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The non-equilibrium dialysis has been used for kinetic studies of ATP dependent calcium up-
take by the sarcoplasmic reticulum. The uptake displays two phases, which are defined as fast
and slow uptake. The former is an exponential function of time, with a half-life time of approxi-
mately 15—20 sec, the latter presents the characteristics of an autocatalytic reaction. The fast
uptake is characterized by its amplitude, the slow uptake by its rate. Compared with the fast up-
take, the slow uptake requires higher amounts of Mg* or ATP, and is more sensitive to pH
variations and aging. The reasons which formerly prevented the resolution of the second phase
from the first are discussed. It is concluded that the fast uptake is not a simple binding reaction,
and that the slow uptake is more sensitive to changes by the vesicular membrane.

Introduction

When the relaxing activity of the sarcoplasmic
reticulum was discovered, a discussion arose whether
the Ca®*-sequestering capacity of this subcellular
structure is due to ATP-dependent Ca**-binding, or
to an active transport system. More recently, the
Ca**-binding proteins which were isolated and
characterized 173 were proposed by several au-
thors % 5 to take part in the relaxation process. On
the other hand, the FSR shows an ATPase activity,
and ATP increases dramatically its ability to ac-
cumulate calcium, especially in the presence of
oxalate or phosphate anions.

Numerous technical problems complicate the ob-
servations of Ca®*-uptake or binding. The addition
of oxalate to the incubation medium enhances the
ability of the vesicles to retain the calcium in the
form of oxalate crystals, improving the accuracy
of the measurements % 7, and permits the demonstra-
tion of the existence of an active transport 8. These
advantages are partially offset by the fact that
oxalate precipitation reduces the concentration of
free calcium in the vesicles at least 2 — 3 orders of
magnitude below normal physiological levels. The
observation on the reaction of a reticulum system
containing a higher concentration of free calcium
in its lumen could provide important information
on its behaviour in wvivo. For this purpose, any
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separation of the vesicles by centrifugation or ultra-
filtration, with or without oxalate, must be avoided.
Since movement of calcium regulates in vivo muscle
contraction and relaxation, an adequate investiga-
tion method has the apparently contradictory task
not to disturb this potantiality of the Ca to be
stored or released, while avoiding any artificial
distribution.

The measurement of free calcium present in the
medium by the non-equilibrium dialysis method
meets these requirements, and for that reason the
Colowick’s procedure? was used with the sarco-
plasmic reticulum (unpublished work). The present
paper will propose an adaptation of Colowick’s
method to kinetical purposes, and show some evi-
dence for biphasic kinetics in the calcium uptake
by the fragmented sarcoplasmic reticulum.

Material and Methods

The fragmented sarcoplasmic reticulum was pre-
pared from crayfish tails essentially according to
the procedure of MacLennan 1°. The extraction buf-
fer was slightly modified to contain 88 mm KCl,
5mM imidazol (pH 7.4) and 1 mwm dithiothreitol,
and was also used when the vesicles were stored at
—20 °C.

The protein content was measured by the Biuret
method in presence of Na-deoxycholate, and the in-
organic phosphorus liberated by the ATPase was
determined by the phosphomolybdate method !!.
The radioactive samples were diluted in Bray’s solu-
tion for liquid scintillation counting.
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The apparatus of the non-equilibrium dialysis
was described by Colowick and Womack ?. The cir-
culating buffer contained MgCl,, imidazol and KCI
in concentrations corresponding to the incubation
medium. When not specified, the latter contained
5mm MgCl,, 50 mM imidazol (pH 7.45), 100 mm
KCl, 0.05 mM labeled CaCl,, 5 mm ATP. The frac-
tions of the free and ATP-bound calcium were
determined by the differential dialysis method 2.
The reaction was initiated by the addition of 150 ug
vesicular proteins; the final volume was 1 cm?, the
experiments were performed at room temperature.

When used for kinetical purposes, the apparatus
had to be calibrated in order to estimate the effect
of the dead space. The reaction mixture, without
label and without ATP, was introduced into the
upper chamber, and the circulating buffer allowed
to run. Then, the fraction collector was switched on
its minimal timing, in our case 0.1 min, and at a
definite time the radioactive Ca?* was added to the
reaction mixture. Since mixing in the upper chamber
is practically instantaneous, the kinetics of ap-
pearance of label in the fractions of the collector
can be attributed to the apparatus only. If the
procedure is correct, the instantaneous disappearance
of the respective substance must show correspond-
ing kinetics. This can be observed when ATP is
added to form an ATP complex. If the estimation
of this rate by hand on a graph is not satisfying,
the observed data may be computerized if it is as-
sumed that the radioactivity measured in a collected
fraction is proportional to that which existed a
moment before in the lower chamber. This hypo-
thesis is reasonable, provided the following condi-
tions exist: a. The time interval requested for the
bulk to join the tubes of the collector must be short
(10 —20sec). b. The dead space of the tubing
must be as small as possible. c. The timing of the
collector cannot exceed a certain limit (in our case
0.2 min). The proportionality coefficient is the
ratio of the volumes of the aliquot versus that of the
lower chamber. The amounts of radioactivity X;
and X, measured in the upper and the lower cham-
ber respectively, and the set of equations

dX,
Ty = kg Xy —koa X,
and dj(Tl =k X4

permit the calculation of the dialysis rate constant
ky; and the efflux rate constant from the lower
chamber ky,. The back diffusion of radioactivity
through the membrane is negligible. A complete
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solution may be found from a set of data with the
help of the SAAM 23 program 1% 14,

A similar procedure was used to follow the de-
crease of the label in the fractions of the collector
after addition of the vesicles to the reaction medium.

Results

a. Influence of the medium on the free calcium
concentration

As shown in Fig.la and 1b, the fraction of
added calcium in the free form depends on both
total ATP and Mg concentrations. When the ratio
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Fig. 1 a. ATP dependence of CaATP complex. The medium
contains 5 mM MgCl, , 50 mM Imidazol (pH=7.45), 100 mM
KCl, 0.05 mm CaCl,, and increasing concentrations of ATP.
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Fig. 1b. Mg dependence of the CaATP complex. The me-

dium contains 50 mM imidazol (pH=7.45), 100 mm KCI,

0.05 mm CaCl,, 5 mMATP and increasing concentrations of
MgCl, . Symbols as for Fig. 1 a.
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of the former to the latter is <1, the dependence is
especially strong. Some experiments indicate that
the fraction of free calcium increases with lowering
pH, which is consistent with the fact that a less
ionized ATP has a lower association constant with
divalent cations 1°.

In the conditions given in the methods section,
only 25—30% of the Ca®>" is free. For the same
conditions, in the presence of ATP, the dialysis
rate of the total Ca?* is reduced to 40% of the value
observed in the absence of the nucleotide, since
the CaATP complex diffuses more slowly. Because
of this decrease, the Ca-uptake was always initiated
by addition of reticulum to a medium already con-
taining the specified amount of ATP.

Control experiments with aged vesicles or mix-
tures containing 1 or 2 mm CaCl, showed no varia-
tion in the dialysis rate of the radioactivity on ad-
dition of reticulum. Therefore, artefacts, such as a
change of viscosity of the reaction mixture when the
vesicles are added, are ruled out.

When the apparatus is calibrated, the observed
increase and decrease of the radioactivity has an
apparent half-life time of about 20 sec, which must
be taken in account for estimation of parameters in
fast kinetics. However, it is possible to distinguish
between fast and slow processes.

b. The kinetics of the uptake

In the curves of Fig. 2 b the decrease of the radio-
activity corresponds to an uptake of calcium by the
vesicles. It displays two phases. The first phase will
be called the fast uptake because it practically ter-
minates one, or one and half minutes after the ad-
dition of reticulum to the medium. During this
time interval the decrease of the radioactivity is ex-
potential with a half-life time of about 15 — 20 sec.

The second phase becomes observable during the
second minute after the addition of the vesicles and
lasts several minutes until nearly complete disap-
pearance of the radioactivity from the solution. It
will be called the slow uptake. The rate coefficient
which characterizes the removal of the free ion is
steadily increasing, showing the characteristics of an
autocatalytic phenomenon.

These complex kinetics are illustrated in Fig. 2 b,
for different amounts of vesicles and different ex-
perimental conditions. Both phases of calcium up-
take were visible in all types of experiments, except
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Calibration of the apparatus
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Fig. 2 a. Calibration of the apparatus. The medium con-

tains 5mM MgCl,, 50 mm imidazol (pH = 7.45), 100 mm

KCl and 0.05 mm labeled CaCl, . After 3 min trace amounts

of radioactive calcium (¥), and after 8 min 5 mmM of ATP
(}) are added).
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Fig. 2b. Kinetics of calcium uptake by the fragmented
sarcoplasmic reticulum, determined by non-equilibrium dia-
lysis method. After 8 min the standard medium receives:
A, : 100 ug of slightly aged sarcoplasmic vesicles;
o. : 150 ug of fresh or freshly thawed vesicles;
— +——: expected curve if the uptake by 150 ug of fresh
reticulum were instantaneous. This curve is adapted to a
42% uptake from the curve shown in Fig. 2a. X, ———:
The medium contained in addition 5 mMm oxalate and re-
ceived after 8 min 150 ug of fresh or freshly thawed vesicles.

where the slow uptake was too slow to be detected,
for instance when the vesicles are aged or in low
concentrations or too rapid to be resolved from
the fast uptake, as it is observed in the presence of
5 mM oxalate.
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For practical reasons, the decrease of radioactivty
which is observed two and half minutes after the
addition of the vesicles was considered as cor-
responding to the fast uptake. This assumption is
based on the empirical observation that at this time,
for the characteristics of our apparatus, the first
phase is nearly ended and the slow uptake is not
yet very active; it seems reasonable as long as fast
and slow uptake may be resolved.

c. The conditions of the uptake

It was noted that the factors under study have a
detectable influence on the size, but not on the rate
of the fast uptake, which is too fast to be resolved;
the same factors affect the rate, and not the size of
the slow uptake, since the latter is practically a non-
or-all phenomenon. Moreover, the action of these
factors is qualitatively similar, but quantitatively
different.

The fast uptake reaches its maximum at very low
concentrations of ATP or Mg?*, while the slow
uptake increases progressively with higher concen-
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Fig. 3. Activation by ATP of the ATPase activity, the fast
and the slow uptake. The medium is that given in the
methods section. @, : ATPase activity. /\, ———:
percent of calcium accumulated during the fast uptake

—— : percent of the remaining calcium which is ac-
cumulated durmg the 8 min following the fast uptake. The
latter value is an indication of the rate of the slow uptake.
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Fig. 4. Activation by Mg of the ATPase activity, the fast
and the slow uptake. The medium is that indicated in the
methods section. Symbols as for Fig. 3.

P. Mermier and W. Hasselbach + Biphasic Ca**-Uptake

trations. It may be suspected that the fast uptake

existing in the absence of added Mg?* is due to

endogenous Mg®* (Figs 3 and 4). Both phases are

optimally activated around pH 7.0, but the effect of

pH variations on the second phase is much more

pronounced. Between pH 6.8 and 7.5 the fast up-

take parallels the total ATPase activity. The latter

has a maximum at pH = 6.6, which is 0.3 and 0.7

umol/min mg protein respectively for the fresh and
the freshly thawed reticulum.
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Fig. 5. pH dependence of the ATPase activity, the fast and

the slow uptake. The medium is that indicated in the me-

thods section. Symbols as for Fig.3. The time interval for
the slow uptake is 5 min.
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Fig. 6. Influence of aging on the ATPase activity, the fast

and the slow uptake. The medium is that indicated in the

methods section. Symbols as for Fig.3. The time interval
for the slow uptake is 6 min.

Figs 5, 6 A and 6B show that the slow uptake,
especially at pH 7.45, is extremely sensitive to the
state of the vesicles. When the freshly isolated reti-
culum is stored at 0 °C, a marked alteration is ob-
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Table I. Influence of mitochondrial inhibitors on the fast and slow calcium uptake by the sarcoplasmic reticulum. The
incubation medium is that described in the methods section.

Inhibitor Concentration Concentration Initial % of fast % of slow
of reticulum concentration uptake uptake
[ug/cm?] of calcium after 5 min

[M] [em]

None — 160 40 53 88

Dicumarol 6 x10—5 160 40 38.5 0

Antimycin A 1.4x10-7 160 40 53 85

2,3 dimercapto-1 propanol 103 160 40 51.5 95

None - 150 50 38 60.5

Azide 103 150 50 37 55.5

Dinitrophenol 2 x10—* 150 50 38.5 57

served at the fourth day: the slow uptake disap-
pears, while the ATPase activity increases to twice
its initial value. Later, both total ATPase activity
and fast uptake parallel in decay.

As there is no absolute criterion for the purity
of a subcellular fraction, several mitochondrial in-
hibitors were assayed. None of them affects the reti-
culum, except dicumarol which fully inhibits the
slow uptake.

Discussion

The strong dependence of the free Ca®* level on
the added [ATP]/[Mg] ratio, when this ratio varies
in physiological ranges, can be visualized by non-
equilibrium dialysis. Since the Ca-ADP complex is
much weaker than the Ca-ATP complex, the cleavage
of ATP leads to a partial release of the ion from
the nucleotide pool. The theoretical curves are cal-
culated from association constants given for a slight-
ly different medium !5 6. This may explain why the
experimental relationship deviates from those ob-
tained with these association constants.

The time resolution of non-equilibrium dialysis
method is not yet high enough to detect whether
a part of the first phase is instantaneous, as pro-
posed by Entman te al. 16. The question is still con-
troversial, since the fast binding is presumably a
mixing artefact 17.

Under the experimental conditions applied in the
present investigation, the storage capacity of the
vesicles can reach 1000 nmol/mg~! protein. This
value is considerably higher than most of those
found with the conventional method. Since in the
experiment the Ca level in the solution is reduced
to 2% of its initial value, a high Ca?" gradient
exists.

The shape and the half-life time of the fast uptake
curve is similar to that of curves obtained in the
absence of oxalate by several investigators 719,
and corresponds to the parameters of component B
of the binding as calculated by Entman et al. 16. The
fast uptake reaches its maximal activity already at
low Mg?* concentrations 20. Its decrease with in-
creasing pH, as mentioned by several authors!®21,22,
is observed only for pH exceeding 7.0.

Entman te al. '® reported the kinetics which are
the closest to the curves shown in Fig. 2. Their com-
ponent B of the “binding”, which is comparable in
many respects to the fast uptake, is followed by a
second phase where the initially slow rate increases
and becomes linear. However, they failed, like other
investigators, to observe the second phase in ab-
sence of oxalate. The commonly used methods in-
volve a number of physical and chemical factors
which may obscure the appearance of a two-phase
calcium uptake. a. The physical artefacts. The cal-
cium accumulated in the absence of precipitating
anions is partially lost during separation of the
vesicles from the medium on Millipore filters. The
recovery is quantitative only when the reticulum is
incubated in the presence of 5mM oxalate (un-
published data). b. The chemical artefacts. The
presence of oxalate stabilizes the active transport
rate by keeping the level of free Ca®?* inside the
vesicles such that the ion product remains equal to
the solubility product. When the level of the ex-
ternal free Ca2* is buffered with EGTA, the relative-
ly stable gradient through the membrane makes it
possible to demonstrate the coupling between ATP
splitting and Ca?" uptake 2% 24, yet it masks other
phenomena. As shown in Fig. 2, both phases cannot
be separated in presence of 5mM oxalate, because
the second phase becomes as fast as the first 25, The
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kinetics of the Ca®" uptake has also been followed
by measuring light absorbancy changes undergone
by Ca-murexide!? 26728, However, this metallo-
chromic indicator shifts the chemical equilibrium
by complexing part of the free ion. For instance,
Scarpa and Inesi?® did not detect any formation
of Ca’ATP, which should represent about 16% of
the total calcium under their experimental condi-
tions, if the association constants for Mg ATP are
1.7 x 10* and 10* 1516 respectively. The turbidity
monitoring avoids this interference 3°, but the change
of absorbance is specific for a crystal formation,
and cannot detect the accumulation of the free ion.

Other factors must be taken into consideration
for a convenient observation of the biphasic uptake.
a. The structure of vesicles. Compared to the first
phase, the slow uptake has higher requirements for
Mg?* and ATP, and is more sensitive to variations
in pH and aging. The calcium capacity of the vesi-
cles disappears in a few days in absence, but not in
presence of oxalate3!, which reduces the energy
required for the process by lowering the chemical
and the electrical gradient through the membrane.
All these statements suggest that the slow uptake
requires well preserved vesicular membranes, in-
volving a minimal passive diffusion and optimal
coupling between the hydrolysis of ATP and Ca**
accumulation. Among the necessary elements of the
structure are the sulfhydril groups3? whose oxida-
tion is prevented by dithiothreitol 33. The latter was
reported to maintain the pumping ability of the
vesicles extracted from the lobster 3¢, but not from
the rabbit. These statements are consistent with our
own observations, since dithiothreitol was necessary
for the slow uptake by the crayfish reticulum, while
results not reported here showed no influence of
this reagent on the vesicles extracted from the rab-
bit muscle according to the procedure of Hassel-
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