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Abstract—The binding of calcium and magnesium ions to sarcoplasmic reticulum (SR} and chromaffin
granule membranes was comparatively studied. The SR membranes are equipped with equal quantities
of binding sites for both calcium and magnesium ions. The binding sites in presence of ATP combine
specifically with calcium ions, while in the absence of ATP the binding sites react unspecifically with
both ions. The trace amount of magnesium present in the SR membranes preparations is sufficient to
drive ATP dependent calcium accumulation. Magnesium binding, however, is not affected by ATP.
The chromaffin granule membranes bind calcium and magnesium in the same concentration range as
observed for the SR membranes. Magnesium binding, however, is two times higher than that of calcium
binding. In the absence of ATP, calcium and magnesium ions mutually compete. In the presence of
ATP, magnesium binding values increase 3-5-fold, while the calcium binding isotherm remains
unchanged. The appreciable contribution of the lipid phase to ions binding has been investigated, but
was found to be of minor importance in this study.

In recent years strong evidence has been furnished
showing that the storage of a great variety of sub-
stances is accomplished by ATP driven active trans-
port processes. The membranes of the sarcoplasmic
reticulum of the muscle and the adrenalin storing
granules of the adrenal gland belong to the most
extensively studied structures. Inside the cisternal
enlargements of the SR membranes high concentra-
tions of calcium ions are stored by an ATP supported
process—involving phosphorylation and dephos-
phorylation of the transport-protein [13, 16].

The much weaker membrane bound ATP depen-
dent transport system involved in the uptake of cat-
echolamine into chromaffin granule is mediated by
a proton motive force generated by ATP-splitting
[2,20,21,34].

The two systems differ considerably with respect
to their kinetics and their energetics. As a common
feature, the activities of both transport systems
require the presence of ionized magnesium. We
have, therefore, to assume that the membranes do
not only interact with the respective transport sub-
strate calcium or catecholamine but also with mag-
nesium ions at cytoplasmic concentrations.

While considerable knowledge concerning the
process of storage has accumulated, comparatively
little is known about the mechanism by which the
stored, substances are released. Many observations
indicate that calcium ions at low concentrations
are involved in the release  process
[3,6,9,12,17, 30, 37].

Hence, it can be expected that calcium binding
sites are present in these membranes whose disso-
ciation constants are in the range of the cellular
calcium concentration [29]. While the interaction of
calcium with the sarcoplasmic reticulum membranes
has been studied quite extensively, only a few aspects
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of calcium binding to the membranes of the chro-
maffin granules have been investigated. Native chro-
maffin granules contain considerable quantities of
calcium and magnesium [5, 18, 43]. Although intact
granular membranes appear to be only slightly
permeable for calcium, magnesium and even mono-
valent cations, binding studies performed with intact
granules indicate that the organelles can bind calcium
{5,18, 12}.

Calcium binding studies performed by measuring
the electrophoretic mobility of the organelles fur-
nished estimates concerning the number and the
affinity for the externally located calcium binding
sites [8]. In the following the results of a comparative
study will be presented in which the binding of cal-
cium and magnesium jons to sarcoplasmic reticulum
and chromaffin granule membranes have been stud-
ied in order to gain information concerning the
mutual interactions of these two ions with the mem-
branes. The external cytoplasmic surfaces of both
membrane systems are equipped with binding sites
for calcium and magnesium ions at similar concen-
trations and affinities. In the sarcoplasmic reticulum
membranes the magnesium binding sites can be iden-
tified as constituents of the ATP-dependent calcium
transport system. In both membranes the low affinity
sites for calcium can become occupied only at calcium
concentrations transiently present in the cytoplasm
when calcium ions invade the cell during excitation.

MATERIALS AND METHODS

Preparations of membranes

Sarcoplasmic reticulum vesicular membranes. Sar-
coplasmic reticulum vesicular membranes were pre-
pared from skeletal muscle of rabbits. The vesicles
were fractionated by centrifugationin0.5and 1.0M
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sucrose according to the method of Hasselbach [15].
The vesicles were washed with 0.1 M KCI, sedi-
mented by centrifugation (100,000 g for 60 min) and
finally resuspended in 0.1 M KCl.

Membranes of chromaffin granules from bovine
adrenal medulla

The membranes of chromaffin granules are pre-
pared by the method of Smith and Winkler [40] and
Foldes et al [11] as modified by Balzer and Khan
[4] chromaffin granules were from a 1.8 M sucrose
fraction; see Schneider [38] and Huber et al [19].
Bovine adrenals were obtained from the slaughter
house and transported in ice to the laboratory. All
subsequent steps were carried out at 4°. The medulla
was carefully removed and homogenized with 0.3 M
sucrose. The homogenate was centrifuged for 30 min
at 1000g. The supernatant was filtered through
cheese-cloth and the filtrate was re-centrifuged for
30 min at 15,000 g. The sediment containing granules
was homogenized with 0.3 M sucrose and subjected
to sucrose gradient centrifugation. Eight millilitres
of 0.3 M sucrose suspension were layered over 20 ml
of 1.8M sucrose solution and centrifuged at
105,000 g for 30 min. According to Schneider [38]
the application of 1.8 M sucrose yields a preparation
practically free of mitochondrial contaminations.

A pink sediment was formed in the 1.8 M sucrose
layer, clearly separated from light brownish material
which formed a band above the sediment. The gran-
ules contained in the 1.8 M sucrose sediment were
lysed in 50 vol. of 0.1 M KCI. The membranes were
sedimented by centrifugation at 105,000 g for 30 min
and resuspended in 0.1 M KCl (~2% soluble pro-
teins in the lysed membranes) [42]. Membranes lysed
further by hypoosmotic shock showed now sig-
nificant changing in binding-values.

Determination of Ca®*- and Mg**-binding

Membrane preparations equivalent to 0.2 mg/ml
of protein (in some experiments with chromaffin
granule membranes 0.1 mg protein/ml) were incu-
bated for 2min at 22° in histidine buffer (pH 7.0,
0.02 M) with increasing concentrations of radioac-
tively labelled Ca* or Mg®, respectively. Incubation
media containing calcium concentrations <10 uM
were supplemented with calcium EGTA buffers
according to Makinose and Hasselbach [26] using
Kiis =2 X 1077 M [27, 39] as dissociation constant.
Calcium binding in the presence of magnesium was
studied at a total magnesium concentration of 5 mM.
The same concentration of calcium was applied to
study its effect on magnesium binding. Energy
dependent ion binding was analyzed in the presence
of 5mM ATP. For the calculation of the concentra-
tions ionized calcium and magnesium in the ATP
containing media Kuss = 107°M and Ky = 107 M
[1] were used as dissociation constants for the calcium
ATP and magnesium ATP complex, respectively.
The membranes were separated from 2.0 ml of the
incubation medium by ultrafiltration through Sar-
torius filters (0.45 um) according to Paulus [33] and
Fiehn et al. [10]. The filters retained quantitatively
the vesicular protein, since no protein could be
detected in the filtrate. The filters were washed twice
with 1 ml of distilled water and subsequently trans-
ferred to scintillation vials. The scintillation fluid
contained 100 g naphthalene, 100 mg POPOP. 14 g
PPO, 200 ml methanol and dioxane giving a total
volume of 2000 ml. To account for residual radio-
activity trapped in the filters, controls containing no
membrane protein were filtered.

If the vesicular membranes were permeable for
calcium and magnesium the associated amounts
determined by filtration technique comprise two
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Fig. 1. Comparative schematic representation of binding experiment calculations by Scatchard plot (A)
and double-logarithmic plot method (B).



Ca?*- and Mg?*-binding of sarcoplasmic reticulum and chromaffin granule membranes 23
A. SR-membranes
Mg2e- or CaZ*- bound
n mol /mg prot,
1007 v
~Z
50 //(
2
Z
20
i -
107
50~
m < o oaosa 2 oo 2.
Z ] =3 Mg “'-bound without Ca*
104 Z @ —————@Ca? - bound without Mg2*
// in incubations without ATP
05
0,2+ 2% 2
free Ca® -or Mg* - concentration
0" i 1 ] 1 ]
10-7 10°¢ 107 1074 1072 M
Mg2* - or Ca?*- bound B. AG-membranes id
n mol /mg prot, Ve
10077 7 e
7
50 -
i
s
-
20 /!
b
10 - g
rd
50+ i/
’
~ 4
- 7
20 P a— - —.dgz'-bound without Ca2*
Vd ® QCaz' bound without Mgz’
1,0 7 l in incubations without ATP
05+ /
02
free Ca2-or Mgz’- concentration
0'1 1 1 i 1 ]
10°7 10-6 105 1074 1073 M
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membranes. (9-12 experiments for each mean value = S.E.M.)
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Fig. 3. Comparison of Mg?*- and Ca**-binding in (A) SR-sarcoplasmic reticulum- and (B) AG-adrenal
granule membranes with mutual interaction of the other ion by the additional presence of S mM CaCl;
in the incubation medium. (9-12 experiments for each mean value = S.E.M.)

affinity multiplied by the Ca’*-free concentration
gives the factor for the ionic binding capacity. The
exponent of the equation (1), is the factor for the
saturation of the binding sites declining by the
increase of the Ca’*-free concentration, when the
exponent is Exp < 1.0.

Materials. Calcium* was purchased from Amer-
sham Buchler GmbH. Braunschweig, and Magne-
sium™ from NEN Chemicals GmbH., Dreieich, Ger-
many. Mg™ with high specific activity was produced
in U.S.A. (obtained from NEN Chemicals, Boston)
and directly sent from Frankfurt airport to the
institute.

RESULTS
Passive binding

In the following, the expression “binding” is used
as a technical term to describe the association of the
ions with the vesicular membranes. Passive binding
refers to the results obtained in the absence of ATP
from the incubation medium. The possible com-
partmental distribution of the bound ions will be
considered in connection with the discussion of Figs.
2 and S.

Figures 2(A) and (B) illustrate that both types of
membranes possess binding sites for magnesium and
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Fig. 4. Mg*~- and Ca’**-binding in (A) SR-sarcoplasmic reticulum- and (B) AG-adrenal granule-
membranes by the additional presence of 5 mM ATP in the incubation medium. (9-12 experiments for
each mean value = S.E.M.)

calcium ions which are occupied at micro- to milli-
molar concentrations. Furthermore, both mem-
branes have similar binding capacities of 50—
100 nmoles/mg protein. The data are plotted double
logarithmically in order to cover the large range of
free ion concentrations and the corresponding bind-
ing values. Since the experiments were performed
in media of low ionic strength, one can expect that
all cationic binding sites present in the membranes
have been titrated.

Since the sarcoplasmic reticulum membranes as
well as the membranes of the chromaffin granules
retain their physiological sites, the quantities of ions
bound mainly reflect the association of ions with the
cytoplasmic surface of the membranous vesicles.

It is illustrated by Fig. 2(B) that at all concentra-
tions in chromaffin granule membranes the number

of magnesium binding sites exceed that of calcium
ions. The apparent preference of the chromaffin
granule membranes for magnesium ions is substan-
tiated by the results obtained in the presence of
5 mM calcium.

As shown in Fig. 3(B), this high concentration of
calcium ions affects only slightly the binding of mag-
nesium ions in the millimolar range, whereas in the
micromolar range magnesium binding is significantly
reduced indicating that high affinity calcium binding
sites can be occupied by magnesium ions {(compare
Fig. 2B). On the other hand. the binding of calcium
is little affected by high concentrations of magnesium
ions.

A very different pattern of ion binding character-
izes the sarcoplasmic reticulum membranes (Fig.
3A). Calcium ions can effectively displace magne-
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sium ions while magnesium ions do not considerably
influence calcium binding. Evidently, magnesium
ions combine relatively unspecifically with the bind-
ing sites from which they can be displaced by calcium
ions. On the other hand, ionized calcium at low
concentration combined with specific sites which
have a relatively low affinity for magnesium ions.

Calcium and magnesium binding in the presence of
ATP

Calcium binding. The interaction of transporting
membranes with ATP can interfere with cation bind-
ing in quite a different way. As demonstrated for
the sodium-potassium transporting membranes the
binding of ATP can modify sodium and/or potassium

binding [35]. Furthermore, under conditions where
the terminal phosphate group of ATP is transferred
to the protein, the affinity of the membranes for the
respective ions can be altered. From these effects of
ATP the ATP supported accumulation of the ions
must be distinguished. The ATP dependent calcium
storage of sarcoplasmic reticulum membranes in the
presence and the absence of added magnesium ions
is illustrated by Figs. 4(A) and 5(A) respectively.

The effect of ATP is most clearly seen at low
concentrations of free calcium ions. At high con-
centration of calcium, ATP does not increase calcium
storage.

These results must be considered as a coincidence,
because in the absence of ATP only external binding
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sites are occupied while ATP dependent calcium
uptake leads to the saturation of internal calcium
binding sites (Figs. 4 and 5). At the external calcium
concentration of 0.5 mM, when 100 nmoles/mg cal-
cium are combined with the vesicles, approximately
20 nmoles calcium/mg are bound to the external ves-
icular surface as can be estimated from Fig. 2. There-
fore, the remaining 80 nmoles calcium are confined
to the interior surface of the membranes. On account
of the relatively low affinity of the internal sites
located in the calcium transport protein [15] and in
calsequestrin [25] approximately 3040 nmoles

Ca?* - bound
n mol Ca" /mg prot.
resp tokal lipids/mgprot.

calcium/mg protein remain unliganded correspond-
ing to a concentration of soluble calcium of 5-8 mM.

The uptake of calcium in the absence of added
magnesium shown in Fig. 4(A) needs some com-
ment, since it is well established that an active trans-
port of calcium ions needs magnesium ions as acti-
vator. Evidently, the smail amount of magnesium
ions which is bound to the membranes [22] at the
usual total concentration of contaminating magne-
sium is sufficient to support a low calcium uptake
which leads during the incubation period of 2 min
to the observed accumulation.-
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medium.
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The binding of calcium by the chromaffin granule
membranes is comparatively little affected by ATP
either in the presence or in the absence of magnesium
ions (Figs. 4 and 5) (compare Figs. 4 with 2 and 5
with 3).

Magnesium binding

In contrast to calcium binding of the sarcoplasmic
reticullum membranes magnesium binding is only
slightly affected by ATP. In the absence of calcium
the addition of 5mM ATP caused a small increase
in magnesium binding. In the presence of calcium
and ATP (Fig. 5) the magnesium binding isotherm
deviated only slightly from that observed in the
absence of both ATP and calcium (Fig. 2A). Evi-
dently the competitive effect of calcium observed in
the absence of ATP (Fig. 3A) is very much reduced
in the presence of ATP because chelation of calcium
bv ATP lowers the free calcium concentration in the
incubation medium (Figs. 4 and 5).

In contrast to the sarcoplasmic reticulum mem-
branes, magnesium binding of the chromaffin gran-
ule membranes is significantly enhanced by ATP. It
produces a considerable enhancement of magnesium
binding at low as well as at high concentrations (Figs.
2B and 4B). This enhancement is largely reduced by
the addition of 5 mM calcium.

In Table 1 the values found in the log/log plot are
summarized.

The Mg ~-binding show in the SR-membranes as
well as in the AG-chromaffin granule membranes
similar exponents with a high binding capacity in
presence of ATP. The exponents increased to values
near 1.0 (linearity) in presence of Ca’* with and
without ATP.

The behaviour of Ca®* in the SR-membranes
shows in presence of ATP the active Ca**-transport
with Ca**-binding on the out- and inside of the
membranes. These values do not follow the double
log plot equation but result in a curve.

In the AG-membranes the Ca**-binding show no
similar ATP effect. The increased Mg *-binding
capacity in the AG-membranes in presence of ATP
seems not to be an ion-penetration from one side of
the membrane to the other. but is more likely due
to an ATP effect on the binding dynamics.
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DISCUSSION

The results demonstrated in Fig. 2 show that the
membranes display a binding characteristic for mag-
nesium ions which appears very similar to that for
calcium ions. However, while the binding of calcium
is not significantly affected by high concentration of
magnesium, this ion, magnesium, is displayed from
the binding sites by calcium ions. This corresponds
to the behaviour of the calcium binding sites in
troponine from which Ca®* cannot be displaced by
Mg** [36]. The low permeability of the membranes
for the ions do not allow for penetration of measur-
able amounts into the vesicles in the absence of ATP
[7.28].

The Ca**-binding curve found in the presence of
ATP are in good agreement with most results
reported in the literature. In the presence of ATP
the binding capacity of the sarcoplasmic reticulum
membranes becomes elevated and reaches 50-
100 nmoles Ca**/mg protein at a free Ca®*-concen-
tration of 0.1 mM in the solution. These Ca’*-binding
sites which combine with Ca** are mostly located
inside the sarcoplasmic reticulum vesicles and are
saturated as the result of the ATP-dependent calcium
accumulation [14]. It has remained a matter of
controversy which component of the sarcoplasmic
reticulum vesicles constitutes these calcium binding
sites [24. 25].

The observation that Mg?* does not affect the
ATP dependent calcium-accumulation has two
implications: As mentioned above the traces of Mg?*
that contaminate the membranes are sufficient to
activate ATP-dependent Ca**-translocation. The
binding of large quantities of Ca®* in the presence
of ATP, but in the absence of added Mg** clearly
indicates that Ca’* is not taken up in exchange for
Mg?*—as suggested by Tada et al. [41].

The concept of a Mg—Ca exchange also disagrees
with the fact that Mg?*-binding is not reduced under
conditions where Ca?* is accumulated. The fact that
in the presence of high concentrations of Ca®* which
elevates the level of phosphoprotein, magnesium
binding is invariant, indicates that phosphorylation
evidently does not change the magnesium affinity of
the membranes.

The chromaffin granule membranes combine with

Table 1.
SR-membranes AG-membranes
Without ATP With ATP Without ATP With ATP
Free concn. (M) Free concn. (M) Free concn. (M) Free concn. (M)
107% 10* 107* 10 10°* 107 107 10~ 107} 107 10~¢ 107
Mg*-binding Without  0.55 9 40 1.1 23 110 0.8 20 100 32 120 725
(nmoles/mg Ca?" (Exp. 0.63) (Exp. 0.66) (Exp. 0.70) (Exp. 0.78)
protein)
With 0.01 1.3 14 0.24 17 135 0.08 5 38 0.46 40 360
Ca*” (Exp. 1.03) (Exp. 0.92) (Exp. 0.89) (Exp. 0.95)
Caz’-binding Without 0.6 9 38 2.8 57 85 0.35 7 33 0.36 12 70
(nmoles/mg Mg~ (Exp. 0.59) (curve) (Exp. 0.65) (Exp. 0.76)
protein)
With 1.3 9 24 3.6 70 90 0.2 3 12 0.13 5 32
Mg?* (Exp. 0.44) (curve) (Exp. 0.60) (Exp. 0.79)
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Ca’* and Mg?" in the same concentration range as
the sarcoplasmic reticulum membranes. In general,
the chromaffin granule membranes are equipped
with nearly twice the binding sites for Mg?* than for
Ca?*. In the absence of ATP the Ca** and Mg** jons
can mutually compete for their binding sites.

In the presence of ATP much larger amounts of
magnesium were found to be associated with the
membranes. At a concentration of 0.1 mM ionized
magnesium, which corresponds to the free magne-
sium concentration in the cytoplasm, the membrane
associated amount of magnesium is increased by the
factor of 4, i.e. from 15 to 60 nmoles/mg protein.
The present results do not allow to decide if this
increase of magnesium association is brought about
by an ATP dependent binding reaction on the outside
of the membrane or by the active uptake of mag-
nesium into the vesicular lumen and also binding
inside of the membrane due to change in membrane
dynamics or permeability. In the case of the sarco-
plasmic reticulum membranes various proteins with
specific cation binding properties have been identi-
fied [32). Such a designation is not possible for the
chromaffin granule membranes. An associated bind-
ing of the lipid phase can be ignored in the binding
experiments showing that the extracted total lipids
under the same conditions bind approximately 10—
50 times less Ca** than the native membranes (at
0.1mM free concentration the sarcoplasmic
reticulum-lipids bind only 1.0 vs 70 nmoles; chro-
maffin granule membrane-lipids 0.45 vs 5.0 nmoles)
(Fig. 6).

As to the significance of calcium and magnesium
binding by sarcoplasmic reticulum membranes, its
functional involvement in the calcium concept of
excitation concentration coupling is well established.
In the less precise concept of excitation secretion
coupling a key role has also been assigned to calcium
ions. For the suprarenal gland, it is well established
that acetylcholine affects catecholamine release by
inducing an influx of calcium into the cell. It has
repeatedly been reported that calcium ions induce
catecholamine release by directly promoting the
aggregation of catecholamine vesicles with the
plasma membrane [17,44]. Such a direct calcium
effect requires the presence of calcium binding sites
on the external surface of the chromaffin granules
and/or the internal surface of the plasma membrane.
The affinity of these sites should be high and fall into
the range observed in this study.
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