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1. The Ca® bound actively in the presence of ATP by sarcoplasmic reticulum isolated from
rabbit skeletal muscle is released by Zn?*+ (or Cd?*) as well as by phospholipases A or C and by
trypsin. Zinc ions also release Mg+ and are taken up passively by the reticulum membranes,
whereas phospholipases A and C and trypsin release only the actively bound Ca2+.

2. Phospholipase A, and to a smaller extent phospholipase C and trypsin, increase the passive
cation-binding capacity of reticulum. Thus, concurrently with the loss of selectively bound Ca?*
caused by these agents, there is an increase in the passively bound Mg?+. The increase in the passive
cation-binding capacity of reticulum induced by phospholipase depends on the presence of the
splitting products of phospholipids, since their removal when digested reticulum is washed with a
2.5%/, albumin solution decreases the binding capacity to about 509/, of the original value.

3. When Ca?*t, Mg?* or Sr?t is bound passively by reticulum, the ratio of H* released to
either of these divalent cations bound, expressed in terms of nequiv H+ released per nequiv di-
valent cation bound is about 1.0, but when Zn?+ is taken up, the ratio H+/Zn?+ is only about 0.5,
which suggests that some of the Zn2+ is bound at sites that do not release H+ or bind Ca?+.

4. After lipid extraction with 909/, acetone, the cation-binding capacity and H+ release are
decreased to about 409/, of the original values. This effect is particularly evident between pH
values of about 6.0 and 8.0. The apparent passive Ca?+-binding affinity is not affected by the lipid

removal.

A fundamental problem in Ca?* storage by sarco-
plasmic reticulum is whether Ca?t uptake involves
mainly a transmembrane transport with accumula-
tion of free Ca+ within the vesicles [1—3]} or whether
the accumulated Ca?+ is stored bound to the reticular
membranes [4,5]. The early studies in this field dealt
with the accumulation of Ca?* by the reticulum on
the explit or implicit assumption that all Ca?* is
transported across the membranes and retained
intravesicularly as free Ca?t [1,2]. More recently,
we presented evidence that the bulk of the Ca?*
accumulated in the absence of precipitating agents
remains bound to the membrane [4]. Therefore, in
studying the mechanism of release of the Ca?+ which
triggers the activity of the contractile elements of
the muscle cell, the prime event in the release of
accumulated Ca?* may be the dissociation of Ca?*
from the reticular membranes rather than an in-
crease in the permeability of the vesicular membranes
to Ca?t as suggested by other investigators [6—10].

Enzymes. Phospholipase A (EC 3.1.1.4}); phospholipase C
(EC 3.1.4.3); trypsin (EC 3.4.4.4).

Experimentally it is difficult to distinguish
between the two mechanisms of Ca2+ release since a
particular agent which augments the rate of libera-
tion of Ca?t by reticulum could act conceivably by
either or both mechanisms. Nevertheless, the concept
that substances which increase the release of Ca?t+
by reticulum do so by increasing the permeability
of the membranes is currently more acceptable since
most studies have been performed in the presence of
oxalate which retains the Ca?* intravesicularly in
insoluble form. It is unlikely that the substances
tested (e.g. phospholipase, trypsin, and fatty acids)
would alter significantly the solubility constant of
calcium oxalate, so that it appears reasonable to
assume that these substances alter the membrane
permeability. However, such interaction with the
membrane might not be limited to modifying its
permeability properties; the caticn binding groups
of the membranes and their affinity and capacity
for Ca2?+ may also be affected.

In the absence of precipitating agents, a more
physiological state, we find that at least 80°/, of the
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Ca?+ accumulated is adsorbed to the reticular mem-
branes [4]. Therefore, it is of interest to determine
whether agents which release Ca?* from reticulum
have a direct effect on the ability of the membrane
components to bind Ca2+. This study shows that
phospholipase A and trypsin affect the binding sites
of the reticular membranes. Either enzyme causes
the loss of Ca?*-binding selectivity, but increases the
total passive cation-binding capacity of the mem-
branes. Membranes which have lost most of their
phospholipids have a Ca’t-binding capacity less
than 500/, of the normal value. Furthermore, H* is
released concomitantly with the passive binding of
the cations studied (e.g., Ca2t, Mg?t, Sr2t, Zn?+ and
K+), which indicates that the binding occurs at
anionic sites.

METHODS
Preparation of Biological Material

Sarcoplasmic reticulum was isolated from rabbit
skeletal musele as described previously {11] except
that when the presence of KClI and buffer were to be
avoided the last wash was carried out with 0.25 M
sucrose and the reticulum was finally resuspended
in 0.25 M sucrose. Extractions of the phospholipids
were performed with 909/, acetone and ammonia as
described by Fleischer et al. [12].

Measurements of the Binding
of Cations by Sarcoplasmic Reticulum

The uptake of calcium by sarcoplasmic reticulum
was measured either after ATP added to the medium
had been hydrolyzed and the reticulum had been
washed with 0.25 M sucrose, or the measurements
were made in reticulum which had taken up Ca2t
passively, ¢.e. in the absence of ATP.

When ATP was used to “load” the reticulum with
Ca2+, 0.2 mM of the nucleotide were added to the
suspension and the hydrolysis of the ATP was allowed
to proceed. It was found that at the concentrations
of reticulum normally employed (1.0—1.2 mg/ml
medium) essentially all ATP was hydrolysed in about
10 min. The medium employed for this ‘“‘active”
uptake of Ca?* contained imidazole, 20 mM at
pH 7.0; MgCl,, 5 mM; CaCl,, 0.15 mM ; sarcoplasmic
reticulum, 1.0—1.2 mg/ml. The reaction was initiated
at 22 °C by the addition of ATP to a final concentra-
tion of 0.2 mM. At various periods after the addition
of ATP, 10 ml portions of the suspension were centri-
fuged at 105000xg for 30 min. The pellets were
resuspended in 10 ml 0.25 M sucrose at 0—4 °C and
centrifuged as before. The pellets and internal walls
of the tubes were then rinsed with distilled water and
finally were resuspended in 6.5 ml of water. Analyses
for the various cations and for protein were then
performed on this suspension. The concentration
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Fig.1. Effect of imidazole at pH 7.0 on the passive uptake of

Ca*t+ and Mg*+ by sarcoplasmic reticulum. The medium con-

tained 10 ml of imidazole solution maintained at pH 7.0

with a Radiometer pH stat and 200 uM each of CaCl, and
MgCl,.@, Ca?t; x, Mg+

of the various cations was measured by atomic
absorption spectrophotometry as described previous-
ly [4].

It was previously shown that the cations retained
by the sarcoplasmic reticulum under these conditions
are bound at binding sites of the membranes and
that the Ca?+ uptake releases an equivalent amount
of Mg?+ from the membranes so that the total amount
of cations retained by the membranes is constant [4].
Therefore, this system is ideal to study the effect of
the drugs and other substances that may normally
affect the binding of Ca2+ (and other cations) by the
reticulum. Furthermore, it permits us to distinguish
between the effects of the various substances on Ca®+
fluxes across the reticular membranes which have
been studies by others [6—9,13—15], and the direct
effect of the substances on the release of bound Ca?+
or other cations associated with the membranes.
Since the ATP added is hydrolysed within 10 min, any
Ca?*+ transport ceases at this time, and, thus, the
effects studied are strictly on the release of the bound
cations retained under the condition of our experi-
ments.

The passive binding of cations was studied at
22 °C in a medium containing 5 mg of reticulum pro-
tein suspended in 10 ml of 0.25 M sucrose. The pH of
the medium was controlled with a Radiometer pH
stat in the absence of added buffer. Imidazole, which
commonly has been used as a buffer, competes with
the reticulum for the Ca?t and Mg?t in the medium,
and, thus, the apparent binding affinity of the reti-
culum for Ca?* is much depressed in a medium con-
taining imidazole (Fig.1). Therefore, the experiments
on the passive binding of cations by reticulum were
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carried out in the absence of imidazole. After adjust-
ing the pH to the desired value, the cations were added
with a syringe microburet and the liberation of H+
from the reticulum induced by the cations was cal-
culated from the KOH needed to neutralize the H+
liberated. The total volume of solution of cations
(100 mM) plus solution of KOH (10 mM) usually
did not exceed 200—300 pl.

The suspensions of the reticulum were equilibrat-
ed for 10 min and then were centrifuged at 105000 x g
for 30 min, the supernatants were collected, the pel-
lets and internal walls of the tubes were rinsed with
distilled water, and the pellets were resuspended in
6.5 ml water. Analysis for cations and protein were
then performed on this suspension as in the case of
active described above.

The concentrations of free cations and the pH
were determined in the supernatant solutions and
corrections for the amount in the trapped fluid of
the pellet were made. These corrections usually were
negligible since the amount of cations in the trapped
fluid represented a negligible percentage of the total
cations bound to the protein of the pellets.

Determination of the Effect of Phospholipase, Trypsin,
Zinc and Cadmium on the Release
of Cations by Sarcoplasmic Reticulum

These studies are those whose results are sum-
marized in Fig.3—5. The enzymes or the heavy
metal cations (Zn?*+ or Cd?+) were added to the reti-
culum suspensions after Ca?+ had been taken up
actively in the presence of ATP and all the ATP had
been hydrolyzed. Therefore, any loss of Ca2+ induced
by the test agents under these conditions, reflected
an effect of the agents on the release process. The
measurements of the Ca?* retained by the reticulum
before or after the addition of the test agents were
made after the reticulum had been centrifuged and
washed once with 10 ml 0.25 M sucrose. Under these
experimental conditions the Ca?* retained is in the
bound form. This binding occurs at the expense of
Mg?+, K+ or H* from the binding sites of the mem-
branes [4].

For the experiments whose results are reported
in Fig.5, the reticulum was pretreated with phospho-
lipase A or with trypsin in a medium containing
0.25 M sucrose at a pH value maintained at 7.0 by
a Radiometer pH stat. The ratio of phospholipase A
or trypsin to reticular protein was about 1:100 and
the reaction was carried out for 60 min. The phospho-
lipase A is much less active in this medium than it is
when Ca?* is present, but even is the absence of Ca2*
we could obtain hydrolyses of about 759/, of the
phospholipids of the membranes as estimated from
their phosphorus content before and after hydrolyses
and washing with 2.59/, albumin solution (Table 1).
After treatment with the enzymes the reticulum was
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Fig.2. Exchange of Ca** for Mg*+ and vice-versa during active
uptake and release of Ca*+ by sarcoplasmic reticulum. The
reticulum (2 mg/ml) was placed in medium containing 20 mM
imidazole at pH 7.0, 5 mM MgCl,, 20 mM KCl, and 0.15 mM
CaCl, and allowed to equilibrate for 10 min. Before the addi-
tion of 0.2 mM ATP (open symbols), 10 ml samples were
taken and centrifuged at 105000 X g for 30 min and the pel-
lets were washed once with 0.25 M sucrose. The bound Ca2+
and Mg?+ retained under these conditions is represented by
the points at zero time at which point ATP was added. The
bound cations were again measured as before at various
times after the addition of ATP (filled symbols). In each case,
the reticulum was washed with 0.25 M sucrose at 0—4 °C to
remove free cations before measuring the cations retained.
All ATP added was hydrolysed within 10 min. &, Mg?*;
o, Ca2t

resuspended in 0.25 M sucrose (1 mg protein/ml) at
0—4 °C and centrifuged. The pellets were collected
and resuspended in 0.25 M sucrose at 5 mg protein/ml
before the material was used in the experiments.

RESULTS

Effect of Zn** and Cd?*+ on the Release of Ca Bound
Actively by Sarcoplasmic Reticulum

As Ca?t is bound “actively’ by sarcoplasmic reti-
culum it replaces Mg2+ and other cations previously
bound to the membranes [4]. Fig.2 shows the ex-
change of Ca®t for Mg?t, and that a large fraction
of the bound Ca?* is retained by the membranes for
periods up to three hours after all ATP has been
hydrolysed. When the loaded reticulum was left in
the original medium which contained 5 mM Mg2+there
was a gradual exchange of the Ca?* bound for Mg?*
from the medium (Fig.2). An exchange of Ca’t for
bound cations other than Mg2t (i.e. K+ and H*) also
occurs, but we did not measure this exchange in the
experimental results reported here, since Mg?*+ was
the predominant bound cation before the uptake of
Ca?*. Some exchange of Ca?+ with the other bound
cation accounts for the deviation from the nearly 1:1
exchange between Ca?t and Mg?** observed previ-
ously [4].
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Fig.3. Release of bound Ca?+ from sarcoplasmic reticulum by
Zn?t and Cd*t. The experimental conditions are identical
to those described in the legend of Fig.2, except that at 1 h
after the addition of 0.2 mM ATP, 0.125 mM ZnCl, or CdCl,
were added to the medium. Samples were then centrifuged
at various times, the pellets were washed with 10 ml 0.25 M

Since the Ca?*+ and Mg?+ remain bound for relative-
ly long periods after all ATP is removed from the
medium, it is possible to study the effect of various
agents on the release of these cations. Fig.3A and B
shows the effect of 0.125 mM Zn?* or Cd?+ added to
reticulum which had been actively loaded with Ca?+
by adding 0.2 mM ATP. Fig.3A depicts the Cat
content of the reticulum whereas Fig.3B depicts its
Mg?+ content. It should be emphasized that, under
the condition of the experiments, the cations retained
by the reticulum are in fact bound at binding sites,
as was established in other detailed work reported
previously 14].

Zinc on cadmium ions greatly increase the rate
of release of bound Ca?+ by the reticular membranes.
At the moment that Zn?t or Cd?*+ was added, the
reticulum contained about 150 nequiv Ca2?t bound
per mg of protein, whereas immediately after the
addition of the heavy metal cations the Ca?+ content
of the reticulum dropped to about 60, and subsequent-
ly to 30, nequiv/mg protein (Fig.3A). The bound
Mg?+ was also decreased from 160 to about 80 nequiv/
mg protein (Fig.3B). Concurrently, the reticulum
membranes bound about 190 nequiv Zn?*/mg protein
so that the displacement of bound Ca2+ plus Mg+ was
nearly equal to the uptake of Zn?+. However, it
will be shown in another section that, at least under
certain conditions, Zn?t also binds to sites that
normally do not bind Ca?t or Mg?*.

Effects of Trypsin and Phospholipases on the Release
of Ca?t Bound Actively by Sarcoplasmic Reticulum

The experiments reported here show that tryp-
sin, or phospholipases A or C, decrease the bound Ca?+
retained by the membranes of the reticulum after it
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sucrose at 0—4 °C and the bound cations were measured.

(A) Effect of Zn2+ or Cd3+ on Ca?t binding. A, Zn2?+ bound;

@, Ca?+ bound ; [, Ca®* bound after addition of Zn2+; x, Ca2+

bound after addition of Cd?+. (B) Effect on Mg?*+ binding,

A, Mg?* bound; O, Mg?t bound after addition of Zn%*+; X,
Mg?+ bound after addition of Cd2+

has been loaded actively in the presence of ATP
(Fig.4A and B). The enzymes were added 20 min
after the ATP, so that sufficient time was allowed
for complete hydrolysis of the nucleotide before
adding the enzymes. Either of the phospholipases or
trypsin decreased the Ca?+ bound to a value about
equal to that observed before the addition of ATP
(Fig.4A). The surprising observation made in these
studies was that the Mg?+ bound by the reticulum
was very much increased by the enzymes; in the case
of phospholipase A, the increase in Mg?* binding was
from about 90 to 180 nequiv/mg protein (Fig.4B).
Trypsin consistently had a qualitatively similar
effect on the Mg?*+ binding, and phospholipase C,
which reduced the Ca?t binding, had only a small
effect on the Mg?*+ binding (Fig.4B).

Considering that in these experiments we measur-
ed only the cations bound to the membranes, the
results indicate that the enzymes tested have essen-
tially two effects. Firstly, the specificity of the Ca**
retention induced by ATP is destroyed which results
in the loss of the bound Ca?+ which is displaced
competitively by the Mg?*. Whether this represents
an increased permeability of the membrane to Ca2+
or a direct effect of the enzymes on the binding sites
is discussed in another section. Secondly, phospho-
lipase A or trypsin, in addition to destroying the
specificity of the membranes for Ca?+, also increases
the number of binding sites accessible to the cations
in the medium. Since in these experiments the
cations in the medium are mostly Mg?+ (3—5 mM), it
is the binding of this cation which is observed to
increase, but we have evidence that Ca?* also has
access to these binding sites. This is demonstrated
by the results of the experiments reported in the next
section.
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Fig.4. Release of bound Ca*t by phospholipases A and C by
irypsin. The experimental conditions were identical to those
described in legend of Fig.2, except that at 20 min after the
addition of 0.2 mM ATP, phospholipases A and C, and tryp-
sin or trypsin plus trypsin inhibitor were added to the medium.
Phospholipase A or trypsin present was 1 mg/60 mg reticulum
protein, phospholipase C, 1 mg/10 mg and trypsin inhibitor,
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times, the pellets were washed with 10 ml] of 0.25 M sucrose
at 0—4°C, and the bound cations were measured. (A) Effects
of the enzymes on Ca’* binding; @, Ca?* bound; [J, with
trypsin and trypsin inhibitor; A, with trypsin; A, phospho-
lipase A; X, phospholipase C. (B) Effect on Mg?t binding;
®, Mg?*+ bound; [, with trypsin and trypsin inhibitor; A,
with trypsin; A, with phospholipase A; x, with phospho-
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Fig. 5. The effect of pretreatment of sarcoplasmic reticulum with
phospholipase A or trypsin on the passive binding of Ca?t and
the release of H+*. Sarcoplasmic reticulum was treated with
phospholipase A or trypsin as described in the text. In some
cases the reticulum treated with phospholipase was washed
with 2.5%/, albumin solution. Before the reticulum was used
in these studies it was washed with 0.25 mM sucrose (1 mg

Effects of Trypsin or Phospholipase A
on the Passive Binding of Ca®>*, Mg*t and Zn?t
by Sarcoplasmic Reticulum

In these experiments we tested whether trypsin
or phospholipase actually increases the number of
binding sites of the reticulum membranes as postulat-
ed above. The passive uptake of Ca?+ and the conse-
quent release of H+ was measured at a pH value of
7.0 in a 0.25 M sucrose medium in the absence of
ATP. Fig.5A and B depict the results obtained and

Free Ca* (iLM)

protein/ml) at 0—4 °C. The experiments were carried out in

5 mg reticulum protein suspended in 10 ml 0.25 m sucrose

at 22 °C. The pH was maintained constant at a value of 7.0

by a Radiometer pH stat. (A) Ca?* binding; (B) H* release.

O, control; X, trypsin; A, washed with 2.5%/;, albumin;

o phospholipase A; A, phospholipase A and washed with
2.5%/, albumin

show that either enzyme greatly increases the passive
binding of Ca?t and the corresponding release of H+.
This effect was not observed if the membranes treat-
ed with phospholipase A were subsequently washed
with 2.5°/; albumin (Fig.5A).

Treatment with phospholipase A (about 1 mg/
100 mg membrane protein) reduced the phosphorus
content of the reticulum (mg P/mg protein) to about
759/, of the original value, whereas one washing with
albumin solution of the treated membranes further
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Fig.6. Passive binding of Ca?t and Mg*t by sarcoplasmic
reteculum. Reticulum (5 mg) was suspended in 10 ml of 0.25 M
sucrose at 22 °C and the pH was maintained at a value of 7.0
with the aid of a Radiometer pH stat. The Ca%t or Mgt
were then added to the medium while the pH was maintained
constant. After an equilibration period of 10 min, the suspen-
sion was centrifuged, and the cations in the supernatant solu-

Table 1. Effects of phospholipase or trypsin on the phosphorus
content of sarcoplasmic reticulum isolated from rabbit skeletal
muscle, and the effect of washing the reticulum with albumin

Treatment Phosphorus content
wmol/mg protein
None 0.60
Washed with 2.59/, albumin 0.62
Digested with phospholipase A 0.45
(1 mg /100 mg reticulum)
Digested with phospholipase A and 0.14
washed with 2.5%/, albumin
Digested with trypsin 0.87

(1 mg/100 mg reticulum)

reduced this value to about 23°/, (Table 1). After
washing with albumin, the Ca?*-binding capacity
of the membranes was reduced to about 509/, of the
original value. Thus, it appears that the retention in
the membranes of the products of hydrolysis of the
phospholipids is essential for the increased Ca?*-
binding capacity of the membranes caused by the
treatment with phospholipase A (Fig.5A).

Treatment of the reticulum with trypsin (1 mg/
100 mg of membrane protein) increased the phospho-
rus content of the membrane, if it is expressed in
terms of mg P/mg protein, by about 15/, and there
was also an increase in the Ca?*-binding capacity
{nequiv/mg protetn) of the treated membranes
(Fig.5A). This apparent increase in Ca?*-binding
may result because of the increase in the phospho-
lipid content of the membrane material which is
collected after the digestion with trypsin.

Cations bound {nequiv/mg protein)

(0]
20 40 60 80 100
Free Mg?* (LM)

tions and the pellets were analysed as described in the text.

The amount of KOH delivered to maintain the pH value

constant was used to calculate the pH* released by the

reticulum membranes as a consequence of the addition of

Ca2* or Mg?+ to the medium. (A) Only Ca?++ was added to the

medium. (B) only Mg?* was added. ®, Ca®+; X, Ca?++Mg?t;
A, Mg?t; O, ‘intrinsic’ Mg?t; A, “intrinsic” Ca?+
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O 20 40 60 80 100
Free Sr2*(uM)

Fig.1. Passive binding of Sr*+ and “intrinsic” Ca*t and Mg**+

by sarcoplasmic reticulum. The experimental conditions were

identical to those described in the legend of Fig.6, except

that Sr?* was added instead of the Ca?+ or Mg?t utilized in

the experiments whose results are depicted in Fig. 5. O, Mg?+;
A, Ca?t; @, Sr¥t; X, Sr*+ 4 Ca?t 4- Mg+

Relation between Passive Cation Binding
and H+ Release by Sarcoplasmic Reticulum

Fig.6 and 7 summarize the relation between the
concentration of the free cations and their binding
by the membrane. Since the isolated membranes
normally contain about 50 equiv of Ca?t and 15 nequiv
of Mg?+ bound that can not be removed by washing
repeatedly with 0.1 KCl, it is difficult to estimate the
relative affinities and capacities of the membranes
for the various cations. As indicated in Fig.7 the
“intrinsic”’ Ca?* plus Mg2+ occupy a significant frac-
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Fig.8. Release of H* from sarcoplasmic reticulum by binding
of Ca*+, Mg*+, 8r*+, and K+, The H+ released at a pH value of
7.0 was measured with a Radiometer pH stat. The conditions
for these experiments were those described for legends of

tion of the total number of binding sites available
in the membranes. Thus, from the results depicted
in Yig.6 and 7, the affinity of the membranes for Sr2+
or Mg?+ a priori appears to be lower than the affinity
for Ca?+. However, this conclusion is not necessarily
correct because of the inherent difficulty of measuring
binding of one cation in the absence of other cations,
since some Ca?t and Mg?* are released to the medium
and compete for the binding sites with the other
cations being studied. For example, in Fig.6B in
which we attempted to measure the affinity of the
membranes for Mg?+, we see that in addition to free
Mg+ in the medium we have a variation in the
concentration of free Ca?t from 0.9 uM before Mg2+
was added to 4.7 uM when the free Mg?+ was 100 pM.
This increase in Ca®* in the medium is caused by the
release of bound Ca?* as the Mg?" is bound by the
reticulum.

The total binding capacities (Ca2t + Mg?* or Ca?+
+ Mg?+ 4 Sr2+) are about the same in all cases, i.e.
about 250 nequiv/mg protein as determined from the
data summarized in Fig.6 and 7. In these experi-
ments saturation was not reached, and previous
experiments indicate that the maximal binding
capacity of the reticular membranes at high concen-
tration (1—10 mM) of the free cations is of the order
of 300—350 nequiv/mg protein [4].

In Fig.8A, a plot of the H* released at various
concentration of each of the cations indicated is
shown. The same amount of H+ is released for a
given concentration of each of the three divalent
cations tested. This suggests that probably there is
little difference in the affinity of the reticulum
membranes for the cations and that the apparent
differences encountered in Fig.6 and 7 reflect, in
fact, the problems inherent in measuring the affini-

33 Eur. J. Biochem., Vol.27

" 0
100 200 300 400
Cations added
{nmol /mg protein)

Fig.6 and 7. In the computation of the ratio nequiv H+

released/nequiv Ca?t+ bound (B), the “intrinsic” Ca?+ of the

membranes was subtracted from the total bound Ca*+
meagured. A, or A, Mg; (3, Sr; O,or @, Ca; X, K

ties as was discussed above. Potassium ions, which we
showed previously to be bound much less strongly
than the divalent cations, are here shown to be much
less effective in displacing H+ from the membranes
of the reticulum.

The ratio of the H+ released to cation bound is
shown in Fig.8B. When expressed in nequiv H+ per
nequiv cation bound, the ratio is nearly one at con-
centrations of the divalent cations in the medium
above 100 nmol/mg protein. At the lower concentra-
tion of the cations, there is usually considerable varia-
tion in the ratio, but it appears to be higher than one.
These ratios were calculated after subtracting the
intrinsic Ca?* or Mg?* bound to the membranes and
were determined at pH about 7.0. As will be seen
later, the ratio depends very much on the pH of the
medium.

The binding capacity of the membranes for Zn?+
is higher than that for Ca?t, Mg?t, or Sr3+ (Fig.11).
In agreement with this it was found that the Ht
release induced by Zn?* is also more pronounced
than that caused by the other divalent cations. Thus,
the maximal H+ release by Zn?** is usually 300 to
400 nequiv/mg protein, whereas Ca2*, Mg?t or Sr?+
release only about 150 nequiv/mg of protein at satura-
tion. The evidence points to the existence in the
membrane of binding sites that bind Zn?*+, but not
the other divalent cations, at least at the concentra-
tions of cations utilized in these studies. Fig.9 shows
that after Ca?*, at a concentration of 500 pM, has
caused nearly its maximal effect on the H* release,
the addition of Zn?+ causes further release of H,
which suggests that Zn?* interacts with dissociable
sites that do not interact with Ca?+. However, Zn2+
also competes with Ca?+ for the sites which bind Ca?*
since Zn?+ displaces bound Ca?* as is shown in Fig. 9.
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Binding of Cations
by Lipid-Free Sarcoplasmic Reticulum

The phosphorus content of washed reticulum
membranes is about 0.60 pmol/mg protein, whereas
after extraction with acetone and ammonia [12] the
phosphorus content is reduced to 0.061 ymol/mg
protein. The binding capacity of the lipid-free
membranes for Ca®**, Mg2t, Sr?+ and Zn?*+ is lower
than the binding capacity of the membrane before
extracting the lipid. Fig.10 summarizes the effect
of extracting the lipid on the binding of Ca?t and
Mg+ and Fig.11 shows the effect on the binding of
Zn?%*,

The data show that the binding of Ca?*+ or Mg?*+
(and Sr?+, data not shown) is markedly depressed
by the lipid extraction. At a concentration of free
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after addition of Zn
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Ca?t or Mg?+ in the medium of 100 uM, the mem-
branes before and after the lipid extraction approach
saturation, however, the Ca?* or Mg?*-binding capa-
city of the reticulum membranes after lipid extraction
is lower by about 100—150 nequiv per mg protein
than before lipid extraction.

The depression in the Zn?*+-binding caused by
the lipid extraction is of the same order of magnitude
of that observed for Ca?*+ and Mg?t, but the Zn?*-
binding capacity of the reticulum is about twice as
high as its Ca?* or Mg?*-binding capacity, so that
even after the lipid extraction there are about 400
nequiv Zn?t taken up per mg protein as compared
to a maximum Ca?t. or Mg?t.binding of about
100 nequiv/mg protein (Fig.10A and B).
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Fig.11. Passive binding of Zn* and release of H+ by sarco-
plasmic reticulum before and after extraction of lipid with 90°/,
acetone and ammonia. The experiments were carried out as
described in the legend of Fig.6, except that Zn%* was added
instead of Ca’* or Mg?*+. The results represented by dashed
lines were carried out with reticulum whose lipid had been
extracted with 900/, acetone [12]. ®, O, Zn bound; 4, A, H¥
released; X, H* released/Zn%*+ bound
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It appears, therefore, that about 60°/, of the Zn%*+-
binding, or about 400 nequiv/mg protein, is not
bound to the lipids of the reticulum membrane since
it still occurs after lipid extraction. In contrast,
only about 409/, of the maximal Ca%*-, Mg?- and
Sr?>+-binding to isolated reticulum is observed after
lipid extraction.

Fig.12 shows the dependence of the binding of
Ca2+ by the membranes before and after lipid extrac-
tion on the pCa of the medium at pH 7.0. Both curves
show an inflection point at a pCa value of about 5,
which suggests that the extraction of lipid does not
affect the Ca?t-binding affinity of the membranes.
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Fig.12. Comparison of the affinity and maximal binding

capacity of the sarcoplasmic reticulum for Ca®* before and after

the lipid of reticulum is extracted with 90°/, acefone and ammo-

nigz. The passive binding of Ca’+ by 5 mg of reticulum in

10 ml of a 0.25 M sucrose at 22 °C, pH 7.0, was measured
before (@) and after (O) lipid extraction
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It might be a mere coincidence that the membrane
material remaining after lipid extraction has about
the same affinity for Ca?+ as the lipoprotein complex
before lipid extraction.

Release of H+ by Lipid-Free Sarcoplasmic Reticulum

The passive binding of cations by sarcoplasmic
reticulum causes a release of H+ which is pH-depen-
dent (Fig.13 and 14). There is an optimum pH value
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Fig. 14. Effect of pH on the passive binding of Zn*+ and on the

release of H* by sarcoplasmic reticulum before (®, A) and after

(O, A) its lipid was extracted with 90°/, acetone and ammonia.

The experimental conditions were identical to those described

in the legend of Fig.12, except that Zn?* (0.25 Mm), instead

of Ca?*, was present in the medium. @, O, Zn bound; A, A, H+
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Fig.13. Effect of pH on the passive binding of Ca®*t and on the
release of H+ by sarcoplasmic reticulum before and after its
lipid was extracted with 90°/, acetone and ammonia. Sarco-
plasmic reticulum before and after its lipid was extracted [12]
was resuspended in 10 ml of 0.25 M sucrose solution at 22 °C
and the pH value of the medium was adjusted with either
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was added to the medium so that the final concentration was
0.28 mM. The H* release by the sarcoplasmic reticulum caus-
ed by the addition of the Ca?* was automatically titrated.
The suspension was then centrifuged and the Ca?t binding
was measured in the pellets as described in the text. (A) Re-
sults obtained with reticulum before lipid extraction; (B) re-
sults after lipid extraction. @, O, Ca?*t bound; A, Ao, H+
released
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for H* release at about 7.0. The pH optimum is
the same before and after the lipid extraction when
Zn?%* is added to the medium, but appears to shift to
a value of about 7.5 when the cation added to the
medium is Ca%*t. Furthermore, the Ca?+-binding
reaches a plateau at a pH of 7.0—8.0, whereas the
binding of Zn?+ continues to increase as the pH of
the medium is increased. These results were observed
before and after the lipid had been extracted from
the reticulum membranes (Fig.13 and 14).

At pH values above 7.0—8.0, there is a pronounc-
ed decrease in H+ release by the membranes, probably
because at these higher pH values all the onizable
groups of the membranes have released their H+.
Therefore, it is expected that those cations which are
bound exclusively at these anionic sites of the
membranes will be bound maximally at the pH values
at which there is maximal release of H+ and that no
further binding should occur at higher pH values.
This appears to be the case for Ca?t+ (Fig.13) (and
Mg?+ or Sr?t, data not shown), but is not the case
for Zn?+ since the binding of this cation continues
to increase even at the high pH values where there
is decreased H+ release (Fig.14). Therefore, the in-
crease in pH may have an effect on Zn%*+-binding
other than simply decreasing the competition of H+
with Zn?+ for the binding sites of the membranes.

The ratio of H* released to Zn%*t bound before
and after lipid extraction is shown in Fig.11. The
ratio is approximately 0.5 nequiv H+ released/nequiv
Zn*+ bound, as compared to 1.0 for the ratio H*
released/Ca?* bound (Fig.8).

DISCUSSION

Our results indicate that the fraction of Ca2+
bound by the isolated sarcoplasmic reticulum can
be released by Zn?*+, Cd2+, phospholipases A and C
or by trypsin. A significant fraction of the Ca?*
selectively bound in the presence of ATP remains
bound for periods over 3 h after all ATP is hydrolys-
ed, and as the Ca?* is gradually released into the
medium from which it was picked up, Mg?* is taken
up. If the medium contains 0.25 M sucrose, the Ca?*
is not released. In detailed work reported earlier [4]
we showed that the fraction of Ca?* retained by the
reticulum under the conditions of our experiments
was bound at binding sites previously occupied by
Mg2+ or other cations. Therefore, the results of the
present studies indicate that bound Ca?*t can be
mobilized from the membranes by agents (e.g. phos-
pholipase and trypsin) whose effects on Ca?* release
have been assumed to be caused by an increase in
the permeability of the membranes to Ca?t so that
free intravesicular Ca®* would flow easily across the
membrane [6,9]. Our studies do not exclude that such
an effect may also occur, but they show that some of
the Ca?* released from sarcoplasmic reticulum comes
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from binding sites in the membranes. It is not known
whether these binding sites are on the interior or
exterior of the vesicles or both.

The observed increase in passive cation binding
caused by phospholipase A, probably represents an
exposure in the membranes of new anionic sites
capable of binding cations. These anionic sites
probably are present in the fatty acids and lyso-
lecithin derived from the phospholipids since removal
of these substances by washing the reticulum prepa-
ration with a 2.5%, albumin solution depressed the
cation binding capacity of the membranes to a value
about 509/, that of the original preparation (Fig.5A).
These results also suggest that the phospholipids of
the membranes account for a relatively large cation-
binding capacity of the membranes.

Recent results obtained by Fiehn and Migala [16]
confirm that phospholipase A does increase the pas-
sive Ca?t.binding capacity of reticulum membranes
at the higher free Ca?*+ concentrations. These workers
further studied whether vesicles which had been
made leaky by one of various techniques bound Ca**
in the presence of ATP and Mg?* to the same extent
as intact vesicles. They concluded that, since the
disrupted vesicles invariably did not accumulate Ca**
selectively, the function of ATP is in fact to promote
transmembrane transport of Ca2?+ rather than to
induce selective binding of Ca?+ at membrane-binding
sites as proposed by other workers [4,5]. We have
obtained similar results in our laboratory, but have
considered that this type of evidence is not conclu-
sive in deciding between the two mechanisms of Ca?*
uptake. We do not know, for example, that in the
process of making the membranes “leaky”, we do
not alter the structure of the membrane so that the
Ca?*.binding selectivity can no longer be induced by
ATP. Certainly, the present studies on the effect of
phospholipase A on the binding capacity of the reti-
culum membranes show that the passive binding
capacity of the membranes is affected, so that it is
conceivable that the presumably more unstable
selective Ca?t-binding affinity of the membranes
may be damaged by agents which disrupted the vesi-
cles.

The passive uptake of Ca?+, Mg?*+ or Sr*+ by reti-
culum (Fig.6 and 7) is a rapid process which occurs
faster than we can measure, and the amount of the
cation bound does not change significantly when the
vesicles are ruptured by sonication or by other means
[16, (unpublished observation)]. This suggests two
possibilities. Firstly, if binding sites are located on
both sides of the membranes of the vesicles, we must
conclude that the membranes are very permeable to
the cations which, therefore, have immediate access
to all binding sites. Alternatively, the membrane are
impermeable to the Ca?+ and disruption of the vesicles
does not increase their passive binding capacity
because all binding sites are located on the external
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side of the membranes. MacLennan and Wong [14]
reported recently the isolation of a Ca?+-sequestering
protein{calsequestrin) from sarcoplasmic reticulum
which binds up to 970 nmol Ca?+ per mg protein.
The protein is solubilized quantitatively by deoxy-
cholate, but is not released from sarcoplasmic reti-
culum by sonication or by extraction with 3.5 M NaBr.
On the basis of these findings, these workers suggest
that the protein is hydrophobically bonded on the
interior of the sarcoplasmic reticulum membranes.
Thus, the Ca?* would have to be transported into the
interior of the vesicles before it would be bound
[4,14,15].

Following the hydrolysis of the phospholipids
and the removal of the products (fatty acids and lyso-
lecithin), the Ca?*-binding capacity of the reticulum
membranes invariably decreased to about 50°/, of
the original value (Fig.5). This suggests that cal-
sequestrin probably is not the sole Ca%*-binding
agent in reticulum. Furthermore, our findings are
not in agreement with the results reported by Fiehn
and Migala [16] who obtained no apparent alteration
in Ca?t+-binding capacity after treating the reticulum
with phospholipase A and removing the splitting
products. This discrepancy arises because Fiehn and
Migala studied the passive binding of Ca?* in the
presence of 5 mM MgCl,, 40 mM KCl and 20 mM histi-
dine, whereas our medium contained only 0.256 M
sucrose. Consequently, we obtain a much higher
binding, particularly at the lower free Ca?+ concentra-
tions; for example at a pCa of 4 about 200 nequiv Ca2+
are bound per mg protein, whereas they report a
binding of 20— 30 nequiv Ca/mg protein. Apparently
the Mg?*+ and K+ complete with the Ca2+ for the bin-
ding sites. Furthermore, as shown in Fig. 1, imidazole
also depressed the Ca?t binding by the reticulum.
It appears, therefore, that because of the low value
of Ca?+ uptake and the rather large scattering of the
points, the effect on Ca?+ binding of depleting the
membranes of phospholipids could not be detected
by these investigators.

Cohen and Selinger [20] found that phospho-
lipase C has no effect on passive Ca?t binding by
sarcoplasmic reticulum. However, the results report-
ed by these workers show a maximal Ca?*-binding
capacity of only 50 nmol Ca?* per mg protein as
compared to 150—175 nmol Ca?+ normally obtained
in our laboratory. Trypsin has also been reported
to inactivate the specific Ca?* binder of sarcoplasmic
reticulum accounting for about 5 nmol Ca%+ per mg
protein. This amount is too low to be detected in our
experimental system in which we measured the
effect of trypsin on the total Ca%*-binding capacity
of sarcoplasmic reticulum. Under these conditions,
trypsin appears to increase the Ca?t-binding capacity
(Fig.5A).

More recently, Chevallier and Butow ]21] reported
the presence of two specific passive Ca?t-binding
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sites with a total binding capacity of about 140 nmol
per mg protein, whereas the nonspecific Ca?*-binding
capacity is reported to be 850 nmol per mg protein.
These values are much higher than have been found
by other workers [4,18,20], and cannot be accounted
for by the endogenous Ca?t which is only about
20—30 nmol per mg protein [4], although Chevallier
and Butow [21] reported values of 500 nmol per mg
protein.

Further evidence that lipids, in addition to calse-
questrin, are important in the passive uptake of
Ca?t, as well as Mg?t and Zn?+, was obtained with
lipid-free membranes prepared by extracting the
lipids with 909/, acetone in the presence of ammonia
[12]. Invariably, the depression of the binding of
the cations caused by this treatment was accompanied
by a parallel decrease in H* release (Iig.10—13)
which suggests that anionic sites exist both in the
lipid and in the other chemical components of the
membranes,

The anionie groups involved in the Ca?* binding
dissociate as the pH value of the medium is increased
from about 5 to about 7, which suggests that groups
with pK values in this range interact with Ca2t,
whereas calsequestrin, which has a high capacity for
Ca2t, has a high content of aspartic and glutamic
acids whose dissociable groups have pK values
outside of this range. Our studies on the pH-dependent
binding of Ca2+ suggest that the imidazole group from
proteins (possibly calsequestrin) and the phospho-
lipid fraction of sarcoplasmic reticulum, probably
play a role in passive Ca?t binding by sarcoplasmic
reticulum. We show in these studies that imidazole
does in fact interact with Ca?* (Fig.1), and other
studies [19] suggest a similar conclusion. It should
be noted that MacLennan [14] also found that the
binding of Ca?*+ by calsequestrin falls sharply as the
pH falls below 7.5. This would suggest that the
carboxyl groups of the protein may not be important
in Ca?+ binding, since alteration in the pH value in
the range of neutral is not expected to affect the de-
gree of dissociation of the carboxyl groups of glutamic
and aspartic acids.

In view of the large capacity of the sarcoplasmic
reticulum membranes for Ca?*', and considering
that the Ca?t taken up selectively in the presence
of ATP and the absence of a precipitating agent is
retained in the membranes mostly in the bound
form [4], it is compelling to consider seriously the
role that the bound Ca2?* may play in regulating the
concentration of cytoplasmic free Ca?+. Furthermore,
it is no longer expedient to disregard the large frac-
tion of Ca?* bound to the membranes when formulat-
ing the concept of the molecular mechanisms of
Ca?* translocation across the membrane of the sarco-
plasmic reticulum.
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