?* was used in the form of CaCl, solution. For
experiments at different temperatures, the pH of the medium
was adjusted so that it would be 6.0 at the desired temperature,
assuming a change in pH of about 0.05-0.1 pH units every
5 °C, as checked in separate experiments (the lower the tem-
perature, the more alkaline the medium). In the range of
values of interest here, we observed in stopped-flow experi-
ments at 20 °C that kg, did vary from 5.7 to 6.6 s™' when pH
varied from 5.9 to 6.1.

Equilibrium and stopped-flow fluorescence experiments were
respectively performed with a Perkin-Elmer MPF44A or a
SLM 4000S fluorometer and Dionex stopped-flow equipment,
as already reported (Guillain et al., 1980; Champeil et al.,
1983).

For the calculation of free calcium concentrations, the values
of Fabiato and Allen for metal-EGTA dissociation constants
were chosen [see Guillain et al. (1980) and Champeil et al.
(1985)]; the resulting apparent dissociation constants at pH
6.0 were 3.85 X 10 M for Ca—EGTA and 3.02 X 10°' M
for Mg-EGTA. In the presence of 20 mM Mg?*, these figures
gave a combined apparent dissociation constant for Ca~-EGTA
of 4.1 X 107° M,

RESULTS

Preliminary Equilibrium Measurements. Under the ex-
perimental conditions mainly explored in this report (150 mM
Mes-Tris buffer with 20 mM Mg?* and no potassium, pH 6.0
and 20 °C), competition between calcium and protons and
magnesium shifted the ATPase affinity for calcium to values
lower than under physiological conditions (Watanabe et al.,
1981; Guillain et al., 1982), but the ATPase cycle remained
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FIGURE |: %Ca?" binding to SR ATPase (A) and corresponding
changes in intrinsic fluorescence (B). For both measurements, SR
vesicles were first suspended in a medium containing 150 mM Mes-Tris
buffer (pH 6.0), 20 mM MgCl,, and 100 uM added Ca?* (plus ¥*Ca?*
tracer and 3H-labeled glucose for panel A). For the filtration ex-
periments, various amounts of EGTA were then added to obtain the
desired final free calcium concentration, and 1 mL of the suspension
(0.3 mg of protein/mL) was poured onto an HA Millipore filter. For
the fluorescence experiments, starting from this pCa 4 medium (100%
on panel B, see cross), either EGTA or calcium was added; the protein
concentration was 0.1 mg/mL, the excitation wavelength was 290
nm, and here, the emission wavelength was 320 nm (Guillain et al.,
1982).

perfectly coupled to active transport [see, for example, Figure
13A in Champeil et al. (1986)]. Figure 1 illustrates the
concentration dependence of calcium binding to its high-af-
finity transport sites on SR ATPase under these conditions,
as deduced either from direct measurements of the amount
of radioactive calcium bound to SR membranes after filtration
(panel A) or from the effect of calcium concentration on the
fluorescence level of the ATPase tryptophans (panel B). When
calculated from panel B and other similar measurements, the
mid-point calcium concentration, [Ca], /;, was about 15-20
uM, and the well-defined plateau at high concentrations al-
lowed reasonable estimation of the cooperativity of the curve:
for three experiments, the Hill coefficient was 1.6-1.8, im-
plying cooperativity of the binding process under these pH
conditions [cf. also Figure 6a in Guillain et al. (1982)].

The direct measurements with “*Ca of the amount of cal-
cium bound to the ATPase (Figure 1, panel A) were consistent
with the above fluorescence experiments, but data points at
very high calcium concentrations were generally not collected
because of the large error that would have resulted from the
subtraction procedure at these concentrations (see Experi-
mental Procedures), so that a plateau could not be observed.
In a few cases, we extended the #*Ca titration curve up to 200
uM Ca?*, and found under our pH conditions no evidence for
a significant increase in the amount of bound calcium (not
shown). The amount of calcium bound to the SR ATPase at
pCa 4 was therefore taken as a measure of the number of
transport sites. Figure 1A shows that in one particular ex-
periment the amount of bound Ca?* at pCa 4 was close to
12 nmol of Ca?*/mg of protein; for this curve, setting the end
point at 12 nmol/mg allows us to deduce Ky, = 20 uM and
ny = 1.6, consistent with Figure 1B. For all the determina-
tions, the number of sites turned out to range between 9 and
15 nmol of Ca?*/mg of protein (dashed zone in panel A), a
range consistent with the relatively high level of phospho-
enzyme formed from inorganic phosphate with our SR ATPase
[up to 5.5-6.5 nmol/mg; see Table I in Champeil et al. (1985)]
and corresponding to two *3Ca?* ions bound per ATPase
monomer.

Kinetics of ¥*Ca®* Dissociation in a Medium Containing
EGTA or “*Ca**. Figure 2, panel A, shows the basic exper-
imental situation that will be investigated in detail in this
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FIGURE 2: Rate of calcium dissociation from SR ATPase high-affinity
sites. Panel A: SR vesicles were first equilibrated with 100 uM #Ca**
(and *H-labeled glucose) in the pH 6 medium described in the legend
to Figure 1: 0.3 mg of protein was layered on a filter (diamonds, time
zero), and then perfused for various periods (see abscissa) with an
unlabeled medium containing cither 2mM EGTA (open triangles)
or Ca~EGTA buffers resulting in free calcium concentrations of 10
(closed triangles). 30 (open circles), 100 (closed circles). 300 (open
squares), or 1000 (closed squares) uM. Inset: Rate constant for
dissociation of the second *Ca?* ion, estimated in these experiments
as a function of the free calcium concentration in the perfusion solution.
Panel B: Schematic model for sequential dissociation of *3Ca?* ions
(closed circles) from a narrow binding cavity in the presence of
unlabeled 4°Ca?* ions (open circles).

report. To create this situation, SR vesicles equilibrated with
radioactive #*Ca?* were adsorbed on a cellulose filter and
perfused for various periods with an unlabeled medium to
extract the bound ions. When the vesicles were perfused with
a medium containing EGTA (open triangles), the two 43Ca?*
ions dissociated rapidly. However, when the perfusion medium
contained *0Ca?*, in other words, when nonradioactive calcium
was substituted for radioactive calcium in an exchange ex-
periment, the kinetics of radioactive calcium dissociation be-
came clearly biphasic: half of the bound calcium dissociated
rapidly, and the other half, more slowly. The rate of this
second phase depended on the concentration of calcium in the
perfusion fluid, corresponding to the curves with different
symbols in Figurc 2A.

To account for these kinetics, an attractive explanation has
becn suggested [Inesi, 1987, Petithory & Jencks, 1988a: see
also Figure | in Tanford et al. (1987), from which the diagram
in pancl B is adapted] that is supported by the results of the
present investigation (see Discussion). According to this ex-
planation, the two Ca** jons bound to the ATPase reside in
a relatively narrow pocket or channel, which the superficial
ion must leave before the other ion can do so. If unlabeled
calcium replaces the first #*Ca* ion just after it leaves the site,
the sccond ion will remain trapped in the deeper site. depending
on the degree of occupation of the superficial site.

We found that the dependence on free Ca?* of the rate
constant for dissociation of the second ion did reveal that the
superficial site had a high affinity for Ca®*. This is shown
in the inset to Figure 2A. which indicates that the rate constant
for dissociation of the second ion was slowed down by 50%
at a concentration of calcium of about 3 uM.2 At low calcium
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FIGURE 3: Kinetics of the fluorescence drop observed during ree-
quilibration of SR ATPase at various final free calcium concentrations.
Pancl A: Typical recordings of the fluorescence changes. Panel B:
Analysis, as a function of final pCa, of amplitudes (circles) and rate
constants (squares) of the observed traces, analyzed as simple ex-
ponentials. One syringe of the stopped-flow fluorometer was filled
with SR vesicles (0.4 mg of protein/mL) suspended in a medium
containing 100 uM Ca?*. The other syringe was filled with the same
medium to which various amounts of EGTA up to 40 mM had been
added, so that the final free calcium concentration after volume to
volume mixing was as desired. The excitation wavelength was 290
nm; the emitted light was analyzed with an interference filter centered
at 330 nm. The medium contained 150 mM Mes-Tris and 20 mM
Mg?* (pH 6. 20 °C).

concentration, however, the rate constant for dissociation of
this second ion was not precisely differentiated from the rate
constant for dissociation of the first ion, because the two
constants only differed by a moderate factor. Another index
of the very high affinity with which calcium may bind to its
superficial site was provided by the dependence on the final
free calcium concentration of the rate at which ATPase in-
trinsic fluorescence dropped from its high initial level to a lower
level when an EGTA-Ca buffer was added to calcium-
equilibrated SR vesicles. Typical traces are shown in Figure
3, panel A, and are analyzed in panel B: the calcium de-
pendence of the observed rate constant for this fluorescence
drop was shifted to lower concentrations compared to the
calcium dependence of the amplitude of this drop. This agrees
with previous stopped-flow observations under different con-
ditions (Guillain et al., 1980, 1981; Dupont, 1982); it is con-
sistent with the above **Ca?* dissociation data in Figure 2A
and with published multimixing results indicating a dissociation
pathway of very high affinity for calcium (Petithory & Jencks,
1988a). These data are evidence for the presence on the

2 Analysis of 1/kg, as a function of [Ca?*], as suggested by Petithory
and Jencks (1988a), results in a straight line for [Ca?*] > 10 uM, with
a slope of 6 X 10* s:M™! (not shown); this slope is equal to ky/k_k_,
[Scheme 1V in Petithory and Jencks (1988a)]. Since k_, = 6-10 57!,
k_y/ky=1.53-3 uM. Since k_; = k_,/2 (see below), the true affinity of
the superficial calcium site, k_y/ks. 15 3-6 uM.
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FIGURE 4: Biphasic kinetics of calcium exchange under conditions
of submaximal initial binding of calcium. SR vesicles were initially
equilibrated with 100 uM 45Ca?* (circles), with 100 uM 4°Ca?* and
190 uM EGTA (25 uM free Ca?*, squares), or with 100 uM “5Ca?*
and 460 uM EGTA (10 uM free Ca*, triangles). Here, ionophore
was also present (0.04 g of A23187/g of protein; see Figure SA). The
perfusion mcdium contained ! mM 4Ca?*. Other conditions were
as for Figurc 2. Inset: A model for positive cooperativity, involving
the transition from a low-affinity form of calcium-deprived ATPase
to a final high-affinity form of calcium-saturated ATPase.

ATPase of a calcium-binding site with an intrinsic affinity
higher than the overall affinity revealed by equilibrium
measurements, which in turn is consistent with the cooperative
nature of the overall process of calcium binding to initially
calcium-deprived ATPase (Figure 1 and Discussion).

Figure 4 shows that, regardless of the initial amount of
45Ca?* bound to the vesicles, half of it was rapidly exchanged
and the other half remained trapped when the vesicles were
perfused with 1 mM “Ca?* [see also Nakamura (1986)]. This
constant 1:1 ratio between the amplitudes of the two disso-
ciation phases is consistent with the possibility that, under
conditions of less than maximal calcium binding, nearly all
the ATPasc molecules bind either zero or two calcium ions
as a result of the above-mentioned positive cooperativity. The
inset in Figure 4 shows these two states of the ATPase, the
calcium-deprived one and the calcium-saturated one, drawn
with different conformations of either low (left) or high (right)
affinity.

Detailed Comparison of the Kinetics of Isotopic Superficial
Calcium Ion Exchange and of Calcium Ion Dissociation in
a Mediuni Containing EGTA. Figure SA shows an experiment
identical with the one depicted in Figure 2 but on an expanded
time scale, in which “*Ca?*-equilibrated vesicles were perfused
with a medium containing EGTA (triangles, equivalent to the
triangles in Figure 2). No very fast calcium dissociation phase
was observed, but a small fraction of the pool of bound calcium
(1-2 nmol/mg of protein) did not dissociate within a few
seconds, so that the dissociation curve departed from simple
exponential behavior. Note that the fluid wetting the filter,
outside the vesicles, was efficiently washed away after a few
tens of milliseconds (crosses), so that the subtraction procedure
allowing calculation of the bound calcium ions was very re-
liable under these conditions, making the low residual amount
of calcium significant. We suspected that, during preequi-
libration of the SR vesicles with the radioactive *Ca?* solution,
radioactive calcium ions had slowly entered the vesicles and
that radioactive ions bound inside the vesicles might thus
account for the slowly extractible calcium ion pool. The ex-
periment was therefore repeated in the presence of ionophore
(circles), and no slowly extractible pool was observed. When
the data were plotted on a semilogarithmic scale, 95% of the

Biochemistry, Vol. 30, No. 2, 1991 355

T T T T T T T T T
c r time -
Q
1y ® oS
o
o 12F 4 20 .
S x & 3 3
] Fa] -
5 x % ;
E L] W S 1 ]
. Ny o
&m 6 a\‘%\ Foiny h
() D\,
w - 3 -
3 i g
T b ox AT Neee . 4
O Tl s
g oL o0k e T T A tkapp |
1 1 1 1 1 [l 1 1 | 1 Iyl,llljf_L//_J
0 1 b 12510
time, seconds
r T T T T T T T 1 T 7
_ 5.0
§=
p B 7 ol
St S
- 449 7.
& o]
- L c
e T u}
g .|
& 148 3
m - —
&
A L _ =
- -
2
3 J

5
time, seconds

FIGURE 5: EGTA-induced monophasic dissociation of calcium in the
presence of ionophore: Comparison with time-resolved fluorescence
experiments. Panel A: Dissociation of calcium upon perfusion of
SR vesicles with an EGTA-containing medium, as in Figure 2A, was
measured with vesicles initially equilibrated in the absence (triangles)
or presence (circles) of A23187 [4% (w/w) relative to protein weight].
Crosses: Residual amount of the 3H-labeled marker in the wetting
volume (sucrose in this particular experiment). Inset: Semilog plot
of the data obtained in the presence of ionophore. Panel B: Com-
parison between 4*Ca?* dissociation in the absence of ionophore
(triangles, as in panel A) and stopped-flow measurements of the rate
of the corresponding fluorescence drop, measured as in Figure 3 (final
free Ca2* was 0.2 uM). In both cases the medium contained 150 mM
Mes-Tris and 20 mM Mg?* (pH 6); the two experiments were run
simultaneously, and the temperature was carefully adjusted to the
same value, here 19 °C.

curve for calcium dissociation kinetics proved to be monophasic
(see inset). A possible explanation for the nonmonophasic
kinetics observed in the absence of ionophore is that calcium
binding took place at transport sites located in the small
fraction of vesicles in which the ATPases had acquired an
inside-out orientation during homogenization of the SR net-
work.

Note that comparison of the kinetics of 4*Ca?* dissociation
in a medium containing EGTA with the kinetics of the
fluorescence drop observed when a large concentration of
EGTA was added to calcium-equilibrated SR vesicles (Figure
5B) shows that the drop in fluorescence was slightly faster than
the kinetics of 4*Ca?* dissociation. This fluorescence drop and
45Ca?* dissociation are clearly related, and the fluorescence
decline does not lag behind the calcium dissociation. Com-
parison of panels A and B in Figure 5, however, reveals that
there was some variability in the calcium dissociation rates
measured with different SR preparations, as will also be shown
below.

The kinetics of #*Ca?* dissociation in the presence of EGTA
were then compared with the initial portion of the kinetics of
this dissociation in the presence of nonradioactive calcium, i.e.,
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FIGURE 6; Comparison of the kinetics of EGTA-induced dissociation
and isotopic exchange. Panel A: The experiment was similar to the
one depicted in Figure 2 in the absence of ionophore (hence the residual
bound calcium at 1 s): here, the perfusion medium contained either
2 mM EGTA (open squares) or 1 (circles), 10 (closed squares), or
30 (triangles) mM 4°Ca?*. Panels B and C: Two possible models
for calcium dissociation from its sites. In Panel B, transition from
a high-affinity form to a low-affinity form (drawn with a wider mouth)
controls dissociation of the deeply bound calcium ion; in panel C,
dissociation of calcium from the superficial site is the only step
contributing to rate limitation, and movement of the remaining ion
from one subsite to the other in the binding pocket is assumed to be
equally fast in both directions. Panel C also shows an analogy of the
latter situation in terms of two compartments in rapid equilibrium
with cach other, slowly emptying through a single leak pathway.

Table I: Effect of Various Modifiers of ATPase Function on the Kinetics
of #5Ca?* Dissociation?

11,210 EGTA 1, in *Ca Kiiss
modifier conen medium (ms) medium (ms) (uM)
4-nonylphenol  control 150 70 15
0.33 gmol/mg 310 230
0.17 umol/mg 40
Me,SO control 150 75 18
10% (v/v) 220 120
15% (v/v) 25
AMPPCP control 180 160° 20
250 uM 270 2500 12

@ Half-times for #*Ca?* dissociation (#,/;) were measured in the presence
of ionophore by rapid filtration under conditions similar to those of Figure
6, in the prescnce of either 2 mM EGTA or 1 mM “Ca?*. The dissociation
constant for calcium binding to the ATPase at equilibrium (Ky;,) was de-
duced either from Trp fluorescence titrations (for nonylphenol) or from
45Ca?* measurements; Hill coefficients were similar under all conditions (1.7
£ 0.1). Nonylphenol concentration was expressed as micromoles per milli-
gram of protein because most of it binds to the membrane; for the **Ca’*
dissociation measurements, nonylphenol was included in the initial ¥*Ca®*-
containing SR suspension but not in the perfusion solutions, because no-
nylphenol dissociated from SR membranes more slowly than the events in
which we were interested here. ® These two measurements were performed
in a scparatc scries of experiments, with another SR preparation; therefore,
these half-times measured in the presence of calcium should not be com-
pared to the half-times measured in its absence and shown in the preceding
column.

with the exchange of #*Ca®* from the superficial site (Figure
6). In this experiment, varying the concentrations of #°Ca?*
from 1 mM (open circles) up to 30 mM (open triangles) had
no effect on the exchange kinetics. The half-time for exchange
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FIGURE 7: Effect of potassium (panel A) and pH (panel B) on the
kinetics of 3Ca?* dissociation. Panel A: Vesicles were equilibrated
with 100 uM *Ca®* and ionophore, either in the standard medium
(150 mM Mes-Tris and 20 mM Mg?>*, pH 6, open symbols) or in a
potassium-containing medium (100 mM KCI, 50 mM Mes-Tris, and
20 mM Mg*, pH 6, closed symbols). The perfusion medium was
identical with the equilibration medium but contained either 2 mM
EGTA (triangles) or 1 mM *°Ca? (circles) instead of radioactive
calcium. Panel B: Vesicles were equilibrated with 100 uM 43Ca?*
and ionophore, either in the standard medium (150 mM Mes-Tris
and 20 mM Mg?>*, pH 6, open symbols) or in a pH 7 medium (150
mM Mops-Tris and 20 mM Mg?*, pH 7, closed symbols). The
perfusion medium was identical with the equilibration medium but
contained either 2 mM EGTA (triangles) or I mM “°Ca?* (circles)
instead of radioactive calcium.

of the one superficial Ca?* ion in the 4°Ca®* medium turned
out to be roughly twice as short as the half-time for dissociation
of the two bound Ca?* ions in the EGTA medium (compare
arrows in Figure 6A). Panels B and C in Figure 6 show two
possible models accounting for these data, which will be dis-
cussed later.

Effects of ATPase Function Modifiers. In an attempt to
discriminate between the two models shown in panels B and
C of Figure 6, we investigated the kinetics of isotopic exchange
and EGTA-induced dissociation in the presence of various
agents known to modify the kinetics of some of the transitions
involved in the ATPase catalytic cycle. As a first example of
the modification of the **Ca?* dissociation kinetics under
specific conditions, 100 mM potassium was found to accelerate
the rate of this dissociation in the presence of both EGTA and
unlabeled calcium (Figure 7, panel A). The kinetics of ¥Ca?*
dissociation in the presence of EGTA, however, remained
monophasic. Note that potassium does not greatly change the
affinity of ATPase for calcium [compare data in Guillain et
al. (1980) and in Guillain et al. (1981)]. Changing the pH
from 6 to 7 also accelerated *Ca®* dissociation in either
situation (Figure 7, panel B), again leaving the dissociation
kinetics in the EGTA medium monophasic, while the affinity
of ATPase for calcium is known to be higher at neutral or
alkaline pH than at pH 6 [see Watanabe et al. (1981) and
Guillain et al. (1982)].
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Table 1 shows that 4-nonylphenol, a very hydrophobic agent
known to slow down the rate of the fluorescence changes
associated with calcium binding to ATPase and to reduce
ATPase affinity for calcium (Michelangeli et al., 1990),
distinctly slowed down 43Ca?* dissociation in the EGTA me-
dium, although its kinetics remained monophasic. When
45Ca?* dissociation in the *°Ca?* medium was monitored,
nonylphenol again proved to slow down significantly the ki-
netics of #*Ca?* exchange from the superficial site, while half
of the bound 4’Ca?* remained trapped. Table T also shows
that 10% Me,SO [another modifier of ATPase function; see
references in de Meis et al. (1980)] slowed down both calcium
dissociation in an EGTA medium and calcium exchange from
the superficial site: at neutral pH in the presence of potassium,
calcium dissociation in an EGTA medium was also slowed
down in the presence of Me,SO concentrations up to 30% (v/v)
but remained monophasic (data not shown). Note that Me,SO
only weakly affects the ATPase affinity for calcium (Table
). As a final example, Table I shows that the nucleotide
analogue AMPPCP moderately slowed down the rate of Ca?*
dissociation from the ATPase, in the presence of both EGTA
and unlabeled calcium, while the ATPase affinity for calcium
was enhanced in the presence of AMPPCP [a similar en-
hancement was previously found by Cable et al. (1985) and
Ross and Mclntosh (1987)].

It therefore appears that all these modifiers of ATPase
function leave #°Ca?* dissociation in an EGTA medium
monophasic, with a half-time always larger than the half-time
for exchange of the superficial 3Ca?* ion. Moreover, there
is no apparent correlation between the rate of calcium disso-
ciation from thc ATPase and the affinity of ATPase for
calcium.

Effect of Temperature. Finally, we measured the effect of
temperature on the kinetics of calcium dissociation in the
presence of cither EGTA or unlabeled calcium. The main
frame in Figure 8 shows that although rate constants were 5
times slower at 5 °C than at 20 °C (compare time scales in
Figures 6 and 8), the same calcium dissociation pattern was
observed at both temperatures: it was fairly monophasic in
the presence of EGTA, and in the presence of unlabeled
calcium superficial calcium exchange was about 2 times faster.
Additional data were collected at various temperatures between
5 and 20 °C, and the measured dissociation rates were plotted
on an Arrhenius plot in the inset to Figure 8. The rates for
complete Ca?* dissociation (open symbols) and for the ex-
change of only one calcium ion (closed symbols) proved to have
the same temperature dependence (circles and squares in this
inset refer to two separate experiments). In stopped-flow
fluorescence experiments (triangles in the inset) in which
EGTA was added to calcium-equilibrated vesicles, as in the
experiment illustrated in Figure 5B, the fluorescence drop at
all temperatures tested was again slightly faster than the
dissociation of calcium in the same experiment (compare
triangles and open squares), and an identical temperature
dependence of the observed rates was obtained. The tem-
perature sensitivity of these rates was rather high, as between
5 and 25 °C they increased every 10 °C by a factor of 2.5-3,
corresponding to an activation energy of about 16 kcal/mol.
On the other hand, temperature is known to leave the ATPase
affinity for calcium unaffected (Dupont, 1980).

Variability. With regard to the reproducibility of the rate
constants we measured during the present series of experi-
ments, the circles and squares in the inset to Figure 8, which
correspond to two separate series, illustrate the previously
mentioned observation [Figure 5, (A) versus (B); compare also
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FIGURE 8: Effect of temperature on the kinetics of 4*Ca?* dissociation
from SR ATPase. Main frame: Same experiment as the one shown
in Figure 6 but performed in the cold room (5 °C) and in the presence
of ionophore. Inset: Arrhenius plot of the rate constants measured
at different temperatures. Open and closed symbols stand for ex-
periments performed in the presence of EGTA and calcium, re-
spectively. Circles refer to the experiments shown in the main frame
and in Figure 6, which both belong to the same series; squares refer
to another series of experiments. Open triangles refer to fluorescence
stopped-flow experiments performed in parallel with the experiments
illustrated by the squares, as shown in Figure 5B, except that the final
pCa was 6.7 and a cutoff filter was used (Schott WG 320; Champeil
et al., 1983).

open symbols in Figure 7, (A) and (B)] that individual rate
constants can vary by a factor of almost 2 from one series of
experiments to another, conducted at an interval of a few weeks
or months with another SR preparation. This variability was
not restricted to the “*Ca?* dissociation experiments, for which
temperature control is more difficult than in fluorescence
experiments and determination of half-times less reliable, but
was also observed in the stopped-flow fluorescence experiments,
which give no grounds for concern on either of these points.
We observed it in experiments performed on the same day with
the same solutions but with different SR preparations. Con-
sequently, experimental results were always compared to the
results of simultaneously run controls. ATPase activity var-
iability has been mentioned before (Rooney & Lee, 1983). On
the basis of our limited experience, it does not necessarily seem
to be due to the aging of the preparation; a speculative can-
didate responsible for it might be an uncontrolled state of lipids,
¢.g., phosphorylation of the phosphatidylinositol phospholipids
located close to the ATPase molecule (Varsanyi et al., 1983).

DiscussioN

Cooperative Equilibrium Binding of Two Calcium Ions per
ATPase Molecule. Our measurements of calcium binding at
equilibrium (Figure 1) call for a few initial comments. First,
their dependence on the free calcium concentration proved
cooperative (Figure 1B), as observed earlier under conventional
experimental conditions [see, for instance, Inesi et al. (1980)]
and later also at pH 6 [Guillain et al., 1982; Hill & Inesi, 1982;
Fernandez-Belda et al., 1984; note that the initial finding by
Watanabe et al. (1981) that cooperativity was lower at pH
6 than at pH 7 was not confirmed in subsequent reports].
Under slightly acidic conditions, the free calcium concentration
can be precisely buffered to any desired final value because
at acidic pH the affinity of EGTA for calcium is relatively
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low, and the estimation of cooperativity under these conditions
is therefore reliable.

Second, the total number of calcium sites found here (Figure
1A) was slightly larger than generally reported for native SR,
although it was consistent with the amount of ATPase deduced
from electrophoresis gels and molecular weight determinations
and was in a ratio of 21 to the maximum amount of Pi-derived
phosphoenzyme that could be measured [see Champeil et al.
(1985) and Champeil and Guillain (1986)]. Previous reports
have raised the possibility that the smaller numbers of calcium
sites found with some preparations were due to the presence
of a subpopulation of irreversibly inactivated ATPases (Bar-
rabin et al., 1984; Gafni & Boyer, 1984). An additional reason
for these differences between preparations might be the un-
detected presence in some of them of a protein component
unrelated to the ATPase but with a similar molecular weight,
whose existence has recently been recognized (Zaidi et al.,
1990). Note also that, depending on the duration of the
preequilibration step and on the presence or absence of ion-
ophore, **Ca® may or may not succeed in reaching the
transport sites of the ATPase molecules located on the small
fraction of vesicles with an inside-out orientation.

Kinetics of Calcium Dissociation Reveal the Structure of
the Transport Sites on the High-Affinity Form of ATPase.
The observation of biphasic kinetics for calcium dissociation
from the transport sites in the presence of external unlabeled
calcium. with a 1:1 ratio of rapidly exchangeable to slowly
exchangeable calcium ions (Figures 2. 4, and 6-8). fully agrees
with the results of similar previous experiments, performed
under different temperature and ionic conditions (Dupont,
1982, 1984; Nakamura, 1986: 1987; Inesi, 1987 Petithory &
Jencks, 1988a). Only recently, however, the microscopic
mechanism for this apparent interaction between sites was
ascribed to obligatory ordered dissociation of the bound ions
from a narrow binding pocket (Figure 2B), while similar
concepts were developed to account for the kinetics of the
dissociation of occluded potassium or rubidium ions from the
closely related phosphorylated Na* , K*-ATPase (Inesi. 1987;
Petithory & Jencks, 1988a; Glynn et al., 1985; Glynn &
Richard, 1989; Forbush, 1985, 1987).

In the framework of this ordered dissociation model, which
as discussed below our data support, the kinetics of calcium
exchange, which are biphasic regardless of the initial amount
of bound ions (Figure 4), are consistent with the cooperativity
of the overall process of calcium binding to the calcium-de-
prived ATPasc as well as with the fundamental feature of the
ATPase transport sites, i.c., the existence of a single binding
pocket for the two ions that, when both present, cannot ¢x-
change positions. An unambiguous index of cooperativity was
manifested by the fact that the binding sites present on the
calcium-saturated ATPase (Kg, of 3-6 uM: cf. Figure 2A
inset, Figure 3B, and footnote 2) displayed an affinity for
calcium higher than the overall ATPase affinity deduced from
the cquilibrium measurements in Figure 1. This was also
observed by Petithory and Jencks (1988a). Conversely, we
think that these high-affinity sites are absent from calcium-
deprived ATPase, which only displays sites with a low affinity
for calcium, as observed in direct time-resolved measurements
of calcium binding to the ATPase [Orlowski et al., in prepa-
ration; sce also Dupont (1982) and indirect suggestions in Inesi
et al. (1980), Guiltain et al. (1980), Champeil et al. (1983),
and Pectithory and Jencks (1988b)].

Kinetics of Calcium Dissociation in a Ca**-Free Medium
Are Monophasic. In the presence of EGTA., the kinetics of
calcium dissociation from vesicles made leaky with ionophore
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were found to be monoexponential under our ionic conditions,
as shown, for instance, in Figure SA. This monoexponential
behavior was also observed in a large range of experimental
situations that we tested (Figures 7 and 8 and Table T). This
is at variance with previous reports that at neutral pH the
kinetics of calcium dissociation in the presence of EGTA are
biphasic [Dupont. 1984; see also chemical quenching mea-
surements by lkemoto et al. (1981)] and also with a recent
similar observation concerning the kinetics of calcium disso-
ciation from longitudinal “light™ SR (Meszaros & lkemoto,
1989). Under the ionic conditions of the latter report, we were
unable to observe biphasic kinetics with our SR fraction in
the presence of ionophore (data not shown), but we did observe
that a small fraction of the bound calcium was not released
within 2 s in the absence of ionophore; this fraction was,
however, much smaller than 50% of the amount of calcium
initially bound and was insensitive to the presence of ruthenium
red, a calcium channel blocker used by Meszaros and Tkemoto
to discriminate between light and heavy SR (1989). A possible
reason for the appearance of a slow phase of calcium disso-
ciation in these authors’ experiments might be the limited
permeability to calcium of SR vesicles: this permeability is
large enough to allow calcium to enter the vesicles and to bind
to internal sites—especially in the absence of magnesium—over
a 2-min incubation period but too small to allow easy disso-
ciation of these internal calcium ions within a 1-2-s time
period, except in the case of heavy SR vesicles, which are
spontaneously permeable because of the presence of calcium
channels. The same argument might account for the (small)
deviation from monophasicity observed in multimixing ex-
periments in which the amount of calcium bound to the AT-
Pase was measured by indirect assay (Petithory & Jencks,
1988a). In addition, different SR preparations might differ
in their proportions of inside-out vesicles, in which ATPases
with the unusual orientation contribute to internal sites.

A Common Mechanism Controls the Rate of Calcium
Dissociation during either Exchange of One [on at the Su-
perficial Site or Dissociation of the Two Bound lons in a
Calcium-Free Medium. The monophasic Ca?* release during
EGTA perfusion and the twice-as-fast kinetics of calcium
exchange at the superficial site compared to dissociation in
EGTA medium (Figure 6A) place constraints on the possible
models accounting for this release. For instance (panel B in
Figure 6), after the departure of the superficial Ca?*, one
might imagine that the ATPase is immediately converted into
another conformation such as the one with a low affinity for
calcium mentioned above, from which the second Ca?* ion
would be very rapidly released. In that case, however, the
second Ca?* ion would dissociate as soon as the first had done
s0, and the half-times for dissociation in an EGTA medium
and for superficial ion exchange would therefore be identical,
which was not the case (Figures 6-8 and Table I). Alterna-
tively, one might then imagine that this conformational con-
version to a state from which the second calcium ion is im-
mediately released takes place at a particular, noninstantaneous
rate. [f that were true, however, it would not be simple to
account for the fairly monophasic dissociation kinetics found
under a wide range of different conditions. including at dif-
ferent temperatures and the presence of various ATPase
modifiers (Figures 6—8 and Table I), because under all these
conditions the rate of the conformational transition would have
to be exactly balanced with the rate at which the first ion leaves
the superficial site, although there is no reason why these rates
should depend on the same type of regulation. In fact, for
sequential dissociation to result in monoexponential loss of
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calcium from the ATPase, the dissociation process must, at
least apparently, conform to the scheme

k k/2
CayE — Ca:E + Ca — E + 2Ca (1)

Another way of fulfilling this condition might be for the
ATPase to be immediately converted, after dissociation of the
first calcium ion, to a state from which the second calcium
ion would have to leave its site at a rate exactly half that of
the calcium dissociation from the superficial site. Although
not impossible, this is rather unlikely since the 1:2 ratio be-
tween the dissociation rates from different sites would again
have to be maintained over a wide range of experimental
conditions. The same requirement for a constant ratio of
dissociation rates from different sites over a wide range of
conditions also makes it unlikely that the two calcium ions
would be located in two different binding pockets and that,
due to some allosteric constraint, the occupancy of one would
prevent dissociation from the other.

Conscquently, we are left with the possibility that a single
rate-limiting leak pathway out of a common binding pocket
controls the rate of calcium dissociation during both the iso-
topic exchange of one ion and the dissociation of the two ions
in a calcium-free medium. In that case the 1:2 ratio of the
half-times would imply that, after depature of the superficial
Ca?*, the residual ion rapidly jumps from its initial location
to the one from which it will finally be released, with an equal
probability of being at one locus or the other inside the pocket
(Figure 6C). Although this result can easily be obtained by
writing down the simple kinetic equations describing the
system, it can also be understood by considering the exchange
of 4Ca for °Ca at the superficial site as the emptying of a
superficial compartment through a small leak pathway,
whereas 4°Ca dissociation in an EGTA medium would result
from the emptying, through the same pathway, of a com-
partment twice as large, at an identical initial rate but with
a resulting apparent rate constant twice as slow (see the dia-
gram on the right in Figure 6, panel C). This in turn would
imply that there is no severe kinetic constraint restricting
movement of the single Ca?* ion inside the pocket, which is
why the neck of the peanut on the diagram in Figure 6C is
not very narrow. Strong confirmation of this model is provided
by our observation that under all the conditions tested here
(Figures 6-8 and Table I) the rates of ¥*Ca?* dissociation in
an EGTA medium and of *Ca?* exchange in a ¥Ca?* medium
were affected simultaneously and in the same direction. This
argues in favor of the existence of a common mechanism
controlling both situations.

Significance of the ATPase Intrinsic Fluorescence Changes.
As a consequence of the model just described and shown in
Figure 6C, the two calcium ions that dissociate from the
ATPase during perfusion with an EGTA medium dissociate
from the same high-affinity form of the ATPase. Petithory
and Jencks (1988a) reached the same conclusion (see their
Scheme 1V). Transition to the low-affinity form, which we
know to be predominant in the absence of calcium at steady
state, only takes place after both the calcium ions have left
their sites. Regarding the significance of the accompanying
fluorescence changes, the present data show that, at pH 6, the
drop in ATPase fluorescence upon addition of EGTA was in
fact faster by a factor of 1.5-2 than the observed dissociation
of calcium (Figure 5B and Figure 8 inset, triangles versus
squares). The true time course of *Ca?* dissociation might
in fact be slightly faster, by 20-30% at most, than the observed
one, because the small volume initially wetting the filter must
be rinsed before any dissociation of “*Ca?* from the ATPase
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into the perfusion solution can occur; however, the conclusion
that the fluorescence drop is not slower than Ca?* dissociation
is safe. This implies that the ATPase fluorescence level does
not disclose the ATPase conformational state but rather the
occupancy of the calcium sites. We previously obtained some
evidence of this by measuring the biphasic fluorescence changes
induced by calcium binding (Champeil et al., 1983). The
fluorescence level of the ATPase with a single bound calcium
ion (Ca-E) is therefore significantly different from the level
of the ATPase with two bound ions (Ca,-E); the fluorescence
change could even be slightly larger for the dissociation of the
first than the second calcium ion. This conclusion is not
necessarily valid under all pH conditions; work is in progress
to elucidate this issue. Note also that, assuming that disso-
ciation of ¥*Ca?* in a calcium-free medium obeys eq 1, the time
course of the drop in ATPase fluorescence will not be strictly
exponential but rather a combination of exponentials with rate
constants k and k/2, which probably cannot be distinguished
from a single exponential, considering noise level and photo-
lysis.

A related argument supports the claim that fluorescence
reflects calcium dissociation rather than slow conformational
changes: if calcium dissociation were to precede a putative
slower conformational change leading to fluorescence reduc-
tion, the drop in fluorescence would show a lag corresponding
to the rate of departure from the superficial site. However,
it is clear from Figures 3 and 5 and from the bulk of published
fluorescence measurements that there is no such lag; the drop
in fluorescence therefore starts simultaneously with the de-
parture of the first calcium ion.

Opening of a Gate as the Mechanism Controlling Calcium
Dissociation. One striking result of our experiments is that
there was no correlation between the ATPase apparent affinity
for calcium and the rate at which previously bound calcium
dissociated from its sites on the ATPase. Thus, nonylphenol
and Me,SO, which shifted the ATPase to different extents to
a form of poorer affinity for calcium, both slowed down the
rate of Ca?* dissociation and exchange (Table I). The presence
of the ATP analogue AMPPCP, which enhanced the ATPase
affinity for calcium, also slowed down the dissociation rates
(Table I). Neutral pH accelerated the dissociation kinetics,
although it enhanced the affinity of ATPase for calcium
(Figure 7B), but potassium also accelerated the dissociation
kinetics (Figure 7A), although it did not greatly affect affinity.
Many possibilities might account for these observations, es-
pecially because the rates of calcium binding to the sites were
not systematically measured here and because the confor-
mational changes involved in the cooperative binding mech-
anism obviously play a role in determining the final apparent
affinity. One possibility is that there is some kind of restriction
on ion escape from the site, due to protein structure or dy-
namics, imposing a relatively high activation energy (Figure
8, inset). This restriction cannot be due to the migration of
the ion through a long narrow access channel with weak
binding properties (Tanford, 1983), since very high calcium
concentrations up to 30 mM did not slow down isotopic ex-
change (Figure 6A).

At this point, it should be emphasized that the process of
calcium dissociation from unphosphorylated Ca?>*-ATPase
toward the cytoplasmic medium, as investigated here and in
the indirect study by Petithory and Jencks (1988a), seems very
similar to the process of potassium or rubidium dissociation
from phosphorylated Na* ,K*-ATPase described by Glynn and
co-workers and Forbush: these authors and ourselves both
observed monophasic or biphasic dissociation of labeled ions
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depending on the absence or presence of unlabeled congeners,
with a 1:2 ratio between half times (Forbush, 1987; Glynn &
Richards, 1989, and references therein). Unphosphorylated
Ca’*-ATPase appears to behave in a manner similar to
phosphorylated Na*.K*-ATPase, although, surprisingly, the
opposite side of the protein is involved. To describe further
the nature of this limiting step, which allows ion leakage out
of the binding pocket and controls both the dissociation of the
two ions and the exchange of only one of them. Forbush
suggested that this dissociation did not occur through some
slow permanent leakage pathway but resulted from brief and
infrequent opening of the binding pocket to the external me-
dium: this is the “flickering gate” model. This model might
be one way of accounting for the absence of correlation be-
tween dissociation rates and apparent affinities. The relatively
large temperature dependence of the dissociation rate might
also be consistent with the idea that leakage results from a
temperature-sensitive dynamic equilibrium between closed and
open conformations [this sensitivity to temperature is much
higher than what one would expect, for instance, for passive
ion diffusion through a channel with a fixed structure. when
the enhancement factor, Qy,, is expected to be close to 1.3 or
1.4, and the corresponding activation energy would be 4-3
kcal/mol (Hille, 1984)]. Whether the binding pocket really
flickers open spontaneously from time to time (Forbush. 1987,
1988) or whether ion escape requires some activating inter-
action between the ion and the protein, the basic idea that
dissociation of calcium to the outside-facing side might be
controlled by a structural component acting as a molecular
gate might well apply to the Ca?*-ATPase, and suggests that
the two calcium ions on the ATPase are “occluded” most of
the time on unphosphorylated ATPase and not only on
phosphorvlated ATPase, as generally believed [e.g., see
Kurzmack et al. (1977) and Dupont (1980)]. It should be
remembered that. in unphosphorylated Na*,K*-ATPase, oc-
clusion of K* is an undisputed fact. The transient accessibility
of the transport sites to the external compartment might be
just another example of large-scale internal movements of
proteins and be in agreement with the view, now established
thanks to patch-clamp techniques. that ion channels themselves
are structures that oscillate between open and closed confor-
mations on the millisecond time scale.

In the framcwork of the present search for the location of
the amino acids responsible for calcium binding to Ca?*-AT-
Pasc, the suggestion that the binding pocket is temporarily
occluded is also especially attractive because calcium binding
sites, originally believed to be located in the stalk region of
the ATPase (Brandl et al., 1986), have more recently been
suspected to reside in a C-terminal region up to now considered
to be embedded in the membrane (Clarke et al., 1989; Green,
1989; le Maire ct al., 1990b). This issue, however. is far from
being completely resolved, due, in particular, to the uncer-
tainties that persist about the folding of the ATPasc [sec a
discussion in le Maire et al. (1990a)].

Conclusion: Implications for the Complete Catalytic Cyvcle.
First. we deduced from the kinetics of calcium dissociation
under various conditions that a common activation step con-
trolled the rate of calcium dissociation during exchange in a
#0Ca?* medium and during dissociation in an EGTA medium
and that, after the departure of the superficial calcium ion,
the remaining single ion could migrate freely from one locus
to the other in the binding pocket of unphosphorylated AT-
Pasc. The cqual probability that the remaining ion binds to
either onc or the other subsite in the binding pocket (we
concluded that the equilibrium constant was close to one) is
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puzzling, and the structural features responsible for this are
not vet clear. On the other hand, with regard to the rapid
migration of this single ion inside the binding pocket of un-
phosphorylated ATPase, it is relevant to mention experiments
in our laboratory which showed that the kinetics of calcium
dissociation from phosphorylated ATPase and the resulting
internalization of calcium in the SR lumen were also fairly
monophasic (Orlowski et al., manuscript in preparation); our
results did not indicate that migration inside the binding pocket
of the phosphorylated ATPase was rate-limiting. Neither did
Jencks’ group observe any two-step pattern for calcium in-
ternalization into empty vesicles [Khananshvili and Jencks
(1988) and personal communication]. However, as different
results were reported for the migration of the remaining ion
(Inesi, 1987), future work will have to clarify this key feature
of the calcium translocation mechanism.

Second, we suggest that the dynamic view of the binding
sites as a structure only transiently accessible to the external
medium is a helpful image for the description of active
transport. In this connection, a tentative complement to the
above dynamic gate model is to consider the ion-binding sites
as a pocket shielded from the medium not only by one but by
two gates, one of them oriented toward the cytoplasmic me-
dium and the other toward the lumenal medium. In the un-
phosphorylated state, the cytoplasmic gate might open fast but
infrequently. thus allowing Ca’* to come and go, but the
lumenal gate would remain closed. What phosphorylation does
is to change the various vibration modes of the ATPase chain
and block the opening of the cytoplasmic gate. The binding
of the substrate analogue AMPPCP might do part of this job
by slowing down? the rate of opening of this cytoplasmic gate
(Table 1). With phosphorylated ATPase, this new dynamic
mode would also loosen the constraints on the movement of
the lumenal gate, so that it could now open. Provided this
opening is accompanied by a slight conformational change of
the ion-binding pocket and a corresponding reduction in the
affinity for caleium, calcium would then be able to dissociate
toward the sarcoplasmic reticulum lumen. According to this
view, the ATPase does not use a simple channel to transport
calcium, or a channel with a conventional single gate: ion-
transporting ATPase is a device with a shielded or occluded
pocket and two gates whose mutually exclusive opening toward
one or the other of the water compartments is controlled by
phosphorylation.
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