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Abstract. In contrast to the sodium-potassium transporting plasma membranes, 
the sarcoplasmic membranes (SR) are highly specialized structures into which 
only two major intrinsic proteins, a calcium transporting protein and a calcium 
binding protein are embedded. The calcium transporting protein is a highly 
asymmetric molecule. It binds two calcium ions with a very high affinity at its 
external, and two calcium ions with low affinity at the internal section of the 
molecule. ATP is bound with high affinity to an external binding site, inducing a 
conformational change. When the vesicular membranes are exposed to solutions 
containing Ca ++, Mg ++ and ATP, ATP is hydrolyzed and simultaneously calci- 
um ions are translocated from the external medium into the vesicular space. 
When calcium ions are translocated in the opposite direction, ATP is synthe- 
sized. The calciumATP ratio for ATP cleavage as well as for ATP synthesis 
is 2. Thus, the SR membranes can transform reversibly chemical into osmotical 
energy. Inward and outward movements of calcium ions are relatively slow 
processes connected with the appearance and disappearance of different 
phosphorylated intermediates. One phosphorylated intermediate is formed 
by phosphoryltransfer from ATP when calcium ions are present in the 
medium. In contrast, when calcium ions are absent from the external medium, 
two different intermediates can be formed by the incorporation of inorganic 
phosphate. Only when calcium ions present in the internal space of the vesicles 
are released, the incorporation of inorganic phosphate gives rise to an inter- 
mediate whose phosphoryl group can be transferred to ADP. 
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Energy requirement of calcium transport - Stoichiometry of calcium transport 
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Performance and Properties of Ion Transport Systems: 
Natrium-Kalium Transport Versus SR Calcium Transport 

The osmotic and ionic balance in eucaryotic cells is essentially maintained by 
membrane bound ion transport systems. The most important representatives are 
the sodium-potassium and the calcium pump. The existence of an active transport 
mechanism for sodium ions was first demonstrated by Krogh [27], and evidence for 
the involvement of potassium ions was given by Harris [ 13]. The coupling between 
the energy yielding reactions of the cell and the vectorial movement of sodium and 
potassium ions across the cell membrane was controversal until 1960, when Cald- 
well et al. [4] and Dunham and Glynn [5] demonstrated that the sodium-potassium 
pump is fueled by energy rich phosphate compounds. The capacity of the sodium- 
potassium pump is especially high in membranes of kidney, salt glands and brain. 
Osmoregulation on the one hand, and the maintenance of excitability on the other 
hand, require permanently active and intense ion transport systems. 

The existence of a special active transport mechanism for calcium ions was first 
evidenced by Gilbert and Fenn [11] for muscle tissue. Shortly later, membrane 
structures able to accumulate calcium ions using ATP as energy donator were dis- 
covered in sceletal muscle by Hasselbach and Makinose [18]. These membranes 
which were isolated as a fraction of microsomes were soon recognized as vesicular 
fragments of the sarcoplasmic reticulum (SR) [14]. SR membranes are characterized 
by a very high degree of specialization. They are intracellular structures by which 
muscle activity is regulated [7, 17]. During excitation calcium is liberated from 
special regions of the SR and to inactivate the contractile system the liberated cal- 
cium ions must be removed quickly and completely by the elaborated membrane 
network surrounding the myofibrils. During muscle activity, approximately 2 
~moles Ca ++ �9 s -1 have to be reabsorbed by the membranes present in 1 g of muscle. 
More recently, a second calcium transport system was discovered [3, 36]. It is 
located in the plasma membrane and exchanges calcium ions for sodium ions. The 
energy for calcium extrusion is furnished by the osmotic energy of the sodium 
gradient maintained by the Na-K pump. Since the system cannot be studied in vitro 
its properties will not be discussed in the present context. Still another calcium 
transporting system will be excluded. It is the ATP dependent calcium pump in the 
membranes of the erythrocyte discovered by Schatzmann [38]. Its activity is very 
low and preparations of erythrocyte ghosts filled with TP and calcium have to be 
used for its analysis. 

Table 1 illustrates some features of the working conditions of the sodium-potas- 
sium and the calcium transport system in vivo. The sodium-potassium pump main- 
tains concentration ratios in the order of 30 across the plasma membrane at rela- 
tively high absolute concentrations for both ions. Even in the resting tissue the 
sodium binding sites at the internal and the potassium binding sites at the external 
surface of the membranes are nearly fully saturated. Consequently, the pump works 
with full speed. Obviously, in most cells the sodium-potassium pump has to work 
against a considerable leak in the membranes. 

The concentration ratio maintained by the sarcoplasmic calcium pump and the 
sodium-calcium exchange system in the plasma membrane approaches 10,000. In 
the resting muscle the calcium activity is very low so that the pump works with less 
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T a b l e  1. Performance and properties of Na-K and SR Ca transport 
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Steady state Na-K pump 

Na + K + 

internal external internal external 

SR Ca pump 

Ca++ 

internal external 
(myo- 
plasma) 

Concentration (mM) [17] 5 a 

Apparent affinities 1 
at the internal Km and the 
external Km membrane sur- 
face (mM) [35, 8, 23] 

Number of binding sites 3 
per transport and unit 
[35, 8] 

Molecular weight 
of transport unit 
[24, 28, 15] 

Lipid requirement 
[21, 41, 42] 

ATP binding sites 
moles/105 g [24, 34] 

Phosphorylation sites 
moles/105 g [24, 31, 34] 

1 4 0  a 1 3 0  a 4 a 1--10 b 5 . 1 0  -Sb 

110 35 0.1 3 . 1 0  -1 3 . 1 0  -4 

2 -- 2 2 (?) 

a) 96,000 100,000 
b) 50,000 130,000 

phosphatidylcholin 75 fatty acid 
residues/105 g 

0.4 0.3--0.7 (?) 

0.7 0.3-0.7 (?) 

a Internal and external erythrocyte compartments 
b Ca-concentration in the internal space of the SR and the myoplasma, respectively 

than 1% of its maximum activity. In the resting muscle the backflux of calcium into 
the myoplasma across the SR membranes as well as across the plasma membranes 
is very small. 

Sodium-potassium and calcium transport differ not only with respect to their 
affinities for the respective ions but also for the affinity of the energy furnishing 
substrate ATP. Furthermore, in different cells the activity of the sodium-potassium 
pump related to the unit surface area differs considerably. For instance, the squid 
axon membrane displays an activity which is 1000-fold higher than that of the 
erythrocyte membrane. The maximum transport activity of the sodium potassium 
pump and of the calcium pump of the SR membranes are of the same magnitude 
when related to unit membrane area. Since the purified transport enzymes are char- 
acterized by very similar maximum turnover numbers, one must conclude that in the 
SR and in the squid axon membrane the density of the transport units must also be 
very similar. 

Classical objects for studying ion transport are the squid axon and suspensions 
of erythrocytes which allow to measure ion fluxes across the membranes and to 
monitor changes in the extra- and intracellular ion concentrations (c.f. 12). New 
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aspects emerged when methods were introduced which allowed to manipulate repro- 
ducibly the internal composition of the squid axon as well as of the erythrocyte with 
respect to ions and energy furnishing substrates like ATP [43]. Both preparations, 
however, are not well suited for studying the chemical events connected with the 
transport processes. Firstly, it is quite combersome to supply the cytoplasmic sur- 
face of these cells with ATP or to change the ion concentration in their internal 
space, and secondly, the proteins which are specifically involved in ion translocation 
can be isolated from both preparations only in minute quantities. Therefore, those 
preparations do not allow to study simultaneously transport and transport chem- 
istry. A new approach in transport chemistry was initiated by Skou [39] who dem- 
onstrated that in membrane fragments isolated from kidney and brain an ATP 
cleaving enzyme was present which needs for optimal activity the simulaneous pres- 
ence of sodium and potassium ions at concentrations as they are required for active 
sodium-potassium transport. In the following, these membranes were used to study 
the sodium-potassium dependent reactions leading to ATP hydrolysis. However, the 
various chemical events cannot be correlated to ion transport since the fragmented 
membranes although of spherical shape never formed tightly sealed vesicles as it is 
required to study ion translocation. Recent attempts to incorporate membrane frag- 
ments or solubilize membrane constituents into fight liposomes could not overcome 
the described difficulties [21]. Most important for the development of a coherent 
scheme of the sodium-potassium transport proved to be the finding that the specific 
and potent inhibitor of the sodium-potassium transport in living cells, ouabain, sup- 
presses the sodium-potassium ATPase of fragmented membranes with the same ef- 
fectiveness. 

Structural Features of SR Calcium Pump 

In contrast to the fragmented plasma membranes the isolated fragments of the SR 
form tightly sealed vesicles of mostly correct sideness. Isolated SR membranes are 
the only preparation which allows to study in vitro ion transport and its chemistry 
simultaneously. 

Approximately 3 mg of SR protein can be isolated from 1 g of rabbit skeletal 
muscle which corresponds to approximately 10,000 cm 2 of membrane area, SR 
membranes isolated from skeletal muscle are contaminated only by traces of cyto- 
plasmic and mitochondrial enzymes. Even the activity of the ubiquitous adenylki- 
nase is very low. The membrane consists of 65% protein and 35% lipid [1, 16]. The 
most prominent lipid compound is phosphatidylcholin characterized by high content 
of unsaturated fatty acids [9]. The protein matrix contains two major proteins, the 
calcium translocase (80%) [15, 28] and a calcium precipitating protein .(calseques- 
trin) [22]. The relevance of other minor protein constituents is questionable. The 
calcium translocase has two high affinity binding sites and probably two low affinity 
calcium binding sites which face the external and the internal space of the vesicle, 
respectively [8]. The presence of high affinity sites for ATP and ADP has been 
deduced from binding and labeling studies. For the enzymatic function of the cal- 
cium translocase, the calcium dependent splitting of ATP and probably also for the 
ion translocating function the translocase molecule must be embedded in a fluid lipid 



Sarcoplasmic Calcium Pump 47 

matrix. It is provided by approximately 70 unsaturated fatty acids by the same 
number of lysolecithin molecules [41] or 35 phosphatidylcholin molecules [42] 
which correspond to approximately 50% of the phospholipid content of the mem- 
brane. The translocase is a highly asymmetric molecule as evidenced by its high 
intrinsic birefringence in the membrane perpendicular to the plane of the membrane 
[40]. 

ATP Dependent Calcium Binding Versus Calcium Transport 

When ATP, magnesium and calcium ions are added to suspensions of SR mem- 
branes, calcium is rapidly removed from the solution. An essential prerequisite for 
calcium removal is the presence of vesicular membrane structures. When open frag- 
ments are used calcium remains in the solution. Furthermore, when the permeability 
of the membranes for calcium is increased either by detergents or by calcium iono- 
phores, calcium taken up by the vesicles is rapidly released. Consequently, it can be 
excluded that the ATP dependent uptake of calcium is brought about by an ATP 
dependent binding of calcium to the membranes [29]. Calcium storage leads to an 
increase of the total calcium concentration inside the vesicles to approximately 
10 mM. 

Energy Requirement of SR Calcium Transport 

However, the concentration of soluble calcium as well as its activity inside the 
vesicles can only be guessed because the properties and the amounts of both the 
internal calcium binding sites of the membrane and the calcium binding protein are 
not well known. When, however, the medium is supplemented with anions which can 
form insoluble calcium salts and can permeate through the membranes, calcium and 
the respective anion are taken up together and calcium precipitates are formed in the 
internal space of the vesicles. Naturally, the concentrations of calcium and of the 
anions must be adjusted to such values that their ion product does not exceed the 
solubility product in the solution. Under these conditions the energy required for 
calcium translocation can be determined at every moment. That is because after the 
formation of calcium precipitates inside the vesicles the activity product in the inter- 
nal space is identical with the solubility product of the precipitating anions and, 
furthermore, the decline of the ion product in the external space can be followed 

Ca i �9 A i L 
analytically. At steady state the ratio of the ion products 

Ca 0 �9 A o Ca 0 �9 A0 
approaches 3,000-10,000 which corresponds to an energy requirement of 
4,000-5,000 calories for the uptake of 1 mol of calcium salt. 

The Stoichiometry of the SR Calcium Transport 

As a result of calcium precipitation the internal calcium activity remains low and 
constant and, therefore, the rate of calcium efflux becomes very low. During the 
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initial phase of calcium uptake the influx exceeds calcium effiux considerably so that 
the latter can be neglected. As long as net uptake of calcium occurs ATP is split 
concomitantly very rapidly. For every 2 calcium ions transported into the vesicles 1 
molecules of ATP is hydrolyzed. This stoichiometry holds not only for ATP but also 
for other substrates which are consumed by the pump as ITP, other NTPs, acetyl- 
phosphate or pNPP. In agreement with the calcium transport ratio of two the de- 
pendence of calcium transport and ATP splitting on the concentration of ionized 
calcium is characterized by a Hill coefficient of 2 [31]. 

Osmoehemical Energy Intereonverslon 

The high efficiency of the accumulation process indicates that the passive efflux of 
calcium across the sarcoplasmic membranes must be very slow. In fact, when cal- 
cium loaded vesicles are exposed to solutions containing EGTA the observed release 
rates remain far below 1% of the uptake rate. Both lipids and protein contribute to 
this low calcium permeability. The high resistence of the lipid matrix for calcium 
breaks down and calcium evades rapidly when the lipid matrix is disturbed by low 
concentrations of detergents or when calcium ionophores are incorporated into the 
membrane [37]. The role of the calcium translocase molecules as a gate for evading 
calcium clearly emerges when Barlogie et al. [2] showed that the slow rate of release 
is accelerated 10-50-fold on addition of phosphate and ADP to the EGTA contain- 
ing release medium. The finding that ADP together with phosphate could induce a 
fast calcium release indicated that the sarcoplasmic calcium pump could possibly 
run in the reverse direction. In fact, the ADP-P~ induced release proved to be con- 
nected with a net synthesis of ATP. For two calcium ions released one molecule of 
ATP is synthesized [32]. Thus, in SR membranes an energy interconversion can most 
easily be demonstrated and since the external and the internal concentration of 
calcium as well as the concentration of the reaction constituents ATP, ADP and 
phosphate are known the energetic conditions of the process are well defined. 

Transport Intermediates 

In contrast to the hydrolysis and synthesis of ATP connected with proton transloca- 
tion in mitochondrial, chloroplast and bacterial membranes the nucleotid dependent 
movement of sodium and potassium and of calcium ions gives rise to the appearance 
of phosphorylated intermediates in the membrane. However, due to the inability to 
correlate phosphorylation and transport in the sodium-potassium transporting mem- 
branes, membrane phosphorylation has been questioned repeatedly as being a true 
step in the reaction sequence [44]. Only the SR calcium transport system allows to 
correlate directly and quantitatively ion translocation and phosphoryl transfer. With 
respect to the various similarities between calcium and sodium-potassium transport 
direct evidence obtained for the participation of a phosphorylated intermediate in 
calcium transport indirectly support the concept that the observed phosphorylated 
compounds in the sodium-potassium transporting membranes are also true transport 
intermediates. The transport protein in the SR membranes can be phosphorylated by 
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A T P  as well as by  inorganic phosphate  [30, 33]. In the forward running mode of  the 
pump A T P  is the phosphate  donor  while in the reverse mode the protein accepts 

inorganic phosphate.  
Since in the SR membranes  the t ranslocase comprises 80% of  the total  mem- 

brane protein the yield of  phosphoprotein  is very high. 3 - 4  nmoles of  phosphate  are 
incorpora ted  under s teady state condit ions per mg of  protein which corresponds to 
approximate ly  one phosphoryla t ion side in every second t ranspor t  molecule. When  
the pump runs forward,  the phosphoryl  transfer react ion starts with the binding of  
magnes ium-ATP to high affinity binding sites (Km --- 3 ~M) [34]. The initial step in 
the reverse reaction is the binding of  phosphate  (Km = 0.3 mM) in the presence of  
magnesium ions. The phosphoryl  transfer from A T P  is specifically act ivated by  
magnesium und calcium ions and proceeds very rapidly [10, 20]. The phosphoryl  
residue is either hydrolyt ical ly  split or it is transferred back  to A D P  giving thus rise 
to an A T P - A D P  exchange react ion [19]. Both reactions proceed only when magne- 
sium and calcium ions are present simultaneously. The level of  phosphoprotein  as 
well as the rate of  calcium translocation,  the rate of  A T P  hydrolysis  and the rate of  
exchange react ion exhibit an identical dependence on the free calcium concentrat ion 
in the medium [31]. The parallelism between A T P - A D P  exchange react ion and 
calcium t ranspor t  provided direct and first evidence that  the phosphoprote in  is a true 
intermediate and not  an artefact  formed during protein denaturat ion by  acid quench- 
ing. The kinetic analysis of  protein formation presented by  Froehlich and Taylor  
[10] revealed that  the stable intermediate is t ransformed into an acid label species 
prior  to the l iberation of  inorganic phosphate.  The assumption that  in the forward 
react ion phosphoryla t ion  preceeds ion t ranslocat ion agrees with the fact that  identi- 

Table 2. Decay of SR phosphoprotein and ATP formation of sonicated SR membranes a 

EP-level ATP formation after 
nmoles/mg 

2 s 2 min 

Before addition of EGTA 0.6 - - 

2 s after addition of 2 mM EGTA 1.6 - - 

2 s after addition of ADP 
0.05 mM 1.3 0.1 0.3 
5 mM 0.4 0.2 0.5 

2 s after addition of Ca ++ 
6 mM 0.3 -- -- 

2 s after addition of 6 ~aaM Ca ++ 
+ 0.05 mM ADP or 0.3 -- -- 
+ 5 mM ADP 0.4 0.1 0.2 

a Hasselbach and Bell (unpublished results) 

Sonicated SR vesicles were incubated in a solution containing 5 mM MgC12, 5 mM K-phosphate (azp), 
pH 6.0, and I mM APsA P-P-di(adenosine-5'-)pentaphosphate. E-P formation was initiated by the 
addition of 5 mM EGTA = ethyleneglycol-bis (2 aminoethyl)-N-N' tetraacetic acid. Subsequently the 
indicated additions were made. E-P was determined after acid quenching. ATP formed from ADP by 
3zP i incorporation was measured in the aqueous extract by scintillation counting after removing phos- 
phomolybdate complex with benzene isobutanol 
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cal phosphorylated intermediates are formed irrespective of  the ability of  the prepa- 
ration to store calcium. Since in the reverse mode of  the pump Pi incorporation is 
preceeded by ion translocation, the ability of  the preparation to store calcium must 
be preserved. However, even when open vesicular fragments are exposed to calcium 
free solutions at pH 7.0 a small quantity of  inorganic phosphate is rapidly incorpo- 
rated into the transport protein. Monovalent salts, A D P  and ATP compete effectiv- 
ely with this reaction and the intermediate rapidly equilibrates with phosphate in the 
medium (25, Hasselbach and Beil, unpublished results). This latter property is rather 
difficult to reconcile with the existence of  an acylphosphate bond. Most important, 
all attempts to transfer the phosphoryl group to A D P  were unsuccessful. It has been 
reported that the sudden application of  high concentrations of  A D P  together with 
high concentrations of  calcium ions result in the formation of  a small amount of  
ATP.  When the experiments are performed with sonicated membrane fragments in 
the presence of  powerful myokinase inhibitor APsA, only traces of  ATP were slowly 
formed (Table 2). The phosphorylated intermediate disappears rapidly what, how- 
ever, does not require the simultaneous presence of  A D P  and calcium. We, therefore, 
must conclude that the phosphoprotein formed when calcium is removed from open 
membrane fragments does not give rise to the formation of  a useful phosphate 
bound. A phosphate intermediate is formed with complete different properties when 
phosphorylation is performed under conditions which correspond to the reverse 

Table 3. Properties of the phosphorylated intermediates formed from Pp 

Prope~ies Phosphoprotein formed 

Without calcium With calcium 
gradient (E-P)  gradient (E~P) 

Acid stability + + 

Calcium sensitivity (Km) 0.5 ~M 0.3 ~M 

Substrate affinity (20 ~ C) 
H2PO ~ (Km) 10 mM 0.3 mM 

Competing ions 50% inhibition 
C1- 0.3 M no competion 
ADP 0.05 M - 
ATP 0.05 M 0.1 

Heat of formation 48 000 KJ/mol > 12000 KJ/mol 

Rate of formation pseudo first order rate constant 30 s -1 0.3 s -1 
(10 ~ C) 

Sensitivity of Ca ionophores none + 

ADP-phosphate donor none + ADP Km 2 ~M 
pH. 7.0 

a Hasselbach, Beil and Rauch (unpublished results) 

3 E-P was formed as described in the legend of Table 2 mostly from native SR vesicles. E~P was 
formed from SR vesicles loaded with Ca-phosphate in solutions containing 5 mM phosphate (32p), 
5 mM Mg, and 0.5 mM acetylphosphate for 20 min at 25~ E~P formation was started by the 
addition of 5 mM EGTA 
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mode of  the calcium pump, i.e. when calcium is removed from vesicles loaded with 
calcium. The propert ies  of  two phosphoryla ted  intermediates are compared  in Table 
3. The apparent  affinity of  the system for P~ increases considerably when a gradient  
exists. The competit ive effect of  monovalent  ions has disappeared and the enthalpie 
change is s trongly reduced. A t  10 ~ C the rate of  formation can easily be measured.  
When  the calcium gradient  is des t royed by  the addition of  an ionophore,  the gradient  
dependent  EP disappears  while the considerably smaller gradient  independent frac- 
tion remains.  The gradient  dependent  intermediate can momentar i ly  be transferred 
to A D P  giving rise to an A T P  burst  followed by  a continuous A T P  formation. Apa r t  
from the many  distinct differences between the two phosphoryla ted  intercompounds,  
one impor tant  feature is common to both intermediates.  They are character ized by 
the same high calcium sensitivity. At  p H  7.0 none of  them is formed in the presence 
of  calcium concentrat ion in the system higher than 1 ~M. Therefore, it seems 
suggestive to assume that  the slow formation of  calcium gradient  dependent  phos- 
phoryla ted  intermediate is preceeded by  the rapid formation of  the gradient  
independent  species. 
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Discussion 

S. L. Bonting 
Dept. of Biochemistry, University of Nijmegen, 
Nijmegen, The Netherlands 

During this conference considerable attention has been given to the possible 
role of calcium as an intraceUular transmitter in the photoreceptor process (see in 
particular the presentations by M. Chabre, J. J. Korenbrot, and J. E. Brown). In 
view of still existing uncertainties and lack of factual information, it is good to look 
at other biological systems. 

It then becomes apparent that calcium plays an intracellular transmitter role in 
several systems. First of all there is the role of calcium in "stimulus-secretion cou- 
pling" (Douglas, 1968) in various secretory systems, like hormone stimulation of 
enzyme secretion by pancreas and salivary gland. Secondly, there is the role of 
calcium in muscle contraction (Ebashi and Endo, 1968). Thirdly, calcium appears to 
function in presynaptic nerve terminals in the release of transmitters upon depolari- 
zation (Blaustein et al., 1972). 

In all these cases there is a basic similarity in the system. The resting cytoplas- 
mic free Calcium concentration is very low, of the order of 10 -6 M. There are 
intracellular stores: mitochondria or more specialized structures, like sarcoplasmic 
reticulum in muscle and presumably rod sacs in rod photoreceptors. The organelles 
acting as calcium stores possess an active calcium uptake system. In addition, there 
appears to be an active calcium extrusion system in the plasma membrane. The two 
systems maintain the low resting concentration of Ca 2+ in the cytoplasm. When the 
cell is excited or stimulated, calcium ions are released from the store to the cyto- 
plasm. The increased cytoplasmic calcium concentration triggers the particular pro- 
cess, whether muscle contraction, enzyme secretion or visual excitation. Afterwards 
the cytoplasmic calcium concentration is brought back to its low resting level by 
reuptake into the storage organelle and by extrusion across the plasma membrane, 
although the latter process appears to be rather slow. 

The best studied calcium transport system is that of the sarcoplasmic reticulum. 
Therefore, it is good to have a presentation on this subject by Dr. Hasselbach, who 
has contributed greatly to our knowledge of this system. In order to relate this 
information to our understanding of what happens in the rod outer segments a 
comparison of similarities and differences between the two systems is in order. 
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Similarities between sarcoplasmic reticulum and rod sacs are: 
1. both are closed structures, 
2. both have inward Ca 2+ transport ,  
3. both release Ca  2+ to the cytoplasm upon stimulation. 
Differences are: 
1. the major  and best  unders tood membrane  protein in sarcoplasmic reticulum is 

the Ca  2+ pump;  in rod sacs rhodopsin,  which may  function as the release system 
rather  than the pump system, 

2. in the sarcoplasmic reticulum all pump molecules work in parallel, while in 
rod sacs o n e  rhodopsin  molecule is sufficient for excitation (calcium release?), the 
others being there merely to confer the required high sensitivity to the system. 

3. the rod sacs have a far narrower  lumen ( ~  20 A) than the sarcoplasmic 
reticulum, which may  give a much greater role to calcium binding in the storage 

process.  
A compar ison  of  a number  of  properties of  the Ca  2+ t ranspor t  mechanisms in 

sarcoplasmic reticulum and in rod sacs (Bonting and Daemen,  1976; Schnetkamp,  
Daemen,  and Bonting, to be published) is given in the table. 

Table. Comparison of transport system 

Sarcoplasmic reticulum Rod sac 

Translocation yes 

ATP requirement yes 

Inhibitors: 
oligomycin no 
ruthenium red yes 
lanthanum ion yes 
ouabain no 

Ion effects: 
Na + external no 
Ca 2+ external exchange (only with ATP) 

System Ca-Mg ATPase 

yes  

yes (for net uptake) 

n o  

no (little) 
n o  

n o  

inhibits uptake, speeds efflux 
exchange (also without ATP) 

"Ca-Na exchange carrier" 
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