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A (Ca 2+, Mg2+)-ATPase activity and a (Ca 2+, Mg2+)-dependent phosphorylation from ATP have been found in 
plasma membrane fragments from squid optical nerves under conditions where contamination by intracellular 
organdies is unlikely. The properties of this (Ca 2+, Mg2÷)-ATPase activity are almost identical to those of the 
ATP-dependent uncoupled Ca 2+ efflux observed in dialyzed squid giant axons. This gives further support to the 
notion that the mechanism responsible for maintaining the low levels of ionized Ca concentration in nerves at 
rest is not a Na+-Ca 2+ exchange system but an ATP-driven uncoupled Ca 2+ pump. 

There is presently a controversy as to how nerve 
cells manage to maintain an exceedlingly low [Ca~ +] 
against very large electrochemical Ca 2+ gradients. It 
has been proposed that the responsible mechanism is 

+ 2+  a Nao-Cai countertransport, where the energy 
derived from the Na + electrochemical gradient (which 
favours net Na ÷ gain) is used to expel Ca 2+ out of the 
cells (for review see Ref. 1). Although a passive Na +- 
Ca 2+ exchange is supported by experimental evi- 
dences obtained in cells with high [Ca~+], it cannot 
account for a series of data recently obtained in 
axons with normal levels of [Ca2+). Thus, in squid 
axons with physiological [Ca2+), Ca efflux is almost 
completely insensitive to external Na +, Ca 2+ and Mg ~+ 
[2-5] ;  in addition, ATP appears as an absolute 
requirement to promote an efflux of Ca 2+ above the 
leak levels and to keep the balance of Ca 2÷ fluxes [5]. 
This ATP-dependent uncoupled Ca 2+ efflux is also 
present at high Ca~ + concentrations [5], and can be 
demonstrated in the absence of any ionic gradients 
[6]. This has lead to the suggestion [5,6] that nerve 
cells possess an ATP-driven Ca2+-pump mechanism 

which is responsible for maintaining a large electro- 
chemical gradient for [Ca 2+] under resting conditions. 
If this latter hypothesis is true, it should be possible 
to demonstrate a CaZ+-dependent ATPase activity in 
plasma membrane isolated from squid nerves. In addi- 
tion, the properties of  that ATPase should resemble 
those of the ATP-dependent Ca ~+ transport in intact 
cells. The experiments we report here indicate that 
plasma membrane fragments isolated from fibers of 
the squid optical nerve do have a (Ca z÷, Mg2+)- 
ATPase activity. The apparent affinities of this 
enzyme for ATP and Ca 2+ are the same as those ob- 
served for Ca :+ transport in dialyzed squid giant 
axons. 

The experiments were performed on membrane 
fragments isolated from the optical nerve of the squid 
Sepiotheutis sepiodea. The optical nerve was chosen 
because the giant axons do not provide with enough 
material for the assays. For similar reasons the Sepio- 
theutis sepiodea, instead of the Dorytheutis  plei, was 
selected. The optical nerve of this species consists of 
several bundles of about 1 cm length and less than 1 
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mm in diameter. Each bundle is composed of thou- 
sands of unmyelinated nerve fibers surrounded by 
one single layer of Schwann cells. The proportion of 
fibrous tissues is negligible. Accordingly, the dissected 
material has a much higher membrane area due to 
nerve fibers than to Schwann cells. Plasma mem- 
branes were isolated following the method of Fischer 
et al. [7] with modifications [8]. The usual yield was 
about 0.4 g of nerve per squid and about 1 mg of 
membrane protein per gram of nerve tissue. The 
membrane fraction I (see Ref. 8) was used through- 
out this work. The experimental evidence is consis- 
tent with this fraction being composed mostly of 
nerve plasma membrane fragments, whereas frag- 
ments derived from the Schwarm cells are present in 
the so called Fraction II [8]. The membrane frag- 
ments were stored at -70°C (5 -8  mg protein/ml) in a 
solution containing 0.78 M sucrose, 30 mM Tris-HC1, 
pH 7.4 and 1 mM EDTA. Before used the membranes 
were washed twice with 30 mM Tris-HC1, pH (20°C) 
7.4. Succinate dehydrogenase activity was assayed by 
the method of  Slater and Bonner [9] and glucose-6- 
phosphatase activity by the method of Swanson [10]. 
ATP hydrolysis was determined either from the 
release of inorganic phosphate, by a modification of 
the method of Fiske and SubbaRow [11], or using 
(7-32P).labelled ATP with isobutanol extraction of 
the 32p radioactivity. Protein was determined by the 
method of Lowry et al. [12]. The experiments were 
performed at 25°C and pH 7.4. All chemicals were 
reagent grade. 

The purity of the membrane fragments was evalu- 
ated by (1)enzymatic and (2)electronmicroscopic 
studies. (1)Three enzyme marker activities were 
assayed: glucose-6-phosphatase (endoplasmic reticul- 
urn), succinate dehydrogenase (mitochondria) and 
(Na ÷ +K*)-ATPase (plasma membrane). Glucose-6- 
phosphatase activity was below the detection limits 
of  the method and succinate dehydrogenase activity 
was less than 1% of that found in pools of purified 
mitochondria. On the other hand there was a strong 
(Na + + K÷)-ATPase activity (see Table I); this activity 
was fully inhibited by 10-4M ouabain. When 
checked, the specific activity of  the ouabain sensitive 
(Na ÷ + K*)-ATPase activity was 10.2/.tmol Pi "mg -t " 
h "t in the initial homogenate and 30.5 ~tmol Pi" 
mg -1. h "t in the final membrane fraction. The per- 
centage yield was rather small amounting to 7% of 

the activity initially present in the homogenate. The 
assays of intermediary pellets and supematants indi- 
cated that the low yield was not due to denaturation 
and/or inactivation but to an actual loss of cell mem- 
branes during the isolation procedure. (2)Electron 
microscopy: at the electron microscope (results not 
shown) we found vesicles of the type and size de- 
scribed by Fischer et al. [7] and Barnola et al. [8]. 
Also, in coincidence with their results, we found no 
indication of contamination by mitoehondria, ribo- 
somes (either free or bound) or any structure of 
fibrillar nature. On the basis of both criteria for pur- 
ity used here (see also other enzymatic tests applied 
by Fischer et al. [7]) it seems unlikely that the 
ATPase activities reported in this paper come from 
structures other than plasma membrane fragments. 

Table I summarizes the different ATPase activities 
found in membrane fragments isolated from squid op- 
tical nerves. In all the cases the values correspond to 
maximal, or near maximal, activities. The (Na ÷ + K÷)- 
ATPase represents 75% of the total, whereas the 

TABLE I 

ATPase ACTIVITIES IN PLASMA MEMBRANE FRACTION 
ISOLATED FROM SQUID OPTICAL NERVES 

The (Na + + K+)-ATPase activity was calculated as the differ- 
ence between the activity found in the presence of 50 mM 
KC1/460 mM NaC1/30 mM Tris-HC1 and that found in the 
absence of Na ÷ and K + with 510 mM Tris-HC1. The (Ca 2+, 
Mg2+)- and the Mg2+-ATPase activities were determined in 
media containing 50 mM KC1/460 mM Tris-HC1. The (Ca 2+, 
Mg2+)-ATPase was taken as the diffe,rence between the activ- 
ity observed in the presence of 0.6 mM CaC12 and that found 
with no added CaC12. In all cases the incubation media con- 
tained 3 mM ATP (Tris salt), 3 mM MgCI2 and 0.5 mM 
EGTA. Temperature was 25°C and pH 7.4, The incubation 
time lasted 0.5 h to 1 h. All activities were linear with time 
and the total ATP hydrolyzed was always less than 15%. The 
release of phosphate was determined by a modification of the 
method of Fiske and SubbaRow [ 11 ]. The number of experi- 
ments (n), carried out in triplicate, is given. 

Activity (~mol Pi 'mg -t "h-t) 

(Na ÷ + K*)- (Ca 2+, Mg2+) - Mg "+- 
ATPase ATPase ATPase 

Mean -* 
S.E. 27.3 ± 0.6 0.56 -+ 0.07 8.34 ± 0.48 
n 3 7 7 
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Mg:*-ATPase is about 23%. The (Ca ~*, Mg2+)-depen - 
dent activity is rather small (less than 2% of the total 
and about 7% of the (Na ÷, K*)-independent activity) 
but close to that reported by Robinson [13] in fresh 
rat brain microsomes, where the Ca2*-dependent 
activity was about 20% of the basal Mg2*-ATPase. 
The optimum pH of the (Ca:+, Mg:+)-ATPase was 
found between 7.3 and 8.0, with the activity declin- 
ing more markedly towards the acid than the basic 
side of the pH curve. The presence of sodium or po- 
tassium ions, tested up to 200 mM concentration, had 
no effect on the Ca2+-dependent activity. In all cases 
the ionic strength was in the range of that used in 
dialyzed squid axons. It is obvious that a difficulty of 
tb.Js work is the very small activity of the (Ca 2÷, 
Mg:+)-ATPase relative to the Mg2+-ATPase. However, 
in every single experiment performed the difference 
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Fig. 1. Activation by Ca ~+ of the (Ca 2+, Mg2+)-ATPase in 
membrane fragments of squid optical nerve. The incubation 
solutions had the following composition (mM): KCI 50; Tris- 
HC1, 450; MgCI2, 0.5; ATP-Tris, 3; and EGTA 0.5. Enough 
CaC12 was added to give the desired ionized Ca conchs., 
which were calculated from the multiple equilibria involving 
Mg, Ca, ATP and EGTA. The dissociation constants of the 
different complexes used for the computations were taken 
from estimations for our experimental conditions of pH, tem- 
perature and ionic strength (similar to those of squid axo- 
plasm). The values used were: Mg-ATP, 0.7 mM (DeWeer, 
unpublished results); Mg • EGTA, 30 mM [32]; Ca • ATP, 1.4 
mM (assuming it changes with pH, temperature and ionic 
strength in the same way as the K d for Mg. ATP); Ca- 
EGTA, 0.15 ,uM [33]. Temperature was 25°C and pH 7.4. 
The incubation time lasted 0.5 h and the total ATP hydrol- 
yzed never exceeded 15%. Phosphate was determined by a 
modification of the method of Fiske and SubbaRow [11]. 
The (Ca 2+, Mg2+)-ATPase activity was taken as the differ- 
ence between the activity in the presence and absence of 
Ca 2.. Each point is the mean -+ S.E. of three to four determi- 
nations. The total incubation volume was 1 ml. 

between both activities was highly significant. The 
errors listed in Table I are not those of a single experi- 
ment but correspond to the dispersion of the means 
of all the experiments performed. Genuine differ- 
ences between preparations seem the logical explana- 
tion for the fact that the absolute error of the Mg 2+- 
ATPase is nearly as large as the absolute value of the 
(Ca 2+, Mg2+)-ATPase. 

Fig. 1 shows the activation by Ca 2. and the (Ca 2+, 
Mg:+)-ATPase in the range from 0.1 ~M to 100 #M. 
The K1/2 for Ca 2+ from Fig. 1 is about 0.3 /.tM. The 
concentrations of Mg 2+ and ATP were non limiting. 

The effects of Mg 2+ on the Mg 2+- and the (Ca 2+, 
Mg2+)-ATPases are shown in Fig. 2. Between paren- 
thesis in the insert of the Figure are the values for 
free Mg 2. and the Mg • ATP concentrations. The dif- 
ferent Mg 2+ requirements for both ATPases is strik- 
hag. For the Mg2+-ATPase saturation is not reached 
even at 500/.tM total MgC12 (experiments not shown 
indicate that the KI/: is about 1-2 mM) whereas for 
the Ca2+-dependent component (insert in Fig. 2) the 
KI/2 for MgCI2 is close to 50/.tM. Magnesium appears 
as an absolute requirement for the Ca2+-dependent 
ATP hydrolysis. At 500 /.tM Mg 2+ becomes slightly 
inhibitory; however, this small inhibition remained 
unchanged when MgCI: concentrations were 
increased up to 3 mM (not shown). It has been sug. 
gested [14] that if sarcoplasmic reticulum Mg 2+ has 

• two modes of action on the (Ca 2., Mg2+)-ATPase, (i) 
it activates the enzyme directly, and (ii) it forms part 
of the Mg • ATP substrate. If Mg 2. are activators, the 
Ku2 from Fig. 2 is about 20 /.tM. However, as an 
absolute value this K1/2 for Mg 2+ may not mean much 
because, although the total ATP concentration was 
kept constant at 2 raM, the concentration of Mg- 
ATP increased together with those of MgCI~ and 
Mg 2+. If the substrate for the reaction is Mg" ATP 
[14], its concentration was also rate limiting (see 
Fig. 3) and this would make impossible to dissociate 
the effects of Mg 2. from those of Mg. ATP. 

Fig. 3 represents an experiment on the ATP depen- 
dence of (Ca :+, Mg2+)-ATPase where the total ATP 
concentration was varied from I 0 btM to 160/~M and 
the total MgC12 concentration was kept constant at 
0.5 raM. The experimental points were fitted with an 
expression following Michaelian kinetics. From a 
total of three experiments the value of K m averages 
43 + 10 tiM for total ATP and 18 + 4 btM when Mg • 
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Fig. 2. Effects of Mg 2+ on the Mg 2+- and (Ca 2+, Mg2+)- 
ATPase activities in membrane fragments of squid optical 
nerve. The incubation solutions had the following composi- 
tion (raM): KC1, 50, Tris-HC1, pH (25°C) 7.4,450; ATP-Tris, 
2; EGTA, 0.5, CaC12, none or enough to give a Ca 2+ concen- 
tration of 0.6 ~zM. The MgCI2 concentrations are indicated in 
the figure. At zero MgCI2 concentration tubes with and with- 
out EDTA were used, and both gave the same results. The 
incubation lasted 0.5 h at 25°C. Phosphate was determined 
by a modification of the method of Fiske and SubbaRow 
[ 11 ]. The calculation of free and bound species was done 
using the dissociation constants given in the legend to Fig. 1. 
The (Ca 2+, Mg2~)-ATPase was taken as the difference 
between the activity in the presence and absence of Ca 2+. 
Each point is the mean -+ the S.E. of three determinations. 
The values between parenthesis in the insert represent the 
ionized magnesium (above) and the MgATP (below) concen- 
trations. The total incubation volume was 1 ml. 

ATP is considered to be the substrate. The theoreti- 
cal V is 0.68 +- 0.06 /.zmol Pi "mg -1 "h-l ,  which is 
within the range seen under conditions of ligands 
saturation in Table I and Fig. 1. It is also clear from 
Fig. 3 that, as the ATP concentration was varied, 
the free Mg ~÷ concentration did not change by more 
than 13% and remained always saturating. It is 
extremely unlikely that the results of these experi- 
ments are influenced by so small changes in free 
Mg 2+. 

Other characteristics of the (Ca 2+, Mg2+)-ATPase 
activity described in this paper (not shown) are its 
insensitivity to ouabain (up to 10 -3 M) and to oligo- 
mycin (up to 10/.tg/ml) and the fact that it is com- 
pletely inhibited by vanadate concentrations in the 
micromolar range. In addition, we were able to 
demonstrate in these membrane fragments a Ca 2÷- 
dependent phosphorylation from ATP in the presence 
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Fig. 3. The effects of ATP on the (Ca 2+, Mg2+)-ATPase 
activity in membrane fragments of the squid optical nerve. 
The solutions had the following composition (raM): KC1, 50; 
Tris-HCl, pH (25°C) 7.4, 450; MgC12,0.5; EGTA, 0.5; CaCI2 
none or 0.55. The total ATP concentration is indicated in the 
ordinate axis of the figure and the insert. The Mg • ATP con- 
centration (in ~zM) is between parenthesis in the figure. The 
incubation time varied from I0 to 30 min and the tempera- 
ture was 25°C. A mixture of non radioactive and (7-32P) - 
labelled ATP was used as substrate. The reaction was started 
by transferring the tubes from an ice cold bath into a bath at 
25°C, and was ended by returning the tubes to the ice bath. 
After 15 min in the cold 5 ml of ammonium molybdate 0.5% 
in 7% (w/v) perchloric acid were added, followed by 5 ml of 
isobutanol. The tubes were vigorously mixed by hand for 
20 s and centrifuged at 1500 Xg for 30 s. About 4 ml of the 
supernatant (isobutanol) were mixed with 5 ml of scintillator 
and counted. For the estimation of 100% hydrolysis, 0.01 ml 
of incubation solution were mixed with I ml of HCI i N and 
heated at 100°C for 30 min. The phosphate extraction was 
identical to that of the incubation tubes. The (Ca 2+, Mg2+)- 
ATPase was estimated as the difference between the activities 
found in the presence and absence .of Ca 2+. The points are 
the means of duplicate determinations. The line through the 
points is the theoretical line corresponding to an hyperbola 
with K m of 25 ~zM and V of 0.8 ,amol Pi ' mg -t "h-i. A plot 
of substrate concentration/activity vs. substrate concentra- 
tion is shown in the insert. The estimation of the Mg • ATP 
concentration was done as explained in the legend to Fig. 1. 
The total sample volume was 1 ml. 

of Mg 2+ and a fast spontaneous dephosphorylation 
rate. The phosphorylated protein was acid stable, 
indicating that the fast turnover rate is enzymatically 
produced. 

In order to assess the physiological relevance of 
this (Ca 2÷, Mg2+)-ATPase activity one must establish 
(i) if the fragments used indeed derive from plasma 
membrane of nerve fibers, (ii)what degree of con- 
tamination can be expected from intracellular orga- 
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nelles and Schwann cell membranes, and (iii) how do 
the properties of this Ca~+-dependent ATPase corre- 
late with those of the ATP dependent uncoupled Ca 
efflux ha squid axons. 

The fact that we were dealing with plasma mem- 
brane fragments is evidenced by the strong ouabain- 
sensitive (Na++ K+)-ATPase activity present in the 
preparation. The histological characteristics of the op- 
tical nerve (see above) as well as previous works per- 
formed with this and similar methodologies [7,8] sug- 
gest that the contamination by Schwarm cell plasma 
membranes is very small. In addition, the kinetic pro- 
perties of the (Na++ K+)-ATPase activity (activation 
by K +, dependence on ATP concentration and inhibi- 
tion by ouabain) were the same as those found for 
the active Na+-K + transport in dialyzed squid axons 
[15]. In turn, this indicates that it is fair to compare 
the Ca2+-dependent ATPase activity ha these mem- 
brane fragments with the Ca 2+ transport ha dialyzed 
squid axons. The experiments with enzymatic mar- 
kers together with tile electromicroscopic studies sug- 
gest that contamination by Ca2+-sequestering intracel- 
lular organdies (endoplasmic reticulum [16] and 
mitochondria [i 7])is minimal or absent. The absence 
of any mitochondrial Ca2+-ATPase is also indicated 
by two properties of the (Ca 2+, Mg2+)-ATPase 
described here: its high apparent affinity for Ca 2÷ and 
its insensitivity to oligomycin [18]. 

The main properties of the ATP-dependent un- 
coupled Ca 2+ efflux ha dialyzed squid axons [5,26] 
and the Ca2+-dependent ATPase activity in membrane 
fragments from squid optical nerve superimpose to 
each other. Almost identical high apparent aff'mity 
for Ca 2+ (K1/2 of 0.2-0.3 #M) and intermediate high 
apparent affinity for MgATP (K1/2 about 20 #M), the 
presence of Mg 2+ is essential for both systems to oper- 
ate. In addition, both mechanisms are insensitive to 
ouabain and oligomycin and are fully inhibited by 
vanadate acting with high apparent aff'mity. Further- 
more, the ATP-dependence curve can be fitted in 
both systems with rectangular hyperbolae (Ref. 5, 
and DiPolo, R. and Beaug6, L., unpublished results). 
If we accept that the preparation used ha this work 
represents mainly the behaviour of enzymes present 
in the plasma membrane of nerve fibers, the data 
strongly suggest that the ATP-dependent uncoupled 
Ca 2+ effiux and the (Ca ~+, Mg2+)-dependent ATPase 
are closely related mechanisms. This gives further sup- 

port to the notion that an uncoupled Ca 2+ pump, sim- 
ilar to that of red cells [19] is responsible for main- 
taining the low levels of ionized Ca concentrations in 
squid axons under resting conditions. 

It could be argued that if EGTA and/or Ca • EGTA 
excert some complex effects on the membrane [20] 
it is possible that the behaviour of the Ca2+-pump is 
different in the presence and absence of EGTA. How- 
ever, even if this were the case, a comparison between 
the results presented in this paper with those of Ca 2÷ 
efflux in dialyzed squid axons should still be valid 
because ha both instances the regulation of Ca 2+ con- 
centration was obtained with EGTA. In addition, no 
appreciable differences in the behaviour of the 
(Ca 2+, Mg2+)-ATPase were observed when the EGTA 
concentration used was 0.5 mM or 1 mM. Obviously, 
the estimations for free Ca 2÷ are influenced by the 
Ca, EGTA stability constants employed. 

A (Ca 2+, Mg2+)-ATPase activity with high affinity 
for Ca ~+ has also been described ha plasma membrane 
fragments from several tissues. It has been found ha 
fat cells [21] together with an active Ca2+-transport 
mechanism [22], rat brain [13], bovine brain [23], 
myometrium [24] and skeletal muscle [25,26]. The 
existence of (Ca 2+, Mg2+)-ATPase activity and ATP- 
dependent Ca2+-pump has also been found ha heart 
sarcolema [26-28], a tissue which is exitable and has 
a well established Na+-Ca 2+ exchange mechanism [30]. 
All of this indicates that the ATP-driven Ca2+-pump is 
not confined to intraceilular organelles and red cells, 
but must be considered a generalized mechanism pre- 
sent perhaps ha the plasma membrane of all animal 
cells, being directly involved ha the regulation of the 
intraceilular Ca 2+ concentration. 
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