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Abstract. The calcium pump of human red cells can
be irreversibly activated by preincubation of the
membranes in the presence of calcium ions, with a
pattern reminiscent of that produced by controlled
trypsin attack. With 1 mm Ca?", the activity of the
basal enzyme increases three to fourfold over 30 to
60 min, to levels about half those obtained in the
presence of calmodulin. On the whole, the effect
occurs slowly, with a very low Ca?* affinity at 37°C
and is unaffected by serine-protease inhibitors. The
activation caused by 1 mm Ca?" is little affected by
leupeptin (a thiol-protease inhibitor) and that ob-
tained at 10 um Ca?" is not inhibited. Preincubations
at 0°C also lead to activation, to a level up to half
that seen at 37°C, and the effect is not affected by
leupeptin or antipain. No activation is observed by
preincubating soluble purified Ca,Mg-ATPase in
Ca**-containing solutions at 37°C. Instead, calcium
ions protect the detergent-solubilized enzyme from
thermal inactivation, the effect being half-maximal
between 10 and 20 um Ca’*. We conclude that the
activation of the membrane-bound Ca,Mg-ATPase
by Ca?* should result from an irreversible con-
formational change in the enzyme and not from at-
tack by a membrane-bound protease, and that this
change presumably arises from the release of inhibi-
tory particles existing in the original membrane prep-
arations.
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Introduction

The plasma-membrane Ca,Mg-ATPase or calcium
pump transports calcium ions out of the cell against
a steep electrochemical gradient and can maintain
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the cytoplasmic Ca** concentrations at levels in the
1078 M range (Lew et al., 1982; Schatzmann, 1982,
1989). The enzyme is stimulated by calmodulin,
which induces a conformation with high Ca?* affinity
and turnover number (Bond & Clough, 1973; Gopi-
nath & Vincenzi, 1977; Jarrett & Penniston, 1978;
Scharff & Foder, 1978). The enzyme can be purified
close to homogeneity in detergent solution, by affin-
ity chromatography on calmodulin-Sepharose 4 B
columns (Niggli, Penniston & Carafoli, 1979; Giet-
zen & Kolandt, 1982), and several isoforms have
been cloned and sequenced (Shull & Greeb, 1988;
Verma et al., 1988). In the red cell membrane, the
enzyme is present as the dimer of the single polypep-
tide chain (Minocherhomjee et al., 1983; Cavieres,
1984).

The plasma-membrane Ca,Mg-ATPase can also
be activated by proteolytic cuts with trypsin, chymo-
trypsin and calpain, an intracellular Ca?*-activated
protease (Enyedi et al., 1980; Taverna & Hanahan,
1980; Stieger & Schatzmann, 1981; Sarkadi et al.,
1986; Papp et al., 1989; Wang, Roufogalis & Vi-
llalobo, 1989; Zvaritch et al., 1990). This type of
activation appears as the calmodulin-binding peptide
(found at the C-terminal extension of the primary
structure) is removed and consists of broad kinetic
changes that are apparently similar to those elicited
by calmodulin binding. A third mode of activation
of the pump, comparable in its effects, is obtained
with fatty acids and acidic phospholipids, which are
effective with both the cell membranes and the puri-
fied enzyme (Taverna & Hanahan, 1980; Niggli, Ad-
unyah & Carafoli, 1981).

Yet a fourth form of activation arises from sim-
ply preincubating calmodulin-depleted red cell mem-
branes in the presence of calcium ions (Klinger et
al., 1981; Cavieres, 1987a; Au, Lee & Siu, 1989;
Roufogalis et al., 1990). This modification is irrevers-
ible in the membrane-bound Ca,Mg-ATPase and
also leads to a state of high Ca’* affinity. Because
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of the possibility of a regulatory potential in this
effect, the present study was carried out to decide
whether or not a Ca’*-activated protease could be
responsible for the activation at near-physiological
Ca’* concentrations and to examine additional fea-
tures of the activation process.

Materials and Methods

MATERIALS

ATP was purchased from Boehringer Mannheim (Lewes, UK)
and radioisotopes from New England Nuclear (Stevenage, UK).
Bovine brain calmodulin (CaM), Sephadex G-50, trypsin, soy-
bean trypsin inhibitor, benzamidine hydrochloride, leupeptin,
antipain, bestatin, E-64 and other biochemicals were from Sigma
(London) and p-toluene-sulphonyl fluoride (pTSF) was from Ald-
rich (Gillingham, UK). Calmodulin-Sepharose 4 B was obtained
from Pharmacia LKB (Milton Keynes, UK) and purified egg-
yolk phosphatidyicholine from Lipid Products (Nutfield, UK).
All other chemicals were Analytical Reagent grade from Fisons
(Loughborough, UK) or AnalaR from BDH Merck (Poole, UK).
Double-distilled water was further purified with a Milli-Q Plus
system (Millipore UK, Watford).

PREPARATION OF CALMODULIN-DEPLETED
RED CELL MEMBRANES

Broken membranes from human erythrocytes were prepared from
fresh heparinized blood from healthy donors or bank blood, as
described (Cavieres, 1984). The membranes were resuspended
in a Mg/HEPES solution, containing (mm): HEPES 15 (adjusted
with NaOH to pH 7.4 at 20°C), MgCl, 0.1, frozen in aliquots at
8-10 mg protein/ml (200% hematocrit on the original cells) and
kept at —80°C.

PREINCUBATION OF RED CELL MEMBRANES

The membranes were mixed in microcentrifuge tubes on an ice-
bath with 11 or 12 volumes of a solution containing CaCl,. In
early experiments, this was a phosphate-buffered saline (PBS),
made up with (mm): NaCl 137, KCi 2.7, KH,PO, 1.5, Na,HPO,
8.1(pH 7.45 at 20°C), MgCl, 0.4 and CaCl, 0.9, plus NaN, 1 (which
later proved to be an unnecessary precaution). Most experiments
used solution NK, which contained (mm): NaCl 100, KCl 100,
HEPES 15 (pH 7.40 at 20°C, 7.20 at 37°C and 7.69 at 0°C (Good
& Izawa, 1972)), MgCl, 0.1 and to which fixed or
varying concentrations of CaCl, were added, using calcium buff-
ers at and below 10 um Ca?* (see below). The controls were (i)
for the PBS preincubation: membranes kept at 0°C in Mg/HEPES
solution and (i) for the NK plus Ca®' preincubation: membranes
kept at 0°C in NK solution plus 0.5 mM ethyleneglycol-bis-(B-
amino-ethyl ether) N,N'-tetraacetic acid (EGTA). Preincubations
at 37°C were stopped by cooling the tubes on an ice-bath for 5 min,
followed by centrifugation of the membranes; 0°C preincubations
were in fact terminated by the resuspension of the membranes
in Mg/HEPES solution after the first spin.

Preincubated and control membranes were centrifuged at 20,000
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X g and 5°C in an Ole Dich refrigerated microcentrifuge (Camlab,
Cambridge). The membranes were resuspended with chilled Mg/
HEPES solution and washed with the same solution. The tube
walls were wiped with a roll of Whatman 1 filter paper and the
peliet was finally resuspended with Mg/HEPES, ready for the
Ca,Mg-ATPase assay.

ASsAY OF THE Ca,Mg-ATPASE ACTIVITY
oF RED CELL MEMBRANES

Fresh, control or preincubated membranes were assayed for their
ATPase activity as previously described (Cavieres, 1984). This
was done in 40 pl of a medium containing 2 mm ATP (plus [73P]-
ATP), 20 uM CaCl, (3 um Ca’*), 1.4 mm MgCl,, 60 mM NaCl,
60 mMm KCl, 15 mMm HEPES (adjusted with NaOH to pH 7.2 at
37°C) and 0.1 mM ouabain (to inhibit Na,K-ATPase), with or
without 0.5 mM EGTA, in triplicate initial and final tubes. The
membrane suspension was equivalent to 12% hematocrit on the
original cells (ca. 0.4 mg protein/ml). The final tubes were incu-
bated at 37°C for 30 to 90 min, while the initials remained on the
ice-bath. When calmodulin was used, this was at a concentration
of 0.4 uM and the incubation was for 20 or 30 min. In these
conditions, ATP hydrolysis does not exceed 25% and linear time
courses are obtained (Cavieres, 1987h). The released P, was
extracted and counted together with acid-hydrolyzed [73?P]-ATP
standards (Brown, 1982; Cavieres, 1984). The Ca,Mg-ATPase
activity was calculated as the difference between the enzymic
activities measured in the absence and the presence of 0.5 mm
EGTA.

PuURIFICATION OF Ca,Mg-ATPASE

This was done by CaM-affinity chromatography in the presence
of Triton X-100 and phosphatidylcholine, essentially as described
by Niggli et al. (1979, 1981), except for the addition of thiol-
protease inhibitors (500 uM leupeptin and bestatin). The red cell
membranes were given a wash in a solution consisting of (mm)
KCl 300, TES-triethanolamine 10 and dithiothreitol 2, before
solubilizing with 5 mg Triton X-100 per ml and at 5 mg protein/
ml. The solubilizate was cleared by centrifugation at 100,000 x g
in a Beckman 1.8-80 ultracentrifuge, before calmodulin affinity
chromatography. The fractions eluted with S mmM EDTA were
supplemented with S mMm CaCl, and glycerol (to 20% v/v) before
freezing and storage at —80°C. On average, the specific activity
of the pooled fractions was 1 wmol - min~! - mg~! at 54 uM Ca®*
and 37°C.

PREINCUBATION AND ASSAY
OF PURIFIED Ca,Mg-ATPASE

Existing Ca’* and EDTA were removed from soluble-purified
Ca,Mg-ATPase by gel filtration (see below) through spun Sepha-
dex G50 columns (Penefsky, 1977) which had been pre-equili-
brated in medium S consisting of (mM): NaCl 100, KCI 100,
HEPES 15 (adjusted with NaOH to pH 7.4 at 20°C), dithiothreitol
1, and also phosphatidylcholine 0.8 mg/ml, Triton X-100 4 mg/
ml and 10% (v/v) glycerol. Aliquots of the gel-filtered enzyme
were preincubated for 10 min at 37°C at varying Ca?* concentra-
tions (using buffers at 10 uM Ca’* and below) in the medium
above, supplemented with 500 M leupeptin and 500 wM antipain.
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Fig. 1. (A) Effect of preincubation of calmodulin-depleted red
cell membranes with a Ca?*-containing solution (PBS) at 37°C.
After washing in the refrigerated centrifuge, the membranes were
assayed for Ca,Mg-ATPase activity at 37°C in the presence and
in the absence of calmodulin (CaM), as detailed in Materials and
Methods. Vertical bars indicate =SEM on triplicate initials and
finals, with and without 3 uM Ca’*, (B) Effect of preincubation
with 1 ug trypsin/ml at 37°C, in the presence of 20 um Ca’",
Protease action stopped by 100-fold excess of soybean trypsin
inhibitor. The treated membranes were diluted in the cold and
the Ca,Mg-ATPase activity assayed as in A.

The tubes were returned to the ice-bath and the enzyme solution
(0.12 ml) was gel-filtered once or twice at 100 X g through 0.7
ml pre- equilibrated spun Sephadex G-50 columns made in dispos-
able 1-ml syringes. Preliminary tests with “Ca?", with or without
an excess EGTA, had shown that not more than 0.4% of the
loaded “*Ca-EGTA or *Ca®*, respectively, remained in the solu-
tion after one pass through the column in these conditions. The
ATPase activity of the filtered enzyme was assayed at 37°C in
medium S, also containing (final concentrations) 0.5 mm ATP
(plus [r2P]-ATP), 0.5 mm MgCl, (167 um Mg?*), 0.1 mM CaCl,
(54 um Ca’*) and 22 nMm enzyme. Equal volumes of enzyme and
substrate were mixed at 0°C, transferred to the 37°C bath and
after a 3 min equilibration period, a sample (20 ul) was removed
for “‘zero-time’” and then successive samples were removed up
to 8 min. The samples were stopped on an ice-bath and the [**P]-
P, was extracted as indicated above. The ATPase activity and
associated error were routinely calculated from linear regressions
on the release of [?P]-P, against time. Some time courses (and
the lower curve in Fig. 14) were fitted to exponentials of the
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formy = A - (1 — e™**), where t = time, k is an apparent rate
constant and A is a scaling factor. Since

dyldt = A - k-e*, (M

initial rates were calculated as the product A - . The results are
the mean of duplicate incubations and are presented as percent
of the specific activity of nonincubated controls kept on ice with-
out Ca?* and with 0.5 mM EGTA. The errors, therefore, have
been compounded twice.

Curve FiTTING

Least-squares linear fitting was done on a Hewlett-Packard pro-
grammable calculator. Exponential and hyperbolic curve fitting
was done by nonlinear regression with the Sigmaplot 4 package
(Jandel, Corte Madera, CA) on an IBM PS2 microcomputer.

CALcIUM BUFFERS

N-hydroxyethylethylene-diamine triacetic acid (HEDTA) was
used at 5 mM to obtain Ca’* concentrations between 0.2 and 10
uM and 2 mM EGTA for 0.1 um Ca?" and below, together with
adequate amounts of CaCl,, with or without ATP as the case
required. When ATP was used in the presence of another chela-
tor, the calculation of total Ca and Mg concentrations took both
ligands into account (Fabiato & Fabiato, 1979). In the case of
experiments at 2 mM Mg?*, the HEDTA concentration was raised
to 10 mm to make the buffer preparation feasible. Nominally
““Ca’*-free’” conditions were obtained by adding 0.5 mm EGTA
and no CaCl, to the solutions. As the sum total of reagents will
contribute a few micromolar of contaminating Ca®*, a value of
9 in the pCa®* axes and figure legends has been used solely to
signify that fact. The following apparent stability constants were
calculated (Sillén & Martell, 1971; Martell & Smith, 1974) for
37°C and pH 7.20: HEDTA, logKc, 5.59, logKy, 4.69; EGTA,
logKc, 6.93, logKy, 1.70 and ATP, logK, 3.84, logKy, 4.21. For
HEDTA at 0°C and pH 7.69, we obtained logK, 6.09 and logKy,
4.25, using the reaction enthalpy changes at ionic strength = 0.1
(Martell & Smith, 1974).

PROTEIN DETERMINATIONS

Protein in the red cell membranes was assayed by the method
of Lowry etal. (1951), using crystallized bovine serum albumin as
standard. The membranes were precipitated with trichloroacetic
acid (7% final concentration) and the precipitates were redis-
solved with 1 M NaOH for 30 min before adding the reagents. With
the purified Ca,Mg-ATPase, the more sensitive bicinchoninic acid
assay (Smith et al., 1985) was used, as described previously (Ward
& Cavieres, 1993).

Results

EFFECTS OF PREINCUBATING MEMBRANE-BOUND
Ca,Mg-ATPasE AT 37°C

The time courses of the irreversible changes in the
plasma-membrane calcium pump that result from
preincubating red cell membranes in PBS at 37°C
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Fig. 2. Dependence of the modification of Ca,Mg-ATPase on the
concentration of Ca’* during the preincubation. The membranes
were preincubated for 30 min in NK medium plus the Ca®* con-
centrations indicated, using Ca?* buffers at 10 uM Ca’* and below
(see Materials and Methods). After washing at 20,000 X g in the
refrigerated microcentrifuge, the Ca,Mg-ATPase activity of the
membranes was assayed as in Fig. 1. Errors comprised within
the symbols.

are shown in Fig. 1A. The progress of the activation
of the basal Ca,Mg-ATPase activity has been fitted
to an exponential with an apparent rate constant of
0.023 min ! and a maximal activation of 0.33 umol -
mg~' - hr™! above the initial ATPase activity. This
represents a fivefold increase in activity (fourfold at
60 min). The calmodulin stimulation of the Ca,Mg-
ATPase activity decreases both in absolute and rela-
tive terms, but the modified enzyme can still be
stimulated after 60 min of preincubation. That cal-
cium ions are responsible for these changes was
established by selective removal of the various com-
ponents in the solution (not shown). The results are
representative of six experiments using PBS or Ca’*-
containing NK solution and agree with those re-
ported by Klinger et al. (1981) and Roufogalis et
al. (1990). The pattern bears at least a superficial
resemblance to that resulting from mild trypsin treat-
ment of the red cell membrane Ca,Mg-ATPase (Sar-
kadi, Enyedi & Gardos, 1980; Taverna & Hanahan,
1980; Stieger & Schatzmann, 1981; Rossi & Schatz-
mann, 1982) and one such experiment is shown in
Fig. 1B, for illustrative purposes. The Ca?*-concen-
tration dependence of the preincubation effects are
shown in Fig. 2. It is apparent that neither the activa-
tion of the basal activity nor the inhibition of the
calmodulin-stimulated activity are saturated at 10
mm Ca?*. Higher Ca’®* concentrations were not ex-
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plored, to avoid the uncertainties associated with
the increase in ionic strength as its magnitude, with
a 2:1 electrolyte, is considerable. With the CaM-
stimulated activity, the extent of the inhibition by
preincubation at 1 mM Ca’* was variable and the
stimulation at 10 uM was not always observed.

The possibility that the results of the 37°C prein-
cubation were due to the effect of a membrane-asso-
ciated protease was explored using serine-protease
inhibitors (Cavieres, 1987a). Table 1 shows that
these were ineffective, apart from a slight inhibition
by pTSF. It has been reported that calpain, an en-
dogenous thiol-protease, can activate the plasma-
membrane calcium pump to levels similar to those
attained with calmodulin (Au, 1987; Wang, Villalobo
& Roufogalis, 1988; James et al., 1989; Wang et
al., 1989). The effect of the thiol-protease inhibitors
leupeptin and antipain (Umezawa, 1972; Susuki,
Tsuji & Ishiura, 1981) on the changes brought about
by preincubation of the membranes at 1 mm Ca?*
and 37°C are shown in Fig. 3. The inhibitors protect
the calmodulin-stimulated Ca,Mg-ATPase from in-
activation (only in part in other experiments), and
leupeptin has a slight effect in preventing the activa-
tory Ca’* effect on the basal Ca,Mg-ATPase. Leu-
peptin, antipain and E-64 (Susuki et al., 1981) at 20
uM were just as effective at partially reversing the
activation of the basal Ca,Mg-ATPase, but 20 um
bestatin was less so. When tested at a concentration
of 100 uM for a direct effect on the basal and calmod-
ulin-stimulated Ca,Mg-ATPase activities (not
shown), only E-64 produced a slight inhibition. Fig-
ure 4 shows one of two similar experiments where
500 uM leupeptin or antipain cannot prevent the
irreversible activation obtained at 10 um Ca?*
which, in this experiment, is also manifest with the
calmodulin-stimulated Ca,Mg-ATPase activity. The
concentrations of leupeptin and antipain were about
1,000 and 250 times, respectively, their K, towards
calpain (Susuki et al., 1981). Besides, taking an up-
per figure of 20,000 calpain binding sites per red cell
(Pontremoli et al., 1985) and an estimate of 2.4 -
10° original cells/ml during the preincubations (see
Materials and Methods), the inhibitor/calpain molar
ratio would have been greater than 6,000 if all the
protease binding sites had been occupied.

Figure 5 shows the result of one of two similar
experiments to examine the effect of leupeptin
across the Ca?* concentration range during preincu-
bation. Preincubation at 10 mm Ca?* activates the
pump by a factor of 5.5 but only 12% of this (20%
at 1 mM Ca?*, 4% at 10 uM Ca’") can be suppressed
by leupeptin at a concentration that is supramaximal
for calpain inhibition. Panel B shows that a putative
protease-induced activation requires about 25 um
Ca?* for its effect to be half-maximal. This is higher
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Table 1. Lack of effect of serine-protease inhibitors on the calcium pump modification caused by
preincubating red cell membranes at 37°C in Ca’*-containing solutions

Experimental Ca,Mg-TPase activity (umol - mg~" - hr™!)
condition
Basal CaM-
stimulated
EXP. 1
Control 0.037 = 0.005 0.887 = 0.036
Ca’* preinc., no add. 0.196 = 0.016 0.445 = 0.045
Ca’* preinc. plus
STI? (200 pug/mlb) 0.197 = 0.012 0.406 = 0.019
EXP. 2
Control 0.112 = 0.023 1.453 = 0.045
Ca’* preinc., no add. 0.335 + 0.015 0.701 + 0.012
Ca?" preinc. plus
STI? (200 ug/mb 0.337 = 0.011 0.689 + 0.014
Aprotintin (200 ug/ml) 0.388 + 0.013 0.717 = 0.009
Benzamidine (0.1 mm) 0.336 = 0.016 0.658 = 0.017
EXP. 3
Control 0.193 = 0.004 2.280 = 0.045
Ca’*-free preinc. 0.226 * 0.005 2.396 + 0.015
Ca’* preinc. 0.892 + 0.008 2.117 £ 0.021
Ca®" pre-inc. plus
pTSF® (0.1 mm) 0.836 = 0.005 2.104 + 0.037

When present, Ca’" was at 0.9 mm (Exps. 1 and 2) or | mm (Exp. 3). The preincubation with or
without inhibitors was for 30 min (Exp. 1), 60 min (Exp. 2) or 20 min (Exp. 3). All control membrane
suspensions (kept at 0°C) and the Ca>*-free condition of exp. 3, contained 0.5 mM EGTA. Preincubated
and control membranes were washed by centrifugation at 5°C, resuspended in Mg/HEPES and assayed
for Ca,Mg-ATPase activity with and without calmodulin as in the experiment of Fig. 1.

@ Soybean trypsin inhibitor. ® p-toluene-sulphonyl fluoride.

than the requirement for calpain I (10 um), the form
found in red cells (Murachi, 1983), but the Ca’*
effect could as well represent a binding site on
Ca,Mg-ATPase.

The extent of a possible protease contribution
to the observed changes seems then quite insignifi-
cant at near-physiological Ca’* concentrations.
However, the magnitude and time scale of the over-
all activation of the basal Ca,Mg-ATPase activity is
such that it raises the issue of the linearity of pump
reaction time courses. Indeed, one would expect the
enzyme’s specific activity to be steadily and irre-
versibly increasing as the reaction progresses in the
presence of Ca’* in the range of concentrations used
in vitro, a situation which would lead to parabolic
time courses. Our standard assay with the mem-
brane enzyme, for instance, is carried out at 3 uM
Ca’" and the results in Fig. SA show that a 25%
increase in specific activity has occurred after a 30
min preincubation at 1 uM Ca®* and 37°C. However,
a consistent observation in this (Cavieres, 1984,
1987h) and other laboratories (Jarrett & Kyte, 1979;
Waisman et al., 1982) has been that hydrolytic and

exchange reactions of the membrane-bound Ca,Mg-
ATPase are linear with time over periods of at least
one hour, provided that ATP hydrolysis does not ex-
ceed 20-25%. The possibility that the enzyme did not
experience the Ca®*-induced activation while it was
turning over was examined with the experiment of
Fig. 6. The results show that at 2 mm Mg?* and 1
mM Ca®* (concentrations at which the basal Ca,Mg-
ATPase activity should be about 50% optimal
(Schatzmann, 1982)), turnover not only fails to pre-
vent the changes but enhances them. Klinger et al.
(1981) proposed that the observed linearity of the
time course of the ATPase reaction arose from a
progressive and concomitant inhibition by the ADP
being released. This was unlikely, because the hy-
drolytic reaction proceeds quite linearly when the
ATPase reaction is measured in the presence of 1.5
mM ATPand 1.5 mM ADP (Cavieres, 19875), despite
the dampening that the pre-existing ADP will exert
on any effects by the ADP released from ATP. None-
theless, we show in Table 2 the effect of 0.3 mm
ADP from the beginning of the reaction. It is appar-
ent that, whereas ADP can inhibit the Ca,Mg-
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ATPase activity by about 40% when the reaction is
running with 10 um [7**P]-ATP, it is ineffective at
2 mM [7¥P)-ATP, i.e., when the ADP represents
15% breakdown product. It seems therefore not pos-
sible that a concomitant ADP inhibition can explain
the sustained linearity of reactions measured at 1.5
mM ATP and above. An alternative hypothesis will
be discussed below.

EFFECTS OF PREINCUBATING MEMBRANE-BOUND
Ca,Mg-ATPASE AT 0°C

Inconsistencies arising in some experiments encour-
aged us to investigate whether preincubation with
Ca’*-containing solutions at 0°C resulted in any irre-
versible changes in the activity of the calcium pump.
The result of one of those experiments is shown in
Fig. 7. Whereas the activity of the Ca,Mg-ATPase
assayed in the presence of calmodulin changes little,
there is in this case a twofold irreversible activation
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by calcium ions. Red cell membranes were incubated for 30 min
at 37°C in medium NK but at 1 mm Mg?*: at nominally zero Ca?*
(pCa 9) and at 10 uM and 1 mm Ca®*, with and without 2 mm
total ATP. The Ca,Mg-ATPase activity was determined at 37°C
after four washes in the refrigerated microcentrifuge.

Table 2. Effect of 0.3 mM ADP on the Ca,Mg-ATPase activity
of red cell membranes at 10 uM and 2 mm ATP

ATP Basal Ca,Mg-ATPase activity (umol -
Concentration mg~! - hrh)

Control +ADP
10 uMm 0.0213 = 0.0007 0.0076 = 0.0002

2 mM 0.056 + 0.002 0.052 = 0.004

Reactions measured over 20 min with 20 uM CaCl, plus 2 mMm
ATP and 1.5 mm MgCl, or 10 uM ATP and 0.1 mm MgCl,, with
and without 0.3 mM ADP. At 2 mm ATP, the net hydrolysis
during the reaction period was 5%.

of the basal Ca,Mg-ATPase after 90 min at 0°C in
NK medium containing 1 mM Ca?*. The membranes
were spun out for 10 min at 5°C in the refrigerated
centrifuge and some 5 more min elapsed at 0°C be-
fore the pellets were washed with Mg?*/HEPES so-
lution. It is likely that this additional period in 1 mm
Ca”" was responsible for the activation seen in the
‘‘no-preincubation’”’ condition. The experiment
shown in Table 3 demonstrates that the activation
obtained in the cold is not inhibited by 500 uM leu-
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Fig. 7. Effect of a 90 min preincubation at nominally zero or with
1 mm Ca’ at 0°C, on the Ca,Mg-ATPase activity of the
membranes, measured with and without calmodulin. In the “‘no
pre-incubation” condition, the membranes were defrosted and
delivered to the preincubation medium at 0°C just before washing
twice in the refrigerated microcentrifuge.

Table 3. Lack of effect of leupeptin on the calcium-induced modi-
fication at 0°C of the calcium pump of red cell membranes

Preincubation Basal Ca, Mg-ATPase activity (umol -
condition mg~! - hr')

Control Leupeptin
0.5 mM EGTA 0.136 = 0.004 0.147 = 0.006
1.0 mm CaCl, 0.919 x 0.009 0.923 £ 0.006

The membranes were incubated for 90 min at 0°C with or without
1 mm CaCl, and with or without 500 uM leupeptin. After two
washes in the cold and resuspension in ‘“Mg/HEPES,” the
Ca,Mg-ATPase activity was determined in the absence of cal-
modulin.

peptin and is thus unlikely to be caused by the action
of a Ca’*-activated protease.

The Ca* concentration dependence of the acti-
vation at 0°C is shown in Fig. 8. A threefold activa-
tion of the basal Ca,Mg-ATPase was observed at 10
mmM Ca**. However, in addition to the low-affinity
effect seen at 37°C, a high-affinity component of
the activation can be noticed in this and a second
experiment at 0°C. As the experiments of Figs. 6
and 8 were carried out simultaneously and using red
cell membranes from the same donor, a comparison
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Fig. 8. Ca’*-concentration dependence of the modification of the
Ca,Mg-ATPase of the membranes caused by preincubation for
60 min at 0°C (pH 7.69), using solutions similar to those of Fig. 2.
Membranes were washed four times in the refrigerated centrifuge.

Table 4. Activation of the membrane-bound Ca,Mg-ATPase by
Ca?* at 0 and 37°C in two simultaneous experiments

Basal Ca,Mg-ATPase activity (umol -
mg~' - hr7))

Preincubation
conditions

Control 1 mm Ca??

(0.5 mm EGTA)

0.059 + 0.003
0.063 + 0.002

0.160 + 0.002
0.465 + 0.003

60 min at 0°C
30 min at 37°C

Comparison of data from the experiments of Figs. 6 and 8, run
in parallel at different temperatures. The 37°C preincubation (Fig.
6) was started 25 min after the 0°C preincubation (Fig. 8), using
membranes from the same stock (no added Ca’*) kept at 0°C
after defrosting, and was terminated by a 5 min cooling period.
Thereafter, the four washes and the assays were done side by side.

of the Ca?" effects at both temperatures can be made
and is shown in Table 4. The preincubation tempera-
ture had no effect on the activity of the controls in 0.5
mM EGTA, as can also be seen in the two controls in
Exp. 3 of Table 1. The preincubation at 1 mm Ca®*
leads to more than a sevenfold activation after 30
min at 37°C and to 2.7 times the control activity after
60 min at 0°C. One can estimate a 10-fold activation
after 60 min at 37°C, by projecting the result at 30
min with the aid of the rate constant fitted in Fig.
1. Taking this as an upper limit, and assuming that,
at 1 mm Ca?", the different magnitude of the modifi-
cation at the two temperatures only arises from dif-
ferent rate constants for the process, an upper esti-
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Fig. 9. Ca*'-concentration dependence of the modification of the
membrane-bound calcium pump by preincubation at 37°C for 10
min (open symbols) and 30 min (filled symbols). The 10-min mixes
waited for 20 min on ice, before transferring to the 37°C bath.
All samples cooled down for 5 min before spinning. The dotted
line indicates the enzyme activity of nonincubated controls.

mate of 25 kJ/mol (Q,, < 1.6) can be ventured for
the Arrhenius activation energy associated with the
irreversible modification of Ca,Mg-ATPase by 1
mm Ca®*.

The effect of the preincubation at 0°C helps us
understand the result of the experiment in Fig. 9.
Here, the Ca?* dependence after a 10 min incubation
at 37°C shows a high-affinity component not dissimi-
lar from that at 0°C. As both sets of incubations
were terminated by cooling for 5 min at 0°C, it is
unlikely that the high-affinity component appeared
after the 10 min incubation at 37°C. It is more proba-
ble that this developed during the 20 min period
which these aliquots spent at 0°C before joining the
others at 37°C and/or during the initial stage of the
37°Cincubation. In any case, the high-affinity activa-
tion should only be transient, as it gives way in time
to a single, low-affinity pattern (filled circles).

EFFECT OF PREINCUBATING SOLUBLE PURIFIED
Ca,Mg-ATPASE AT 37°C

It has been shown by Roufogalis et al. (1990) that
the activation induced by preincubating with Ca?*
at 37°C disappears after solubilization of Ca,Mg-
ATPase with Triton X-100. As it was not certain
whether a second incubation of the solubilized en-
zyme would not lead to renewed activation, we de-
cided to preincubate the soluble purified enzyme at
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Fig. 10. Four experiments showing the effect on soluble purified
Ca,Mg-ATPase of a 10 min preincubation at 37°C at varying Ca**
concentrations, in the presence of Triton X-100 (1-2 mg/ml) and
phosphatidylcholine (0.2-0.4 mg/ml). The curves represent least-
squares hyperbolic fitting on the data. Filled symbols; 100 um
Mg?*, no ATP (K45 = 19 um). Open symbols: 2 mM total ATP
during preincubation, plus (O) 5 uM Mg** (Ky5 = 16 um), ()
100 um Mg?* (Kys = 11 um) and (A) 2 mm Mg?* (K5 = 122 um).
After an initial gel filtration of the enzyme batch, duplicate
preincubated and control enzyme samples were cooled on an ice-
bath and filtered again through spun Sephadex columns (Penef-
sky, 1977) before the Ca,Mg-ATPase activity was assayed at 54
uM Ca** (100 uM total calcium) as detailed in Materials and
Methods. The activity is plotted as percent of that of gel-filtered
controls which were kept at 0°C without added Ca®* during the
preincubation period.

various Ca’* concentrations at 37°C. The results are
presented in Fig. 10. To wash the enzyme free from
Ca’* and buffers before and after the preincubation,
the solution was gel-filtered through spun Sephadex
G-50 columns (Penefsky, 1977), which could remove
more than 99.6% of the Ca®* and buffers (see Materi-
als and Methods). Experiments with one or two fil-
trations after the preincubation gave essentially
similar results, although the additional handling in-
volved with the second filtration led to a greater
scatter in the data (e.g., triangles in Fig. 10). The
basic outcome of these experiments is that a 10 min
preincubation with Ca?* at 37°C does not lead to
activation, but that calcium ions protect the deter-
gent-solubilized enzyme from the thermal inactiva-
tion associated with the preincubation. This is em-
phasized by the fact that the controls (which were
used as a 100% reference for the preincubated sam-
ples, to allow for specific activity differences from
experiment to experiment) were kept with 0.5 mm
EGTA and without added Ca** at 0°C. ATP in the
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Fig. 11. ATPase reaction time courses of one out of two dupli-
cates for each Ca’* concentration in the preincubation with 2 mm
ATP and 3 um Mg’ of Fig. 10 (open circles). Numbers in the
curves indicate pCa during preincubation. Unbroken lines: linear
regressions; dashed lines: exponential fitting. The linear regres-
sion coefficient and the exponential parameters A and k are (pmol/
min, pmol and min~', respectively): 14, 220 and 0.085 (control);
14, 320 and 0.056 (pCa 2); 14, 280 and 0.066 (pCa 3) and 13, 230
and 0.073 (pCa 4).

preincubation medium affords some protection
when the Mg?* concentration is 100 um and above
(squares and triangles), but at 5 um Mg?* there
seems to be an increased inactivation at low Ca?*
levels (open circles). The curves were reasonably
well fitted by hyperbolae with K, ; between 10 and
20 uM Ca®*, except for the curve at 2 mM Mg>* (K
= 122 um).

These results also introduce a difficulty with
respect to the conditions to measure ATPase activ-
ity, in this case with the purified enzyme. In fact,
they predict that when following ATP hydrolysis
at Ca’* concentrations below 10 uMm, there will be
substantial enzyme inactivation as the reaction prog-
resses. Even in our assays at 54 uM Ca®*, one would
predict a 10-15% decrease of the ATPase activity
after 10 min. This is examined in more detail in Fig.
11, which shows time courses corresponding to one
of the experiments in Fig. 10. The analysis was done
for the data of the four upper time courses, obtained
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at higher enzyme activities and therefore more reli-
able. Despite the fact that the correlation coefficients
for the linear regressions were all better than +0.994,
a slight downward curvature of the time courses can
be discerned. The exponentials shown by the dashed
lines do indeed fit the points better. An estimate of
the initial rates was obtained from the product of
the fitted A and k parameters (see Materials and
Methods) and a comparison with the rates obtained
a linear regression coefficients shows that the latter
underestimate the initial rates by beween 19 and
27%. This is not large enough to invalidate the results
of Fig. 10 where, besides, all the assays were per-
formed at the same Ca?* concentration, but the dif-
ficulty would be certainly compounded when one
measured rates at variable Ca?>* or ATP concentra-
tions, or both, as when doing a kinetic analysis.

The exponential fitting presents an apparent
quantitative inconsistency. Since Eq. (1) can be re-
written as (dy/dt),_, = (dy/dt),-, - e, it follows
that the instantaneous reaction rate must decrease
on account of inactivation with an apparent rate
constant as fitted for the progress curve. Using the
apparent rate constants in the legend to Fig. 11, we
calculate that a 10 min preincubation at 54 um Ca’*
should have inactivated the enzyme between 43 and
57% and yet from Fig. 10 one can interpolate not
more than 10-15% inactivation at that concentra-
tion. The discrepancy probably arises from slightly
different conditions during preincubation and assay
of the enzyme and the implications of this will be
discussed in the next section.

Discussion

Exposure of calmodulin-depleted red cell mem-
branes to Ca’*-containing solutions at 0 or 37°C
leads to a large and irreversible activation of the
basal Ca,Mg-ATPase activity of their calcium
pumps. The basic process is independent of the ac-
tion of membrane-bound proteases and these make
a very small contribution at 10 um Ca’*, i.e., the
maximal concentration which might be considered
physiological in mammalian cells (Marban et al.,
1980; Cannell, Berlin & Lederer, 1987). Although
the experiments have been conducted with broken
membranes in which sidedness has been lost, the
Ca?* effects are no doubt at the intracellular aspect
of the membranes: the normal red cell Ca?* concen-
tration is 10-30 nM (Lew et al., 1982), but erythro-
cytes are normally exposed to an extracellular con-
centration of about 1 mMm. Thus, an extracellular
Ca’* effect would have led to membrane prepara-
tions whose Ca’* pumps were irreversibly activated
from the start.
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One type of activation of the plasma-membrane
calcium pump results from removal of the calmodu-
lin-binding domain (Papp et al., 1989; Zvaritch et
al., 1990). It seems that this C-terminal segment can
be normally parked at either of two sequences: one
at or near the active site (Falchetto et al., 1991) and
another in a different region on the same chain or,
perhaps, on a neighboring subunit in a dimer (Vor-
herr et al., 1991). The first interaction inhibits the
ATPase activity of a calpain-truncated enzyme and
the second stimulates the activity of the intact en-
zyme, presumably by promoting dimerization (Fal-
chetto et al., 1991; Vorherr et al., 1991). The other
relevant mode of activation is by fatty acids and
acidic phospholipids acting specifically at two se-
quences, one of which is the calmodulin-binding do-
main (Papp et al., 1989; Brodin et al., 1992; Filoteo,
Enyedi & Penniston, 1992). These topological rela-
tionships may explain the fact that both controlled
protease attack and acidic phospholipids decrease
the calmodulin stimulation as they increase the basal
activity of the enzyme with a pattern not too differ-
ent from that obtained by previous exposure to cal-
cium ions (Fig. 1).

These structural correlates should help us un-
derstand the present results, but the inferences are
not immediately obvious nor free from difficulty.
For one thing, the greater part of the irreversible
Ca’" activation does not result from a cut in the
polypeptide chain (Roufogalis et al., 1990) in condi-
tions such that added calpain would have clipped
the calmodulin-binding peptide (James et al., 1989;
Wang et al., 1989). The overall effect of leupeptin
(Figs. 3-5) is quite small and a minor degree of
proteolysis on account of membrane-bound calpain
might not show in the gels in these conditions. It
seems plausible, therefore, that the Ca?* activation
instead results from an irreversible conformational
change in the calcium pump (Roufogalis et al., 1990)
but, distinctively, the effect has a slow time course, a
low activation energy and a low Ca’* affinity. These
features might offer some clues about the nature of
the activating process.

Perhaps the slowest rate constant for a confor-
mational change in a P-type ATPase is that measured
for the transition of the occluded K* form of Na,K-
ATPase, 0.05-0.4 sec™! at 20-22°C (Glynn & Rich-
ards, 1982; Forbush, 1987; Faller et al., 1991) and
this is at least 130 times faster than the apparent
rate constant fitted in Fig. 1 for the preincubation
at 37°C. The activation energy for calcium transport
has been estimated between 57 and 105 kJ/mol
(Schatzmann, 1982), and those for E,/E, transitions
in Na,K-ATPase and H,K-ATPase are between 71
and 120 kJ/mol (Faller et al., 1991), which are much
higher than the upper estimate of 25 kl/mol for the
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irreversible Ca®* activation. The high-affinity com-
ponent (transient at 37°C) bears the hallmark of the
intracellular activatory Ca®*-binding sites, where
half-maximal binding occurs at 0.06 um Ca®*
(pKys = 7.2), as estimated from intrinsic fluores-
cence titrations with the purified soluble enzyme
(Kosk-Kosicka & Inesi, 1985). However, the appar-
ent affinity of the ‘‘site’’ promoting the major effect
seems well above 1 mM in these experiments (around
0.5 mm according to Roufogalis et al. (1990)), and
this excludes the activatory intracellular Ca®* sites.
All these factors seem to suggest that the effect on
the enzyme is an indirect one, arising from a slow
nonenzZymic process.

A crucial feature is that if one is to observe
linear time courses with the membrane-bound
Ca,Mg-ATPase reaction at Ca** concentrations in
the micromolar range, the Ca?* activation must be
such that it becomes apparent not during but after
the first Ca?* exposure. This condition would be
satisfied if a Ca®* preincubation removed tightly
bound inhibitory factors from the enzyme. If the
“‘basal’’ enzyme had two or more bound particles
which conferred the low-affinity, low-V,,, charac-
teristics of the calmodulin-free state (Scharff &
Foder, 1978), either the release of those particles or
the binding of calmodulin could move the Kinetic
characteristics of the pump towards the calmodulin-
liganded state. Such a removal process would have
to occur at least in two stages:

2+

CMA-1-P==CMA---1+P (@)
CMA - 1—> CMA + I (b)

where CMA is Ca,Mg-ATPase, I is an inhibitor and
P is a second particle. If the I and P particles remain
in the medium, they might still inhibit the enzyme
by binding to it at equilibrium (see below). To expose
an irreversible activation, therefore, the released
particles would have to be washed away before
assaying for enzymic activity. In the scheme above,
stage a would take place during the preincubation
of the enzyme in the present experiments, and would
consist of the slow Ca?*-activated release of the P
particle (presumably a peripheral membrane pro-
tein) occurring with a low activation energy. The
low-affinity Ca** site might be located on the I or P
particles. The release of P would have the effect
of ‘*de-occluding’’ I or labilizing (- - -) the contacts
between the enzyme and the I particle. If turnover
was taking place and the kinetic behavior of CMA -
I- Pand CMA - - - 1 did not differ much, ATP hydro-
lysis would continue to be linear with time. Stage b,
leading to irreversible activation of Ca,Mg-ATPase,
would be introduced by the experimenter at the
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washing stage by releasing the I particle and dispos-
ing of I plus P. From our data (and assuming 1,000
molecules each of pump and I particle per leaky red-
cell ghost), we calculate that if stage b were revers-
ible at all times and had a dissociation constant be-
tween 107'%and 107! M, then ca. 90% of the enzyme
would still be binding the I particle during the prein-
cubation and yet would release it and expose activa-
tion after the washes. Alternatively, the release of
a tightly bound I particle could be caused by mechan-
ical disruption of the CMA - - - I complex, as a result
of the shear forces generated during centrifugation
and resuspension of the pellet.

Particles I and P could be cytoskeletal compo-
nents closely associated with Ca,Mg-ATPase. The
anion exchanger (Band 3) and the brain voltage-
gated sodium channel (Luna & Hitt, 1992), as well
as Na,K-ATPase in transporting epithelia (Koob et
al., 1987; Nelson & Veshnook, 1987; Nelson & Ham-
merton, 1989) can be found associated with cytoskel-
etal elements. In the case of the plasma-membrane
Ca,Mg-ATPase, radiation inactivation experiments
show that, in addition to the dimers, a substantial
fraction of the calmodulin-stimulated enzyme is as-
sociated with a particle of a size in excess of 1| MD
(Cavieres, 1984).

Apart from the more general proposal above, it
seems appropriate to consider also the reversal of
activation observed after solubilization and purifi-
cation of Ca,Mg-ATPase. It appears that acidic
phospholipids stimulate Ca,Mg-ATPase mainly by
binding at the calmodulin-binding domain, even en-
hancing calmodulin binding (Brodin et al., 1992).
This seems quite plausible, as the calmodulin-bind-
ing ‘A’ domain has the features of an amphipathic
a-helix, rich in Arg® residues on one side and hy-
drophobic residues on the other (Shull & Greeb,
1988). It is conceivable that the hydrophobic face
of domain **A”’ is normally occupied by phosphati-
dylcholine in the initial membrane preparations and
that calmodulin, acidic phospholipids or removal of
the hypothetical I and P particles activate by displac-
ing the inhibitory lecithin. During solubilization, the
detergent or added phosphatidylcholine would oc-
cupy domain *‘A,”” now reversing the Ca®*-induced
activation (which is irreversible in membrane-bound
form). Phospholipid binding does not necessarily im-
ply an interaction between the helix and the lipid
bilayer (or annulus phospholipid in the soluble en-
zyme), as even nonionic amphiphiles will bind at
hydrophobic patches on the predominantly hydro-
philic surface of globular proteins (Tanford, 1980).
The hypotheses above, as well as a related earlier
proposal (Roufogalis et al., 1990), have some ele-
ments that could be tested experimentally. Never-
theless, it seems likely that the overall effect could
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arise from a more complicated process, as another
activated form appeared at 0°C (Fig. 8) and at short
times at 37°C (Fig. 9), with a higher Ca*" affinity,
and this might imply a contribution of binding sites
on the enzyme. In this connection, it has recently
been observed that preincubation of red cell mem-
branes in the presence of Mg?" and vanadate also
results in an activation of Ca,Mg-ATPase (Ro-
mero, 1993).

The protective effect of Ca** on the thermal
inactivation of the soluble purified enzyme is likely
to result from Ca®* binding at the high-affinity intra-
cellular activatory site. Being 10-20 uM, however,
the apparent dissociation constant is more than two
orders of magnitude higher than that obtained from
equilibrium experiments (Kosk-Kosicka & Inesi,
1985), and one order of magnitude greater than the
K, ; values derived from turnover experiments at
similar enzyme concentrations (Graf et al., 1982).
The reason for this discrepancy is not known but it
seems unlikely that these numbers reflect the intra-
cellular or extracellular inhibitory Ca®* sites, with
a K, s normally in the region of 1 and 9 mm, respec-
tively (Kratje, Garrahan & Rega, 1985).

The rates of inactivation of the Triton enzyme at
37°C are fast and time courses should be mandatory,
specially when the Ca?* concentrations are being
varied. Initial rates can nevertheless be calculated
with the exponential fitting method used in Fig. 11,
preferably with more detailed time courses.

Faster inactivation rates were apparent during
the ATPase reactions in Fig. 11 than could be esti-
mated from inspection of the curves in Fig. 10 at 54
uM Ca’*. Considering that one of the latter curves
was obtained in turnover conditions, the only differ-
ence between the two figures seems to be the enzyme
concentration. This was around 24 nM during the
assays (Fig. 11) but twice as high during the preincu-
bations (Fig. 10). As the equilibrium constant for
dimerization of the C,,E4-solubilized enzyme seems
to be in the region of 20 nM (Kosk-Kosicka & Inesi,
1985; Kosk-Kosicka & Bzdega, 1988; Kosk-
Kosicka, Bzdega & Wawrzynow, 1989), during the
preincubation the enzyme must have had a higher
content of oligomeric forms than during the ATPase
reaction. The different rates of inactivation should
then depend on the oligomeric state of the soluble
enzyme, with the monomeric form being the least
thermally stable. One might therefore regard stabil-
ity as one of the advantages of oligomerization, the
other being activation of the enzyme in detergent
solution to a calmodulin-liganded state but without
calmodulin (Kosk-Kosicka & Bzdega, 1988). Per-
haps increased stability is all that the membrane-
bound enzyme gains when forming dimers as, unlike
the situation with the purified enzyme (Kosk-
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Kosicka & Inesi, 1985), calmodulin is effective in
increasing the enzymic activity of the membrane-
bound dimer (Cavieres, 1984).
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