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1. Introduction

The isolated vesicles of the sarcoplasmic reticulum
accumulate actively calcium from the outside solution
using the chemical energy of nucleoside triphosphates
or acyl phosphates like acetyl phosphate [1-3]. The

process of this active calcium accumulation is obvious-

ly the result of a series of reaction steps and one of
which is the formation of phosphorylated protein

[4, 5] . During the calcium uptake, the concentration
of ionic calcium inside the vesicles becomes 3000
times (or more) higher than that in the outside milieu
of thu vesicles.

Recently, it was demonstrated [6—8] that. under
specific conditions, the accumulated calcium can be
released rapidly from the vesicles and that this release
of calcium is coupled with the synthesis of ATP from
ADP and PO, in the solution. Later, the phosphoryla-
tion of ADP during calcium efflux has been reported
also by Panet and Selinger [9] although the specific
requirements for the calcium release coupled phos-
phate incorporation obviously were not recognized.

Analysis of these observations, especially the strict
stoichiometry between the calcium efflux and the
ATP synthesis, suggests that these coupled reactions
are the reversal of the active calcium accumulation
and the so called “extra ATP-splitting” by the trans-
port ATPase. In this paper, evidence is presented that

* Abbreviations:
SR: sarcoplasmic reticulum, NTP: nucleoside triphos-
phate(s), HK: hexokinase, EGTA: ethylene-glyco-bis-(8-
aminoethyl)-V, N'-tetraacetate, AcP: acetyl phosphate, L
and E ~ P: free and Phosphorykated enzyme, respectively,
Cag and Caj: calcium (concentration) in- and outside of
the vesicles, respectively.
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a phosphoprotein complex is formed as an inter-
mediate of the calcium efflux driven ATP synthesis
and that this complex is indistinguishable from that
formed during the active calcium accumulation [4. 5] .

2. Materials and methods

Preparation of SR vesicles, measurement of
calcium translocation and phosphorylated protein are
carried out as described previously [4] . Synthesized
[y*2P] ATP from ADP and [**P] orthophosphate was
converted into [*?P] glucose-6-phosphate in the
presence of glucose and HK. From the radioactivity
in the glucose-6-phosphate fraction isolated chroma-
tographically, the amount of the synthesized ATP was
calculated.

3. Results and remarks

Fig. 1 shows the typical procedure for observing
stimulated calcium efflux and ATP synthesis. The
vesicles were loaded with calcium using AcP as
energy donator in the presence of magnesium and
orthophosphate. After completion of the calcium
uptake, an excess of EGTA was added to the medium.
Chelation of the calcium ions in the solution by EGTA
results in a high and constant concentration gradient
of calcium ions across the vesicle membrane and, on
the other hand, blocks interaction between AcP and
the calcium pump mechanism [10]. However, in spite
of an extremely low calcium level in the solution,
calcium flows out from the vesicles only with a very
low rate. If 2 mM ADP are added to this system, the
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Fig. 1. Labelling of the SR-protein by [32P]orthophosphate
and reversal of the SR calcium pump. Reaction mixture con-
tains (mM) 2 AcP, 7 MgCl,, 20 orthophosphate, 100 glucose,
0.2 CaCls, 0.02 mg/ml HK and 0.5 mg/ml SR protein (pH 7).
The mixture for the measurement of the calcium translocation
was labelled with {#3Ca| CaCl, (curve ) and those for the
measurement of ATP synthesis and phosphoprotein tormation
with | ?2P] orthophosphate (curve I and 11, respectively).
During the pre-incubation time (10 min), the vesicles accumul-
ated calcium added in the medium.

calcium is released very rapidly (curve 1) and. simul-
taneously. the system synthesizes ATP from ADP and
orthophosphate (curve 11). For every two calcium ions
released from the vesicles one molecule of ATP is
synthesized. Further analysis of these phenomena
shows that the presence of calcium in the vesicles and
of orthophosphate. ADP and magnesium in the media
are essential for the specific activation of the calcium
efflux and the coupled ATP synthesis.

Hence. the tollowing reaction scheme of the sarco-
plasmic calcium pump can be written

. Mg

2 Cay + ATP + E 22— CaE~P + ADP (Eq. 1)

Ca,b~P === 2Ca;+ PO, + E (Ea. 2)
which results in the “overall’ reaction

2Ca, + ATP 22 2Ca; + ADP+ PO, (Eq.3)

It is obvious that the reverse reaction can take place
only in the presence of all reaction products and the
activator of the reaction -- magnesium.

During and after the accumulation of calcium,
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Iig. 2. Phosphoprotein formation in SR membrane in the
absence of energy rich phosphoryl substrate. The SR vesicles
(0.5 mg/ml) are incubated for 1 hr in a medium containing
(mM) 20 histidine, 5 |32P] orthophosphate, 100 KCL, 3 CaCl,,
100 glucose, 7 MgCl,y and 0.02 mg HK per ml (pH 7). At )
61 min 15 sec. 10 mM EGTA was added. The EGTA solution
used is alkalized previously to neutralize the proton liberated
trom EGTA at neutral pH. Immediately after the addition of
EGTA. phosphoprotein is formed in a signiticant amount and
disappears slowly (curve I). Subsequent addition of 2 mM
ADP causes a rapid drop of the phosphoprotein level (curve
I} leading to the ATP synthesis (curve 111,

orthophosphate in the medium is incorporated into
the vesicle protein (fig. 1. curve ). The amount of
the phosphoprotein in the membrane increases after
the EGTA addition usually up to 30%. The phospho-
protein obtained is stable at acidic pH. decomposed
easily in the presence of hydroxyl-amine at pH 5.3,
and vanishes promptly after the ADP addition (curve
{11). The properties of this phosphoprotein are identi-
cal with those of the phosphoprotein which is formed
by the y-phosphate transfer from NTP to the mem-
brane protein during active calcium accumulation.

These observations lead to the assumption that the
phosphoprotein formed under the described conditions
is an energy rich phosphate compound — possibly an
acyl phosphate. It is formed as the resuit of the
reversal of Eq. 2. Subsequently, ADP addition leads to
dephosphorylation of the complex (Eq. 1) resulting in
an ATP synthesis.

The reaction scheme implies that the phospho-
protein is formed from PO, and E independently of
the presence of energy rich phosphate compounds.
The experiment illustrated in tig. 2 shows that this is
actually the case. The vesicles were incubated for
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Fig, 3. ATP-synthesis by SR membrane in varied calcium con-

centrations. Reaction mixtures consist of the same components

as described in fig. 2 except the concentration of calcium

added. After 120 min incubation, together with 2 mM ADP.

6 mM EGTA is added to the mixtures containing 0 and

2 mM calcium, and 12 mM EGTA to the mixture containing

4 mM calcium. § min later, the reaction is stopped by the

addition of perchloric acid and the amount ot sy nthesized

ATP is determined by measuring the glucose-6-phosphate

tormed in the system.

120 min in media containing magnesium, [ *2P] ortho-
phosphate and calcium, but no NTP or AcP. During
this incubation time, in all likelihood, the calcium
concentration inside the vesicles has become equal to
that in the solution. If an excess of EGTA is added to
the system, a significant amount of orthophosphate is
incorporated into the vesicle protein. The formed
phosphoprotein is stable at acidic pH and sensitive to
hydroxylamine. It disappears instantaneously after
addition of ADP leading to the formation of ATP from
ADP and orthophosphate in the media. Obviously, the
phosphorylation has the same properties as all other
phosphoproteins described [4, 5]. The amount of
ATP synthesized atter EGTA addition increases when
the calcium concentration in the incubation media is
raised (fig. 3).

These observations show clearly that the condition
required for the formation of the energy rich phos-
phoprotein in the reverse process is not the high cal-
cium ion concentration in the vesicles itself but the
gradient of the calcium concentration across the mem-
brane. Obviously, the energy tor the formation of the
energy rich phosphate bond in the membrane can be
supplied by the osmotic energy of the calcium ions.
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If one assumes the standard free energy of the
phosphate bond formed in the SR protein to be 7000
cal and translocation of two calcium ions to be requir-
ed for one molecule ATP synthesis (see fig. 1). the
ratio Ca;/Ca, should be higher than 6000 in order to
phosphorylate 50% of the active sites in the membrane
Under the conditions given in fig. 2, the ratio Ca;/Ca,
after the EGTA addition is ~20,000. Hence, ample
energy is available.

The simplicity of the experiments presented
demonstrates clearly that the SR membrane
possesses a mechanism which converts osmotic energy
of ions directly into the chemical energy independentl
of any high energy substrate.

The experimental results described in this paper
have been presented at the 39. Meeting of the German
Physiological Society in Erlangen, April 1972 and
partially at the Meeting of “International Conference
on Biological Membranes™ at Gargnano, Italy, June
1971.
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