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Strontium binding to sarcoplasmic reticulum Ca**-ATPase

Spectroscopic differentiation of the substeps involved
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We investigated the consequences of Sr** binding to the transport sites of sarcoplasmic reticulum (SR) Ca**-ATPase for two flucrescent conforma-
tional probes located in different regions of the ATPase. Using SR vesicles in which Lys-515 in the ATPase had been previously labeled with
fluorescein 5’-1sothiocyanate (FITC), we found that the Sr**-induced a drop 1n the fluorescem fluorescence of this FITC-labeled ATPase shifted
toward lower Sr** concentrations than the Sr**-induced rise in Trp fluorescence for the same FITC-labeled ATPase. The curve describing the
Sr*-dependent rise i Trp fluorescence had a characteristic asymmetric shape, and the changes in Trp fluorescence occurred in parallel with the
activation by Sr*" of pNPP hydrolysis by the ATPase. Analysis of these results in terms of the simplest scheme describing the sequential binding
of the two Sr** 1ons suggests that under the conditions of these expermments, i.e. at neutral pH n the presence of potassium, the Sr™"-induced rise
n the Trp fluorescence mainly reflected the formation of ATPase with two tons bound to the transport sites, whereas the binding of a single Sr™*
1on was virtually sufficient to reduce the fluorescence of bound FITC to its munimal level.

Sarcoplasmic reticulum: Ca™*-ATPase: Strontium: Flyorescent probe

1. INTRODUCTION

Sarcoplasmic reticulum (SR) Ca**-ATPase, the mem-
branous enzyme responsible for the removal of Ca®"
from the cytoplasm of muscle cells, is an actively studied
member of the family of the P-type ion-transport
ATPases [1-3]. Yet, the detailed events leading to ATP-
ase activation by Ca™* are still controversial [4-6]. Ca**-
ATPase activation requires the binding of two Ca®" ions
to ifs transport sites, but the high degree of positive
cooperativity generally believed to exist for Ca®" bind-
ing [7] makes it difficult to design equilibrium experi-
ments that would discriminate between the effects of the
binding of either one or two Ca™ ions.
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or two Sr* 10ns bound to the transport sites.
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In addition to Ca**, the sarcoplasmic reticulum Ca**-
ATPase may transport Sr=* [8-12]. Although the ATP-
ase has a poorer affinity for Sr** than for Ca®, the
stoichiometry of two ions transported per ATP mole-
cule hydrolyzed was found to be the same in both cases
[13]. Yet. it has been repeatedly suggested that Ca**-
ATPase activation by Sr** was less cooperative than its
activation by Ca** [14-15]. Binding of **Sr** itself has
never been directly measured, because of the technical
difficulties involved in measuring the binding of a poor-
affinity ligand. Nevertheless, from indirect rapid mixing
experiments, Fujimori and Jencks recently concluded
that Sr** binding occurred with poor cooperativity.
Binding constants under neutral conditions were esti-
mated to be 35 uM and 55 uM for binding of the first
and the second Sr** ion, respectively [16].

Various fluorescence probes of SR Ca™-ATPase, in-
cluding the intrinsic tryptophan residues (Trp) located
in the transmembrane section of Ca™*-ATPase, as well
as fluorescein S-isothiocyanate (FITC) specifically
bound to Lys-515 in the nucleotide binding region, have
proved useful to monitor the events associated with ion
binding to the ATPase transport sites [14-15, 17-21].
However, these probes are usually used as “black boxes”,
as the precise events to which they respond are often a
matter of conjecture. In this work. we took advantage
of the poor cooperativity of Sr** binding to the ATPase
to carefully compare how Trp residues and bound FITC
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in FITC-labeled ATPase responded to Sr** binding. As
extrinsic probes are a priori suspected to report on pro-
teins with properties different from those of the unla-
beled proteins studied with the intrinsic probes, the be-
havior of the ATPase Trp residues was examined using
FITC-labeled vesicles, thus enabling us to compare the
response to Sr** of two probes of the same labeled pro-
tein. We found that FITC labeling did not alter the Sr**
sensitivity of the ATPase Trp residues, and that, using
FITC-labeled vesicles, the two conformational probes
of the same ATPase molecule depended on the free Sr**
concentration in different ways. This finding opens the
way toward future characterization of the events to
which each probe responds: as Sr**-induced changes in
the fluorescein fluorescence shift toward lower Sr** con-
centrations than the Sr**-induced changes in the Trp
fluorescence of the same FITC-labeled ATPase, our re-
sults suggest that the FITC fluorescence level drops at
an early stage during the sequential process leading to
binding of the two ions to the ATPase transport sites,
whereas the fluorescence of the Trp residues mainly
rises at a subsequent stage.

2. EXPERIMENTAL

Experimental procedures concerning SR vesicle preparation and
labeling, as well as fluorescence experiments, were identical to those
previously described [22- 23]. pNPP hydrolysis by the ATPase was
monitored through the optical density changes observed at 420 nm
[24]. To estimate the free metal concentrations in the various metal-
EGTA mixtures at pH 7.0, we used the following apparent dissocia-
tion constants: 3.8 x 1077 M for Ca-EGTA, 34 x 107> M for Mg-
EGTA, and 1 x 10™* M for Sr-EGTA [25-26]. For the experiment
illustrated in Fig. 3, to rehably buffer the Ca® concentration in the
2-20 uM range, we used a Mg/EDTA buffer, whose affinity for Ca™
was 62 uM under these conditions [27].

3. RESULTS

Fig. 1 illustrates an experiment in which FITC-la-
beled vesicles were suspended in a standard pH 7 me-
dium containing 100 mM KCl and 5 mM Mg**. As the
excitation and emission spectra of fluorescein and tryp-
tophan do not interfere with each other, it was possible
to measure both the FITC fluorescence and the Trp
fluorescence of the ATPase in these FITC-labeled vesi-
cles; it was therefore possible to monitor the changes
experienced by the two different probes of the same
protein after a particular addition to the cuvette. The
Ca’" chelator EGTA was added first. As described by
many groups, the chelation of endogenous and contam-
inating Ca®* was accompanied by a fall in Trp fluores-
cence and by a rise in FITC fluorescence. Sr** was then
added, at various concentrations, and these sequential
additions reversed the fluorescence changes experienced
by Trp residues and bound FITC. Remarkably, how-
ever, the fluorescence level of bound FITC was propor-
tionally more sensitive to small concentrations of Sr**
than that of Trp residues. Such traces can be easily
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Fig. 1. Different sensitivities to small Sr™* concentrations shown by
Trp residues and bound FITC in FITC-labeled SR vesicles. In two
successive experiments, FITC-labeled SR vesicles (0.1 mg/ml protein)
were initially suspended i 2 ml of a medium containing 50 mM
MOPS-Tris, 100 mM KCl, 5 mM MgCl, and contaminating Ca*" (pH
7, 20°C). In one of the expenments, Trp fluorescence was monitored
(upper trace; the excitation and emission wavelengths were 290 and
345 nm respectively); in the other, FITC fluorescence was monitored
(lower trace; the excitation and emission wavelengths were 480 and
520 nm respectively). In both cases, 1.2 mM EGTA was first added
to the FITC-labeled SR. Sequential addition of small volumes of
concentrated Sr** solutions was then performed, resulting in total $r™
concentrations of 0 2mM, 0.7 mM and 4.1 mM. The resulting free St™
concentrations are indicated on the figure. Traces were corrected for
the (very small) changes due to dilution

recorded in a single series of experiments, by changing
the fluorimeter optical settings and amplification levels,
but leaving everything else identical in the sample cuv-
ette, thus making any possibility that this observation
might be artefactual difficult to substantiate.

Fig. 2 quantifies the Sr** dependence of the Trp (open
triangles) and fluorescein (closed triangles) fluorescence
of FITC-labeled ATPase. Two features are immediately
apparent, demonstrating that the two probes responded
to different events: (i) at low Sr*’ concentrations, the
Trp fluorescence level was virtually unaltered by Sr”*
concentrations which reduced the fluorescein fluores-
cence level significantly, as was shown in Fig. 1: (ii) the
apparent ATPase affinity for Sr** revealed by the Trp
signal was poorer than that revealed by the fluorescein
signal; midpoints were 80-90 and 40-50 uM respec-
tively for the two curves.

The Sr**-dependence of the Trp fluorescence of unla-
beled SR vesicles was virtually identical to that of
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Fig. 2. Parallel measurements of Trp and FITC fluorescence in FITC-
labeled SR vesicles, as a function of free Sr**. Main frame- experimen-
tal conditions were 1dentical to those described in the legend to Fig.
1. Open symbols, Trp; closed symbols, fluorescein. Fluorescence is
expressed in arbitrary units (a.u.). Inset theoretical simulation of a
sequential binding mechanism with identical dissociation constants for
the two steps. The constants were taken as |, in arbitrary concentra-
tion units. The right-hand curve 1s the proportion of ATPase with 2
1ons bound ([EM.]); the left-hand curve 1s the complement to the
proportion of ATPase molecules with no bound 10ns ([E]—{E]): the
curve describing the average number of bound 10ns, (2[EM.]+[EM]),
would have an intermediate shape. with a Hill coefficient of 1.33. and
would be symmetric with respect to 1ts midpoint (not shown).

FITC-labeled vesicles. When we carefully measured this
Sr**-dependence (triangles in Fig. 3A), the titration
curve displayed a peculiar asymmetric shape (see also
[15]). The latter can be simply appreciated by visual
inspection, by comparing the free Sr** concentrations
allowing 10% or 90% of the total fluorescence changes
to develop: these concentrations are asymmetrically sit-
uated on each side of the midpoint. On the correspond-
ing Hill plot (not shown) the slope was relatively high
in the initial portion of the curve, but was closer to 1 in
the latter portion, i.e. at high Sr** concentrations.
Using pNPP as the ATPase substrate in the same
series of experiments, we also monitored the activation,
by Sr**, of the ATPase hydrolytic activity (triangles in
Fig. 3B). The midpoint for the activation of pNPPase
activity was similar to that for the Trp rise (70-80 uM).
As a complementary test, Ca®* was used (circles) instead
of Sr**, and both Trp fluorescence (panel A) and
pNPPase activity (panel B) were measured as a function
of the Ca®* concentration. The Ca>*-dependence of Trp
fluorescence was indicative of a slightly higher coopera-
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tivity for Ca?* binding than for Sr** binding, although
asymmetry was still discernable (circles in panel A of
Fig. 3). and the midpoint for pNPP hydrolysis activa-
tion (circles in panel B) was again similar to that for the
rise in Trp fluorescence (1.5-2 uM). Note that, in con-
trast, when we measured ATP hydrolysis instead of
pNPP hydrolysis, midpoints for activation by Sr** or
Ca™ shifted to lower metal concentrations in both cases
(not shown).

4. DISCUSSION

Our simultaneous measurement of the fluorescence of
both the fluorescein moiety and the Trp residues of the
same FITC-labeled ATPase (Fig. 1) provides clear-cut
evidence for a difference in the sensitivity to Sr** of the
two different probes. When the ATPase was titrated
with Sr**, the Trp fluorescence only rose for Sr** con-
centrations higher than those reducing the fluorescence
of FITC (Fig. 2). The dependence on Sr** of the Trp
signal was steeper for low than high Sr** concentra-
tions, and matched the Sr’* dependence of pNPP hy-
drolysis by the ATPase (Fig. 3).

How is this possible? The clue to our observations lies
in the poor cooperativity with which Sr** binds to Ca™*-
ATPase [14-16]. The inset in Fig. 2 is a simulation of
a hypothetical simple case of the sequential binding of
two ions (M) with identical affinities for the ATPase, 1
and 1, in arbitrary concentration units. In this case, as
pointed out by Fujimori and Jencks, the curve describ-
ing the proportion of ATPase molecules with two
bound ions, [EM,], shifts to higher ion concentrations
than the one describing the proportion of ATPase mol-
ecules with no bound ions ([E]. or [E,,]-[E]). and the
slope of the Hill plot for the proportion of [EM,] varies
from 2 to | when the ion concentration rises.

Independent of the precise curve shapes, our observa-
tion of a significant difference in the sensitivity to Sr**
of two probes on the same ATPase molecule is therefore
consistent with the presence. at equilibrium, of a signif-
icant proportion of the ATPase species with only one
metal ion bound (otherwise the protein state would be
either E or EM,, with one set of spectral characteristics
or the other). In other words, it fully confirms that the
cooperativity for Sr** binding is poor under these condi-
tions. In addition, the poor sensitivity to Sr** of the Trp
signal, relative to that of bound FITC, and the oddly
shaped curve for the Sr**-dependence of Trp fluores-
cence, steep at low Sr** and less steep at high Sr**,
suggest that this Trp signal is mainly dominated by the
proportion of ATPases with two bound metal ions,
[EM,]. In fact, both with respect to its midpoint and
with respect to its peculiar asymmetric shape, the Sr**
dependence we measured for the rise in Trp fluorescence
was strikingly similar to the Sr** dependence found by
Fujimori and Jencks for the proportion of ATPase reac-
tive to [y-**P]ATP, i.e. the proportion of ATPase with
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Fig. 3. Effects of Sr** and Ca® on SR Trp fluorescence and the
hydrolysis rate of pNPP. Panel A: changes in Trp fluorescence. Unla-
beled SR vesicles (0.1 mg/ml) were suspended 1n the medium described
in the legend to Fig. 1. 1.2 mM EGTA (triangles) or 5mM Mg EDTA
{circles) was added first, and then various amounts of Sr** (triangles)
or Ca® {arcles). Fluorescence changes are plotted relative to the
maximal changes, which were identical for Ca® and Sr**. Panel B:
steady state rate of pNPP hydrolysis by unlabeled SR vesicles made
leaky with A23187 10nophore, as a function of the free Sr** (triangles)
or Ca® concentration (circles). The medium contained 100 pg/ml
protein, 2 ug/ml A23187 and 3 mM pNPP (plus | mM extra Mg**, to
keep the free Mg™ concentration unaltered).

two bound Sr** ions (squares in Fig. 5 of [16]). The fact
that the midpoint for activation of pNPP hydrolysis by
Sr** was close to the midpoint for formation of the
ATPase species with high Trp fluorescence (compare
panels A and B in Fig. 3) is also consistent with the idea
that the latter is dominated by the proportion of ATP-
ase species with two bound ions. This is because during
pNPP hydrolysis, pNPP binding to the ATPase species
with two bound ions, or the resulting ATPase phospho-
rylation, is the rate-limiting step, so that the overall
hydrolysis rate closely reflects the abundance of this
particular species. In contrast, the rate-limiting step for
hydrolysis of ATP generally follows phosphoenzyme
formation, and as a result, the midpoint for the activa-
tion of ATP hydrolysis corresponds to a much lower ion
concentrations than the true midpoint for ion binding
in the absence of ATP (data not shown).

Within the framework of the simple sequential bind-
ing and dissociation scheme illustrated in the inset of
Fig. 2, the high sensitivity of bound FITC to low Sr**
concentrations (Figs. 1 and 2) suggests that the FITC
fluorescence level of the ATPase species with only one
Sr** ion bound, [EM], is already low, probably almost
as low as the final FITC fluorescence level of the [EM,]
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species. This contrasts with the fluorescence of the Trp
residues, which would mainly rise when the second Sr*
ion binds to the ATPase. However, these tentative con-
clusions are only approximations, which will have to be
finely retuned when the detailed mechanism of ion bind-
ing is taken into account, with its complicated sequence
of binding steps and conformational changes. For in-
stance, the drop in FITC fluorescence on formation of
[EM] might result either from Sr** binding itself or from
a shift in some prequilibrium preceding ion binding, as
has been suggested for NBD-labeled ATPase to occur
during binding of Ca** [6].

We would like to emphasize that the results collected
here at 20°C and neutral pH, in the presence of 5 mM
Mg®" and 100 mM KCIl, could be obtained because of
the poor cooperativity of Sr** binding to the ATPase
under these experimental conditions. This poor cooper-
ativity rendered possible the spectroscopic differentia-
tion of some the substeps involved in the binding of the
two Sr’* ions to the ATPase transport sites. Conversely,
under different experimental conditions, such differenti-
ation might turn out to be impossible, either because of
different relative fluorescence levels for the various in-
termediates, or simply because of a higher cooperativity
for ion binding. Nevertheless, the present findings open
the possibility of combining equilibrium measurements
such as those reported here with time-resolved measure-
ments, which will presumably allow kinetic differentia-
tion between the various ATPases species even if differ-
entiation is not possible at equilibrium. Taking advan-
tage of the present demonstration that Trp residues and
bound FITC may differentiate between some of the
substeps involved in ion binding to the ATPase, it will
no doubt be interesting in the future to reinvestigate the
mechanism of binding of Ca®" itself to Ca**-ATPase.
More generally, we would like to stress, in conclusion,
the potentialities of the approach used here for the study
of the many enzymes for which Trp fluorescence is an
informative reporter group, and which can also be la-
beled by an extrinsic fluorophore with adequate spec-
troscopic properties.
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