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Synaptle plasma membranes obtained by Irypo-osmotic treatment of purified Torpedo m'ellata synaptosomes, contain 
an electregenic Na+-Ca 2+ exchange system. The dependence of the initial reaction rate on (Ca z+ ] reveals a single 
binding site for Ca a+ with an average apparent K m of t3.66 (S.D. = 1:2.07) p M  [Ca z*] and maximal reaction 
velocity of V..,~= !1.33 (S.D.=5.93) a r e a l / r a g  protein pet  s. The dependence of the initial rate of the Na + 
gradient dependent Ca a÷ influx on the internal INn ÷ ] exhibits a sigmoidal curve which reaches half-maxlnml 
reaction rate at 170.8 (S.D. = 19.9) mM [Ka + ]. Addition of ATPyS dees not change the Ko~ s to Na +. The average 
Hill coefficient is 3.09 (S.D.= 0.86) indicating that 3 -4  Na+ ions are exchanged for each Ca 2÷. Na + gradient 
dependent Ca 2+ uptake in Torpedo SPMs takes place also in the absence a r k  + suggesting that K + co-transport Is 
not obligatory. The temperature dependence of the initial and stcudpstate rates of Na + gradient dependent Ca :+ 
influx reveal that maximal reaction velocities of the Torpedo exchanger are attained belween 15 and 20 ° C The 
ener~  of activation between 0 and 20 °C is 20 826 c a l / m o l .  In comparison, rat brain synaptle plasma membrane 
Na +-Ca 2+ exchanger reaches maximal reaction rates between 30 and 40 ° C. Reconstitution of Torpedo or rat brain 
Na+-Ca 2÷ exchangers into a membrane composed of either Torpedo or brain phospholipids, does net alter the 
temperature dependence of the native Torpedo or rat brain Na+.Ca 2+ exchangers; impite of considerable 
differences in the composition of the fatty acyl chains that  are esteHfied to brain and TOrl~,do phospholipid head 
groups anti differences in membrane fluidity that were detected. An ATP-dependent Ca z+ pump, which is 
insensitive to FCCP, is also present in the same synaptle membrane. 

Introduction 

Intracel]ular calcium ion concentration is of key 
importance in the regulation of neuronal ceil function 
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[1]. The Na+-Ca 2+ exchanger is one of the major Ca 2+ 
regulating molecules found in all excitable and many 
nonexcitable ceils [2]. In this work we examine the 
existence and properties of the Na+-Ca 2+ exchanger in 
synaptic plasma membranes isolated from nerve termi- 
nals (synaptosomes) o[ the electric fish Torpedo noel- 
late. We consider this study to be of interest for three 
independent reasons. First, the Torpedo electric organ 
is a pure eholinergic synapse and there is no previous 
knowledge of Na+-Ca 2~ exchange process in the 
cholinergic nervous system. Second, the Torpedo elec- 
tric organ has been for many years the choice biochem- 
ical model to study synaptic transmission. Thus, in this 
system acetylcholine metabolism [3] storage in vesicles 
[4,5] and its release [6] were studied in detail. Recently, 
some of the proteins present in synaptic vesicles were 
identified [7,8] although their role has yet to be re- 
solved. This is also the site where vesicular ionic chan- 
nels were found [9]. The third reason why we consider 
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this study of the Na~'-Ca 2- exchanger to be of interest 
is the variability of the properties of Na+-Ca z+ ex- 
changers in different c¢11 preparations. These variabili- 
ties are manifested as different stoichiometries of ~he 
process [10-13], different K + dependence [14-17], 
variable regulation by ATP [18,19] and its variable 
kinetic parameters especially in membrane vesicles [20]. 
Some of tbesc differences might indicate that different 
molecular entities are involved in Na*-Ca z÷ e~hangc 
in different tissues. Synaptic membranes isolated from 
rat or guinea pig brain [12,21-25] which served for 
previous studies on the neuronal Na+-Ca 2+ exchanger 
are a heterogeneous source derived from different 
neuronal cells. In addition, they are a rather poor 
source of the exchanger protein with low site density 
[25] resulting in an apparently 50-fold lower Vm~ , than 
sarcolemmal membranes [20]. The Torpedo ocellata 
Na+-Ca 2+ exchanger described in this work, offers a 
neuronal preparation of high maximal velocity, compa- 
rable to that of the cardiac Na+-Ca z+ exchanger, that 
originates from a homogeneous cholinergic prepara- 
tion. 

Materials and Methods 

Pregaration of synaptic membranes. Synaptosomes 
were prepared from freshly excised electric organs of 
Torpedo ocellara a member of the Torpedinidae elaso 
mobraneh fish family which can be caught between 
January and June off the Mediterranean coast of Is- 
rael. The fish were used within several days of capture. 
They were anaesthetized by chilling on ice prior to 
removal of the electric organs. The method developed 
by Michaelson and Sokolovsk3, [26] to obtain purified 
synaptosomes was used without any modification. In 
principle this involved homogenization of the organs at 
15% (w/v) in 0.8 M giycine, 1 mM EGTA (pH 6.8), 
eentrifugation at 1000 × g ft~r 10 m~a, collection of the 
supernatant (SI) which was centrifuged for 45 rain at 
20000 × g to obtain the pellet 'P2'. The P2 pellet was 
fraetionated by a discontinuous sucrose gradient from 
which the material banding at the interface between 
0.15 and 0.3 M sucro~ (a 2) contained purified 
synaptosomes. The synaptosomes were diluted 3-4-fold 
with 0.8 M glycine/l  raM EGTA (pH 6.8) and recen- 
trifuged at 27000 × g for 20 rain, after which the,/were 
lysed by exposure to 10 mM Tris-HCI buffer (pH 
7.5)/1 mM EDTA at 4°C for 20 rain. The synaptic 
membranes were collected by sedimentation at 27000 
× g for 15 rain. Each membrane preparation consisted 
of 2-4 fish depending on their ~ize which varied. The 
membranes were frozen in small aliquots in liquid N 2 
and kept at - 80 ° C. 

Na + gradient dependent Ca 2+ transport and ATP 
dependent Ca 2+ transport activities were stable for 
over one year. 

Characterization of the synapric membrane fraction. 
Stibfractionation of the P2 pellet on the discontinuous 
sucrose gradient (see previous paragraph) revealed that 
Na+-Ca 2" exchange activity was detected only in mem- 
branes which were prepared from the material col- 
lected from the interface between 0 and 0.15 M su- 
crose (a~, lowest density) and from the interface be- 
tween 0.15 and 0.3 M sucrose (a2, the density from 
which synaptosomes are harvested), The total amount 
of material in the low density sucrose fraction was very 
small and it was not used in this study. Specific ~2Sl-a- 
bungarotoxin binding (assayed as described by Schmidt 
and Raftery [27] was 0.00141-0.00158 nmol/mg pro- 
feitt in the P2 pellet. Among the sucrose gradient 
fractions, the highest a.bungarotoxin binding (0.011- 
0.022 nmol/mg protein) was obtained in fractions of 
densities higher than 0.3 M where no Na+.Ca 2+ ex- 
change activity was detected. The range of t2~l-a- 
hungarotoxin binding in membranes obtained from the 
synaptosomai fraction (0.15 M-0.3 M sucrose inter- 
face) was between 0.00198 and 0.00568 nMoles/mg 
protein, indicating some post synaptic comamination. 
Since, however, fractions of high a-bungarotoxin bind- 
ing capacity had no Na÷-Ca z+ exchange activil'l, this 
contamination was of no considerable importance, in a 
similar fashion to other plasma membranes, the synap- 
tic mcmb,'ane fraction used in this study had a 5'-AMP 
nucleetidase activity of 2.75-5.38 nmQI P J m g  protein 
per rain. The ATP-dependent 45Ca2+ uptake activity 
which was present in *.he same membrane f~ction as 
the Na* gradient dependent Ca 2+ transport activity 
(see Resutts) was insensitive to the addition of FCCP 
(carbonyl cyanide p-(trifluoromethoxy)phenylbydra- 
zone), indicating that it was not a mitochondrial con- 
taminate. To test whether contamination from synaptic 
vesicles could be rospons~le for the Ca 2+ transport 
activities detected, a purified preparation of Torpedo 
synaptic vesicles was prepared as described by Tashiro 
and Stadler [5]. The ATP-dependent Ca z+ transport 
activity in the synaptic vesicle fraction ranged between 
5 and 10 nmol/ing protein per 10 rain and their 
Na+.Ca 2+ exchange activity did not e.~ceed 2 nmol/mg 
protein per 10 rain. 

Determination of Ca z+ uptake in native membrane 
vesicles. Na + gradient dependent Ca z+ uptake was 
determined following preloading of the membrane 
vesicles in high Na + containing solutions. This was 
done by their incubation with a 40-50-fold volume 
excess of the desired loading solution (usually 0.4 M 
NaCI, 10 mM Tris-HCI (pH 7.5) or 0.4 M NaP, (pH 
7.5)) at 37 °C for 20 rain, after which they were con- 
centrated by centrifugation at 270(10 x g  for 20 rain at 
4 ° C and ~csuspended in a minimal volume of the same 
high Na + containing solution to give a protein concen- 
tration of about 3-5 mg per ml. The exact composition 
of the loading solutions is descn'bed in the legends to 
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the appropriate figures or tables. Usually 3/zl of Na +- 
loaded vesicles was diluted rapidly into 250 p.I of 
Na+-free isoosmotic solution containing 50 #.M 4~Ca2÷ 
to initiate Na + gradient dependent Ca 2+ uptake. 
Zero- t ime measurements and Ca 2+ uptake when exter- 
nal [Na*] was equal to internal one (no Na + gradient) 
were determined as well. The reactions were termi- 
nated by dilution with 2 ml of iso-crsmotic KCI solution 
and filtration through Schteicher and Schuell 0.45 ~m 
fitrocellulos¢ filters. The filters were rinsed two more 

times with the same KC--'I solution, dried and counted in 
a liquid ;cintillation counter. The measurements were 
carried out in triplicates and each type of experiment 
was repeated at least five times with different batches 
of membranes. 

ATP-dependent Ca 2+ uptake was determined after 
preloading the vesicles in either 0.4 M KCI, l0 mM 
Tris-HCl (pH 7.5) or 0.4 M KP~ (pH 7.5) and dilution 
of 10 pl  of these vesicles into 100 /zi of identical 
medium to the internal one, except that it contained 
also ]00 p.M 4SCa2+, 5 mM MgCI2 and 2 mM ATP-Tris. 
Zero-time controls and measurements of the Ca 2÷ 
associated with the vesicles in the absence of added 
ATP were also done. The reactions were terminated as 
described for Na + gradient dependent Ca 2* uptake. 

Na *-dependent Ca ~ + efflux was determined in the 
following manner. Vesicles were loaded up with ~SCa 2 ÷ 
in an ATP-dependent manner (see above) for 30 min, 
at the end of which they were collected by ccntrifuga- 
tion for 20 rain at 27000 × g at 4 ° C. The vesicles were 
resuspended in a minimal volume of the same uptake 
medium and their specific ~SCa 2÷ content was deter- 
mined. Ca 2÷ efflux was initiated by diluting 3/~l of the 
vesicles into 250 /~1 of either 0.4 M NaCI, 10 mM 

Tris-HCl (pH 7.5) (to determine the Na + gradient 
dependent component of the Ca 2+ efflux), or into 250 
/xl of 0.4 M KCI, 10 mM Tris-HCi (pH 7.5) (to deter- 
mine the Na ÷ gradient independent component of 
Ca 2+ efflux) for time point specified. The reactions 
were terminated as described for Ca 2 ÷ influx measure- 
ments. 

Na* gradient dependent Ca 2+ uptake in reconsti- 
tuted synaplic membranes. Torpedo SPMs were added 
at a weight ratio of 1:30 (membrane protein/added 
phospholipid) to a solu+.ion containing either purified 
calf brain phospholipids (BPL) of Torpedo electric 
organ derived phospholipids (TPL) in 2% sodium 
chelate, 0.4 M NaP= (pH 7.5), 5 mM ~]-ME and 0,1 mM 
EDTA. The membranes were incubated !n the solubi- 
[izing solution for 20 rain at 37 ~ C, after which the 
insoluble residues were separated from the solubilized 
membranes by centrifitgation at 27000 ~ g  for 20 rain. 
Reconstitution was carried out by passing the solubi- 
lized membrane-phospholipid mixture through three 
c~,nsecutive Sephadex G-50 minicolumns pre-equi- 
librated with 0.4 M NaP i, 5 mM /3-ME and 1 mM 
EDTA as described in detail [12]. 3/zl of reconstituted 
membrane vesicles were diluted into 250 #l  of Na + 
free solution (0.4 M KCI, 0.01 M Tris-HCl (pH 7.4)) 
containing 50 /~M 45Ca2* exactly as described for 
native membranes. The transport reaetionz were 
stopped by passing the reaction mixtures through a 
Dowex 50 minicolumn to separate intravesicutar +SCa 2+ 
from extravesieular one [28], Zero-time controls and 
the amount of +~Ca 2÷ associated with the vesicles in 
the absence of Na + gradient (0.4 M NaCI containing 
solution) were determined as well. When rat brain 
SPMs were used for comparison, the osrnolarity of the 
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Fig. ]. Na" gradient dependent Ca 2÷ uptake in Torpedo SPMs. (A) 3 ~1 of Torpedo SPMs (about Ill p.g protein) preluaded with 0.4 M NaCI, 
O.01 M Tris-HCl (pH 7.4) (see Materials and Methods) were diluted into 250/.d of: 0.4 M KCI, O.01 M Tris-HCl (.oH 7,4), 50 p.M ~CaCI 2 (03 
,~Ci) (e), or the same medium except that it contained also 10/zM nigericin (&), or 10 ~M A231S7 (@). 3 /z l  u[ the same vesicles were -',]5o 
allured into 250 p! of  0.4 M NaCI, 0.01 M Tris-HCI (pH 7A), 50 #.M 4SCaCt2 (0.! ~Ci) (o}. The reactions were terminated as described in 
Materials aud Methods at the time points indicated, The results shown are an average calculated [rum three different experiments using the 
same SPM preparation. Each time point was done in tripLicate. The bars represent S,D, (B) Expanded scale of the initial tim= points o[ the Ha-* 

gradient dependent component of Ca 2÷ uptake. 
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solutions was 0.2 M; otherwise, all the experimental 
details were identical to those used with Torpedo mem- 
branes. 

Preparation ofphospholipids. Phospholipids were ex- 
tracted from calf Lrains or Torpedo electric organs by 
the Biigh and Dyer extraction procedure as described 
previously [12]. Further purification involved silicic acid 
column chromatography, removal of neutral phospho- 
lipids by chloroform washes and extraction of the phos- 
pholipids by methanol/chloroform (75:25, v /v)  as de- 
scribed [29]. 

Quantitative analysis of the phospholipids was car- 
ried out by two-dimensional thin-layer chromatography 
[30]. The spots located by exposure to 12 were scraped 
from the plates and their phospholipid phosphate was 
determined by the method of Ames [31]. The fatty acid 
composition of the phospholipids used was determined 
by gas chromatography using a Tracer 540 instrument 
and Sillar 10C column following transesterification to 
their corresponding methyl esters using Meth-Prep 
commercial kit from (Allteeh, Deerfield, lit.). 

Polarized fluorescence studies. Changes in reconsti- 
tuted membrane fluidity were determined by measur- 
ing polarized fluorescence [32]. DPH (1,6-diphenyl- 
hexa-l,3,5-triene) was used as a probe. Equilibrium 
fluorescence studies were carried out in a Perkin-Elmer 
LS-5 spectrofiuorometer with a xenon power supply. 
The measuring chamber was connected to a bath circu- 
lator (Haake FK) to obtain the desired temperature. 
The spectrofluorometer was connected to an L - s h a r d  
polarization unit with KSW38 polarizers (Polarex E. 
Kasemann). The temperature in the fluorometer cham- 
ber was monitored by a thermistor probe (Yellow 
Springs Inst. Co. Inc. YS1-~23) connected to a YS! 
thermometer (Model 4250 .  

Protein determination. Protein was determined by 
the method of Lowry et ai. [33]. 

Chemicals. 4SCaCl2 was purchased from Amersham, 
International, Amersham, U.K.; ATP-/$ (adenosine 
(5 ' .O3) - lqh io t r iphospha te )  was purchased from 
Boehringer, Mannheim, F.R.G.; Biochemicals were 
purchased from Sigma, Israel; all reagents were analyt- 
ical grade reagents. 

Results 

Torpedo nerve endings contain Na + gradient dependent 
and ATP.dependem Ca z + transport systems in the same 
membrane 

To demonstrate the presence of a NaLCa  2÷ ex- 
change system in Torpedo SPMs, they were preloaded 
with a high Ha + containing solution (NaPt or NaC1) 
and diluted into a Na+-free solution (KCI or choline 
chloride) containing ~Ca z+, establishing thus an out- 
ward oriented Na + gradient. The Na ÷ gradient driven 
Ca 2+ influx was determined by measuring the 45Ca2+ 

content of the vesicles. The time course of Ca 2÷ influx 
into NaCl-loaded SPM vesicles is shown in Fig. 1. The 
Ca 2+ taken up by the vesicles in the absence of a Na ÷ 
gradient, [Na ~]i, =[Na~]~t  or, in the presence of a 
high inside Na + gradient and nigericin {which dissi- 
pates the driving Na + gradient by exchanging internal 
Na ÷ with external K +) or, in the presence of the Ca 2+ 
ionophore A23187, is also shown. It can be seen, that 
Torpedo SPMs contain a Na + gradient driven Ca 2+ 
influx system. At 25 ° C, the time course is quite rapid 
and initia[ rates can be measured up to 2 s (see Fig. 
IB). Thereafter the rate declines and at 2 rain already 
steady-state rates of Na + gradient driven Ca z+ uptake 
are obtained. Considerable differences were detected 
in the specific Ha + gradient dependent Ca 2+ transport 
activities measured in the different SPM preparations 
during the two fishing seasons in which Torpedo mem- 
branes were studied. In the experiments summarized in 
Fig. 1, membranes from preparation of ' intermediate'  
~pecific Ha ~ gradient dependent Ca 2+ transport activi- 
ties were used. The ranges of steady-state transport 
acti: iw detected in different preparations of Torpedo 
membranes which were all prepared f r om fresh tissue 
were between 50 and 200 nmol Ca 2+ per mg of mem- 
brane protein in 10 rain. Freezing one of the two 
electric organs in liquid N 2, even without prolonged 
storage prior to ~epara t ion  of membranes, led to 
about 50% loss in transport activity as compared to the 
other electric organ from which membranes were pre- 
pared immediate~ after excision from the fish. 

in addition to the Na + gradient driven C.a 2+ trans- 
port system, the same membrane Frcparation takes up 
~Ca  2+ also in the absence of a driving Na + gradient, if 
ATP is added to the reaction mixture. Fig. 2 shows 
Torpedo SPM vesicles preloaded in KP i buffer (pH "].4) 
diluted into the same external medium, to which ATP, 
Mg 2+ and 45Ca2" were added. It can be seen, that 
addition of ATP to the reaction medium activates a 
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Fig. 2. ATP-de~ndent Ca 2+ trptake in To~do SPMs. 3 ~1 of 
Torpedo SPMs (about l0 #g lm~tein) were preloa~d with 0.4 M KP t 
beff~:r (pH 7.4)~ They wea¢ diluted into 250/~] medium of idenll¢~ 
¢oml~osilion excepl that it contained also 2 mM ATP, 5 raM MgO 2 
and 100 FM 4~CaC12 (0.1 p, Ci) (ek or the same medium witlmuz 

ATP (o). 
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Ca 2+ transport system which operates in the absence 
of any monovalcnt ionic gradient. In the absence of 
ATP, very little Ca 2÷ is associated with the vesicles. 
Addition of FCCP (not shown) has no effect on the 
ATP dependent  Ca 2+ uptake. 

The Na+-driren and the ATP-dri~'en Ca 2+ transport 
sTsrems dwell in the same L'esicle 

To determine whether both systems arc present 
within the same membrane or they are within different 
membranes that co-sediment during the preparative 
procedure, the Torpedo SPM vesicles were preloaded 
with aSCa2+ in an ATP-dependent  fashion as in the 
experiment shown in Fig. 2. After  30 rain of Ca 2+ 
uptake, the Ca2+-Ioaded vesicles were separated from 
the uptake medium by centritugation (as described in 
Materials and Methods), their 45Ca~+ content was de- 
termined and they were diluted int~ an external isoos- 
motto NaCI containing medium to initiate Na*-depen - 
dent Ca 2~- efflux. The  Na+-independent  component  
( 'di lution-dependent component ' )  of Ca 2+ efflux was 
determined by diluting the vesicles into an isoosmotic 
KCI containing medium. The results of  this experiment 
(shown in Fig. 3A and 3B) demonstrate that Ca ~+ 
introduced into the vesicles via the ATP-dependent  
Ca 2+ pump can be released from the vesicles via the 
Na + gradient driven Ca 2+ transporter, indicating that 
both transporters arc present within the same vesicular 
structure. In the experiment presented in Fig. 3, the 
4-~Ca-' + content  of the vesicles after 30 rain of ATP-de-  
pendent Ca z+ loading was 260 n m o l / m g  protein. As 
also with Na ÷ gradient dependent  Ca 2÷ influx, the 
Ca 2" content  of  the vesicles following ATP-dependent  
Ca 2÷ loading varied between different preparat ions of  
Torpedo membranes.  The  initial rate of Na + gradient 
dependent  Ca 2+ efflux in a similar manner  to the Na + 
gradient dependent  Ca 2+ influx was rapid and linear 
tilt about 2 s, after which it declined. It can be seen 
that in 20 rain 67% of the vesicles' total 4~CaZ+ content  
is lost, of this 64% is test in a Na ÷ gradient dependent  
manner. Although in the efflux experiment shown in 
Fig. 3 only "inside out '  vesicles participate, it demon- 
strates that the Torpedo Na ÷ gradient dependent  Ca Z+ 
transporter is capable of transporting Ca z+ across the 
membrane in both directions. 

Characterization of  the Torpedo Na +-Ca 2 + exchanger 
To  characterize the Torpedo Na+-Ca 2" exchanger, 

some of the kinetic properties of the transporter were 
determined. The  dependence of  the initial rate of 
internal high Na ÷ gradient dependent  Ca 2÷ influx on 
the external [Ca 2+] was measured between 5 and 200 
p M .  The total Ca 2÷ content of  the solutions (in addi- 
tion to the 4SCaCI2 that was used) was determined by 
atomic absorption spectrophotometric measurement  
and the final concentrations used were ca|culated, The  
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Fig, 3. Ca 2+ effiux from ToJ77edo SPMs preloaded with Ca 2+ in an 
ATP-dependent manner. (A} Torpedo SPM vesicles were prdoaded 
with 4Sea2+ in the presence of ATP-Mg z '  as described for Fi~ 2. 
After 30 rain of uptake the vesicles were cow'enlrated by cenlrifuga- 
lion and ~uspcoded in a minimal volume of the uptake medium beg: 
Materials and Methods). 3 gl of these vesicles (about L0 #g prclein) 
were diluted into either 0.4 M NaCI, 0.01 M Tris-HCI (pH 7.4) (e), or 
0,4 M KCI. 0.fit M Tris-HCI (pH 7.4) (o) for the time points 
specified. The reactions were terminated as described and their 
45Ca2+ Content determined. (B) The calculated net Na + dependent 
component of Ca ~* ¢fflux obtained by subtracting lhe amount of 
Ca 2+ lost from the vesicles by dilution into Ihe KCI containing 
medium in Fig. 3A from the loin[ amount of 4Sea2 + lost from the 

vesicles by dilution into the NaCI containing medium in Fig, 3A. 

2 0  

kinet ic behaviour exhibited a Michael is-Menten type 
curve, indicating that a single binding site for Ca 2+ was 
involved. The  i inear form (Lineweaver-Burk plot) of 
such an experiment is shown in Fig. 4A_ In cardiac 
sarcolemmal vesicles [34] and in rat brain SPM vesicles 
[25,35], a wide range of  the apparent  K m values to 
Ca 2÷ were detected, This was also found in different 
preparations of Torpedo SPMs. The  average values and 
the range of the di f ferent kinetic parameters of  the 
Torpedo Na+-Ca 2+ exchanger are summarized in Table 
1. 

The initial rate of Ca 2+ uptake, exhibited a sig- 
moidal dependence on [Na + ] (Fig. 4B), indicating, that 
more than one binding site of Na + was involved in the 
process. The  half-maximal initial velocity (Ko. s) to Na* 
of  the Torpedo Na+-Ca 2+ exchanger reached an aver.  



a$e value of 170.8 mM iNn+l, This value was within a 
narrow range (S .D.= 19.9). The corresponding Hill 
plot is shown in Fig. 4C. The values of Hill coefficients 
o b t a i n e d  (see  Ta 'u lc  ]) ind ica te ,  t ha t  at  l eas t  3 - 4  N a  + 
ions  a re  e x c h a n g e d  for e a c h  C a  ~=. 

In  t h e  s q u i d  g i a n t  axon  136-38]  the  K ~  to N a  + in 
t h e  a b s e n c e  o f  A T P  is 110 -300  raM,  A d d i t i o n  o f  A T P  

[37.38] d e c r e a s e s  th is  v a l u e  to  abou t  50 m M  [Na+] .  

A T P ? S  [39] c an  s u b s t i t u t e  for  A T P  in ac t iva t ing  N a  +- 

Ca  2+ e x c h a n g e  in t h e  s q u i d  g i an t  axon.  It was  o f  

interes~ to e x a m i n e  if t he  K...~ to N a  + d e c r e a s e s  a l so  in 

Torpedo S P M s  w h e n  A T P 7 S  is i nc luded  in t he  reac -  
t ion  m i x t u r e .  

Fig.  5 s h o w s  an e x p e r i m e n t  in w h i c h  Torpedo S P M  
ves i c l es  w e r e  p r e l o a d e d  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  
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TABLE I 

Kim'6c P~mewr.~ ~,f the Torpedo Na *-Ca ~ " exchanger 

: '  Turp¢'du SPM.~ were preloa¢$ed with 0.4 M NaCI, 13.01 M Tri~HCl 
(p|l  7.4], Three 'al of Ihese vesicles (.tO ~8 prnzcin) wcrc diluted into 
an ~terna l  medium composed o f  0.4 M KC~. O,01 M Tris-HCt (pH 
7.4) u[ 0.4 M NaCI, a.ol M Tris-HL'-'l (pH 7.4) and 5-21)0 ,aM 4~;Ca;:+ 
0).2 0.1 ~,C[ 4~Cz). For details see Fig. 4A. 

Torpedo SPMs were prdoaded with 0-0A M NaC1, 0.0I M Tris-HCI 
(pH 7.4) and either hi=lancing amounts of cEoline chloride or LiCI. 3 
p,I of these vesicles (10~!5 ~g prolein) were dilated in~  an external 
medium containing i).4 M KCI, 11.01 M Tris-HCI (pH 7.4) and 50 ~-M 
~SCaCi~ (0.i ttCi), For details .~e Fig. 415 and Fig. 4C. 

Torpedo Na +-Ca 2" Range Average (.C..D.} No. of 
cxchanger expert- 

foP-ors 

Krn Ca "~* (p.M);' 1-30 13,00(t2.0D 8 
Vm~. (nmol/mg 

prolein per s) 5-  2f~5 t 1.33 (5,q3) I [ 
Ki),~ Na * (raM) b 150-190 170.8 09.9) 5 
Hill coefficient 2.34-4.t5 3.09 (0.85) b 

NaC1 (0-0.4 M) with and without 1 mM ATPTS. LiCi 
was used to balance the osmolarity. To initiate Ca 2+ 
u p t a k e ,  t he  N a + - l o a d e d  ves i c l e s  we re  d i l u t e d  in to  a 

KCl-containing medium. When the vesicles were 
p r e l o a d e d  wi th  N a  + in t h e  p r e s e n c e  o f  1 m M  A T P y S  

t h e  e x t e r n a l  m e d i u m  c o n t a i n e d  A T P y S  as  well .  W h e n  

ATPy$ was omitted from the vesicles internal medium, 
it was omitted from the uptake medium as well. All 
media contained 4 mM MgC! 2. It can be seen, that the 

7,00 ..... -1 
5.6O 

a. 

~ "  50 100 150 200 250  300 350 400 

r~a] mM 

1()0 
¢ i 

10 

"t 

0,1 . . . . . . . .  L . . . . . . . .  , . . . .  
0.1 i I 0 ~0o I000 

['Ha l m ~  

Fig. 4. [Ca 2~ ) ~: [Na'] dependence of Na+-Ca ~ exch=nse in 
Torpedo SPMs, (A) Lineweav©r-Bmk p]o! of [Ca :z+ t del~ndellCn of 
Na* gradient dependent Ca 2÷ uiNak¢. 3 / t l  Torpedo SPM vesicles 
(about 10 ttg protein) were prelonded with 0.4 M NaCI. 0,01 M 
Tris-HCI (pH 7,4). They were diluted inlo 250 pl of medium com- 
lOOSed of either: 0,4 M KCI, 0.01 M Ttis-HCt (pH 7.4)and 5~290 t im 
~sCaCI2 ~0.2-0.1 p, C1). or 0.4 M NaCI, D.OI M Tris-HCI ~pH "/.4) and 
5-200 ~M 45CaC[2 (0.2=0.| pet). The reactions were terminated 
after ] s as described in Materials and Methods. The Na +-d~pendcnt 
componeat of Ca 2+ influx wax determined. The Ca 2+ uptake at 
each [Ca 2 ' ] was carried net in quadruplicate. The line conn*--';i=~ 
the data points was ¢-aku]ated by linear mgre~aion+ In zhi~ experi- 
ment the K M to Ca 2* is 29+5 ptM and I/m~ 9.7 areal/rag ptoteilt 
per S. (B) Internal [Na + I depemk:a¢,¢ of Na ÷ gradient dependent 
Ca 2+ influx. Torpedo SPIN vesicles were pre[oaded with 0-0.4 M 
NaO. 0.0l M "l'ris-HCI (pH "/.4) and balancing amouuts of LiCI 
(0.4-0 M). 3 ~.1 of the, u: vesicles {about 10 ttg protein) were diluted 
into 250 ~] of an external medium composed of 0.4 M KQ, 0,01 M 
Tris~HCl (pH 7A) and 50 ~M eCaCI2 (0.| MCi). The reactions were 
terminated after I s. ~ "L~Ca2+ conte111 Of the v~les was. deter- 
mined. The amount of Ca z+ associated with the veskles in the 
absenc~ o[ internal Na + (0.4 M IACl)was subtracted from the Ca -~+ 
conlent of the vesicles ia the ptxscnc¢ o{ internal NaCL Ea¢b 4ata 
point is; an avcraSe obtained from quadruplicate measurements, (C) 
Hill plot o f  internal [Na + l dependeltce of Ca 2+ influx. The data 
obtained in Fig. 4B wen= reed to calculate the Hill plot. The ]iu© 
connecting the dala po~n~, was obtained by linear rellressiort analysis. 

The slOl~ of this line is ~44. 
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Fig. 5. The effect M ATPyS on the internal [Na ÷ ] dependence of 
No* gradient dependent Ca 2. influx. Torpedo SPM vesicles weT¢ 
preloaded with (l-t).4 M NaCI, 0.01 M Tris-HCl (pH 7,4), 4 mM 
MgCI 2, balancing amounts or LICI (0.4-0 M) with 1 mM ATPyS (el  
o r  without (O). 3 ~tl of these vesicles (about 10 #.g protein) were 
diluted into 250 #1 of an cxlcrnal medium composed of 0.4 M KCL 
0.01 M Trls-HCI (pH 7.4), 4 mM MgCl z and .50 ~M *SCaCIz (0.1 
pCi}. When the vesicles were pr¢loaded in ATP~,S containing inter- 
nal medium the uptake medium contained l mM ATPTS as well (el. 
Na * gradient dependent Ca 2" uptake was determined as in Fig. 4B. 

sigmoidal dependence of the Na*-dependent Ca 2+ up- 
take on internal [Na +] is not altered when ATPTS is 
included in the media; nor was the Ku.s to Na*. 

In a similar fashion to the squid giant axon [40], 
cardiac [41,42] and brain [12] Na+-Ca z+ exchangers, 
the Torpedo electric organ Na+-Ca 24 exchanger is 
electrogenic and more Na * derived charges cross the 
membrane in one direction than Ca 2* derived charges 
cross the membrane in the opposite direction. Conse- 
quently, the rate of internal Na ÷ gradient dependent 
Ca 2÷ influx into vesicles is retarded as negative inside 
membrane polarization builds up. Hence, entry of posi- 
tive charge into the vesietes stimulates Na + gradient 
dependent Ca z* influx. This stimulation is especially 
noticeable when the native carrier is reconstituted into 
a high phospho!ipid contai_ning membrane for two rea- 
sons: First, the membranes have a high phospholipid 
coulent they constitute a better permeability barrier 
against unspecific cationic ' leaks' than the native mem- 
brane. Second, reconstitution of the exchanger into a 
membrane composed of high phospholipid to protein 
weight ratio (30: 1) leads presumably to separation 
between the Na+-Ca ~+ exchanger and many of the 
uncelated channels and transporters present in the 
re_tire membrane into different vesicular strueture~ 
Table 11 demonstrates that a stimulation between 2.5. 
and 3.2-fold of the initial rate of No* gradient depen- 
dent Ca 2+ influx is obtained either when valinomyein 
(K + ionophore) is added to the uptake medium that 
contains K ÷ or, when FCCP (protonophore) is added 
in the presence and in the absence of K ÷, to permit the 
free passage of H*. 

The experiment shuwn in Table I1 also demon- 
strates, that Na + gradient dependent Ca z+ uptake in 
Torpedo SPMs is not dependent on the presence of K + 

TABLE I1 

The effet't of FCCP and valhtom)~cin on Na + gradient dependent 
Ca 2 + uptake i n  Torpedo ~naptic pla.¢ma membranes 

Torpedo SPMs were loaded during reconstitution (see Materials and 
Melhods] wilh 0.39 M NAP[. 0.0i M choline chloride (pH 74); 5 ~l 
of these vesicles (about 2 v,g protein) were diluted into 250 pl  of a 
~ lu t ion  which contained 50 ,tM ~SCaCI2 (0.1 v.Ci) and the extemal 
medium as specified in Table I?, ~r the same additions and either 
0.39 M NaCI, 0,01 M choline chloride or 0.39 M NaCI, 0.0l M KCI 
(respective 'no No" grad[cot'-mr;dial. The reactions were termi- 
nated as described in Matvriais amt Methods and the ~SCa2" associ- 
ated with the vcsicl,=s in the absence of a Na"  gradient which was 
always less than 5% of the Iota[ 4SeaS+ taken up by the vesicles and 
zero-time controls were subtracted, 

Extern.~l medium Additions Na + dependenl 
Ca z+ uptake 
(nmot /mg 
prolein per 15 s) 

0.4 M choli.,,¢ C1 - 9,1 
11.4 M choline CI IO # M  FCCP 28.7 
0.4 M choline C1 I0 ~M valinomycin B.5 
0.39 M choline CI. 

0.01 M KUI - 11.3 
0.39 M choline e l ,  

0.01 M KCI ID/~M FCCP 28.3 
0.39 M choline CI, 

II.01 M KCI IO # M  valinomycin 27.4 

since the same amount of Ca 2+ is associated with the 
vesicles in the absence of K + (choline chloride medium) 
as in its presence (choline chloride and K* medium). 
Moreover, similar stimulation of Na + gradient depen- 
dent Ca 2÷ uptake is obtained by the addition of FCCP 
to the choline chloride containing medium to that 
obtained by valinomyein added to the K+-eontaining 
medium. These data indicate, that K + stimulation of 
Na + gradient dependent Ca 2. influx does not consti- 
tute a specific requirement of Na+-Ca '+ exchange in 
Torpedo SPMs for K +, but occurred due to the entry of 
positive charge. 

The temperature dependence of the Torpedo Na +-Ca 2 ÷ 
exchanger 

The experiments presented show, that the apparent 
initial specific transport activity of Torpedo SPMs and 
the apparept Vrna~ were considerably higher than that 
of rat brain SPMs. Since the experiments were carried 
out at 25°(." and since the Torpedo is a polkiiothcrmlc 
animal, tht, difference in kinetic parameters could re- 
fleet either a difference in temperature dependence of 
the two transport proteins, a difference in site density 
or both, 

To distin~.uish between these possibilities, the tem- 
perature dependence of Na+ gradient dependent Ca 2+ 
influx of rat brain and Torpedo SPMs were compared. 
In Fig. 6A the temperature dependence of the initial 
rate of Ca 2- trine.sport in Torpedo SPMs in the pros- 
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FiB. 6. Temperature dependence o f  Na * gradient dependent Ca 2 ~ 
influx oa native Torpedo and rat brain gPMs. (A) 3 pl of Torpedo 
SPM vesicles (about 10 pg protein) pretnaded with 0,4 M NaC[, 0Jtl 
M Tris-HO (pH 7) were diluted into 0.4 M KCI (o) or 0.4 M NaCI 
(o)  containing also 0J)l M Tris-HCI (pH 7.4) and 50 tiM J"~CaCI 2. 
The reactions were terminated as described. The averaged data 
presented in this figure (the bar represents S.DJ were obtained from 
three different experiments using the same SPM preparation, (B) 
The experiment was identical to Fig. 6A except thai rat brain SPMs 
were ~ed (20-30 ttg/3 y.I) and the osmolarity of internal NaCl and 
external KCI containing media was 0,2 M, :.C) The d~t~ in this figure 
were complied from three different preparations each, of Torpedo 
and rat brain SPMs. To permit comparison, the highest value of 
Na" gradient dependent Ca 2+ uptake in each individnal experiment 
was nakell aS IflOg~: ~nd all oiler clara poipt~ wo~. normailzed ac- 

cordingly. 

ence of a driving Na + gradient and in its absence are 
shown, in Fig. 6B the same experiment is presented 
except that rat brain synaptic plasma membranes are 
used, and in Fig. 6(2 for comparison, the normalized 
values (the highest extent of the initial rate of Na* 
gradient dependent Ca 2.  uptake is taken as 100%) of 
both preparations are presented on the same scale. It 

can be seen, that Torpedo SPMs reach the highest 
activity of Na ~ gradient dependent Ca 2.  uptake be- 
tween 15 and 2ff'C. On the other hand, rat brain 
Na~-Ca 2~ exchanger reaches its optimal steady-state 
level of transport activity between 30 and 41YC Further 
increase in temperature, results in a gradual loss of the 
transport activity. It should be noted that at 20°C, 
when the Torpedo Na+-Ca z÷ exchanger already reaches 
its maximal activity, the rat brain Na+-Ca 2+ exchanger 
exhibits only about 24% of its maximal transport activ- 
ity. At 25°C, however, the temperature at which the 
maximal reaction velocity of the rat brain N a + - C a  2÷ 
exchanger was determined [22] 67% of its optimal 
activity is reached. Thus, the different temperature 
dependence of rat brain and Torpedo SPM Na+-Ca z÷ 
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Fig. ~7. Changes in steady-state rluorescenoe anJsotro~ o f  DPH 
introduced imo l i pou les  composed of  TPLs or BPLs and protcn- 
]ip0somes composed of Torpedo SPMs reconstiltiled into TPl.s or 
BPLs. Reconstituted membranes remaining either pbospholipids 
only or Torpedo SPMs and phospholipids at a wcilhl ratio of 1:30 
(protein to phospholipid) were prepared as described in Materials 
~ 2  .~J.:,h",¢~, ,'i'h, c ]iposomes or pmteo~iposom~ wese diluted in the 
same medium as their internal one (0.4 M NaP i buffer (oH 7.4), 5 
mM I~ME) Io a concentration of 1 mM phospboIipid. DPH in 
tetrahydmfuran was added to a final coaoentTation o f  i t tM ,  Polar- 
ized fluorescence was measured as dest~bed in Materials and Moth- 

between 4.5 and 44*C Anis0tropy of DPH (r) was cak'u|aled 
from the equation • = (~t- Ij. )/(~t + 21.  ), where /11 is the vertical 
component of the fluorescence excited by u veTtica] polarized light 
(parallel component) and i± is the horizonlal component of the 
above flumesccnee (perpendicular component). The expression F = 
Ill +21 .  i~ the total fluorescence for a rod like molecule, o, TPLs; 

o, BPI..¢ 
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TABLE III 
The composition of Torpedo ocellata eleoric organ phospholipids and their faJty acfl chain~ 
Phospholipid head group content was determined by the method of Ynvin and Zutra. [30]; fatty acid content wa~ determined by gas 
chromatography (for details see Materials and Methods), The results presented were obtaitled from measurements carried out on four different 
phospholipid preparations extracted from 4-6 different electric organs each. 

Phospholipid head group Range (%) 
Phosphalidylethanolamine t 24-38 
Phnsphalidylehollne 35-43 
Phosphalidylserin e 8-19 
Phnsphalidylinositol 2- 5.5 
Splfingomyelin 13-18 

Saturated Range (%) Unsaturated Range (%) 
fatty acids fatty acids 

14:0 2 
16:0 25-27 
18:0 12-16 

14:1 I 
16:1 3-5 
16:2 2-3 
IS: 1 14-16 
18:2 0,5-1 
18:3 1 
20 : 4 4.5-5 
22:1 1 
22:2 1 
22:3 1 
22:4 1 
22:5 2 
22: 6 23- 29 

Contains also i,#oph0sphatidylethanolamine. 

exchangers can not explain alone the difference in the 
maximal reaction velocities of the two transporters. 
Similar temperature dependence of both Torpedo and 
rat brain Na ÷-Ca 2+ exchangers is maintained also when 
steady-state rates of transport are compared. 

Calculating the activation energy (E a) of Na + gradi- 
ent dependent Ca 2÷ uptake between 0 and 20 °C from 
the slope of the straight line (not shown), which was 
obtained by plotting the logarithm of the maximal 
reaction rate at each temperature (log V,~,) against 
each corresponding reciprocal temperature (Arrhenius 
pip0, resulted in E a = 20826 col/reel. This value is 
similar to the activation energy calculated for the car- 
diac Na÷-Ca 2+ exchanger between 10 and 37°C [42] 
E a = 18000 cat/reel. 

To distinguish whether the different temperature 
dependence of the rat brain and Torpedo Na+-Ca 2" 
exchangers resulted from difference in the composition 
of their respective lipid membranes and hence in mem- 
brane fluidity or, reflected differences between the two 
proteins the following experiments were done: Torpedo 
and rat brain SPMs w,Jre reconstituted each into calf 
brain and Torpedo electric organ phospholiplds. The 
temperature dependence of the activity profile was 
determined. Catf brain phosphoIipids (BPLs) were used 
rather than rat brain ones since their composition is 
similar [43] and larger quantities can be easily pre- 
pared. In addition, quantitative analysis of Torpedo 

phospholipid (TPL) head groups and their fatty awl 
chain content was carried out (Table l i d  and com- 
pared to calf brain phospholipids [43] and the fluidity 
of each reconstituted membrane was determined. 

Reconstitution involved solubilization of the native 
synaptic membranes in 2% chelate addition of a 3D-fold 
weight excess (relative to membrane protein) of the 
exogeneous phospholipids tested as described [12]. The 
temperature dependence of Na + gradient dependent 
Ca i+ uptake of the reconstituted transporters was de- 
termined. Each one of the reconstituted transporters 
retained its 'native' optimal temperature dependence 
(not shown). Changes i1, the 'bulk' composition of the 
membrane into which the transporters arc ~consti- 
tuted have no effect on their temperature dependence. 
Analysis of the pho~pholipid head group composition 
of brain and Torpedo electric organ phospholipids re- 
vealed, that the distribution is quite similar. The two 
phospholipid mixtures vary, however, considerably in 
their fatty acid composition: Torpedo ocellafa electric 
organ phospholipids contain about 63% unsaturated 
fatty acids as compared to 33% in calf brain phospho- 
lipids [43]. Moreover, in calf brain phosphoiipids, 
arachidonic acid (20:4), is the fatty acid with the 
highest umaturation detected. In Torpedo ocellata 
phospholipids docosahexanoic acid (22:6) reached be- 
tween 23 and 29% of the total fatty acids in different 
preparations and other C22 unsaturated fatty acids 
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about 6% more. Since these would have considerable 
effects on the fluidity of the respective membranes, this 
parameter was tested by measuring the steady-state 
fluorescence anisotropy of the fluorescent probe DPH 
(l,6-diphenyIhexa-i,3,5-triene) in the differem recon- 
stituted membranes. The results of these measure- 
ments are shown in Fig. 7A and Fig. 7B. 

In Fig. 7A the changes in anisotropy (r )  e l  DPH in 
liposomes composed of TPLs or BPLs was measured 
between 4.5 and 44°C. No proteins were added to the 
reconstitution mixtures, otherwise the preparative pro- 
cedures were identical to those used to prepare proteo- 
lipusomes (see Materials and Methods). In Fig. 7B the 
changes in anisotropy of DPH over the same tempera- 
lure range are shown except that proteoliposomes con- 
taining Torpedo SPMs and either TPLs or BPI_.s were 
used. It can be seen, that lipasomes composed of TPI..s 
and BPLs differ in their fluidity (Fig. 7A). The 
anisotrooy of DPH in liposomes eompo~d of TPLs at 
each temperature below 30°C is lower than the 
anisotropy of DPH in BPL-containing liposomes. The 
difference in anisotropy of DPH between the two types 
of liposomes increases as the temperature is lowered. 
Reeonstitution of Torpedo SPM protein into phospho- 
lipid membranes composed of either TPLs or BPLs 
(Fig. 7B) does not alter the difference in anisotropy OF 
DPH measured in protein-free liposomcs (Fig. 7A). A 
similar pattern of increased difference in anisotropy of 
DPH below 30 o is maintained between the two recon- 
stituted membranes. Similar profile of changes in 
anisotropy of DPH with changes in temperature is 
obtained also when rat brain SPMs are reconstituted 
into TPLs or BPLs (not shown). 

It seems that both transporters maintain their 'na- 
tive' temperature dependence independently of the 
phosphoHpid membrane into which they are reconsti- 
tuted, although these membranes differ in their bulk 
fluidity. 

Discussion 

This work characterizes the Na+-Ca 2+ exchange ac- 
tivity in synaptic plasma membranes from the Torpedo 
electric organ. This neuronal preparation has a high 
exchange reaction veMcity which is comparable in maB- 
nitude to that of the mammalian sarcolemmal Na ÷- 
Ca ~+ exchanger. Reeves and Philipson, [20] summa- 
rized the maximal Na+-Ca 2+ exchange activities in 
different preparations and have shown, that the highest 
activity is measured in cardiac sarcolemmal vesicles 
(25 + 18 nmot /mg protein per s) while in most other 
preparations the activity is 1-2 orders of magnitude 
lower. The value reported here of 11.33 (S.D. = 5.93) 
indicates that SPMs from the Torpedo electric organ 
are one of the preparations where the exchanger is 
most active. 

There are two properties at [ease that distinguish 
this exchanger from that in rat brain SPMs or that 
from sarco[emmal vesicles: the low apparent affinity to 
Na ÷ and the relatively low temperature at which opti- 
mal transport activity is attained. 

The difference in the apparent affinity to Na + is 
substantia|. While in cardiac membranes [34] and in rat 
brain SPMs [44] the [Na+| needed to reach half-maxi- 
mal reaction velocity (1(,o.5) is 20-30 raM, in the Tor- 
pedo electric organ it is 1.70 mM (Table 1). These 
differences in the affinity to Na + in isolated vesicles 
support the notion that different proteins arc involved 
in the exchange process in Torpedo and in brain. 

The Torpedo dcctr ic  organ Na+.Ca 2. exchanger is 
not the only case where high K0~ for Na ÷ is found. 
High K~s to Na + (110-300 raM), was found also in 
the squid giant axon when it was poisoned by C N -  
[37], or ATP depleted by dialysis [38]. Addition of ATP 
decreased the K0.s to Na* to values of about 50 raM. 
Substitution of ATP by ATPTS led to increase in the 
affinity of the squid Na~--Ca 2. exchanger to both Ca z+ 
and Na ÷ [39,18] suggesting that kinasc mediated phos- 
phorvlation of the exehangar protein or of another 
regulatory protein might be involved in the process. In 
excised patches of cardiac myocytes [19], some evi- 
dence was obtained for stimulation of Na+-Ca 2÷ ex- 
change currents by ATP. This regulation was lost upon 
treatment of the preparation with ch~not~psin. At- 
tempts to reproduce ATP regulation of Na+-Ca 2÷ ex- 
change in membrane verdcIes were unsuccessful [20], 
with one exception [45], where activation of Na ' -Ca  ~* 
exchange by Ca z+, Mg z÷ and ATE or ATPTS was 
obtained following pretreatment of the membranes with 
phosphorylase phosphatas¢. It could be, that prepara- 
tion of membrane vesicles results in loss of ATP regu- 
lation of Na÷-Ca 2+ exchange due to activation of en- 
dogenous proteolytic activity or another unknown rea- 
son. Therefore it is not surorising that we observed no 
changes in the affinity of the Torpedo SPM Na*-Ca z÷ 
to Na-  following treatment with ATI'3,$. It is of inter- 
est, that in poikilothermic marine animals such as 
squid and Torpedo, when the intact membrane is ATP 
depleted or when membrane vesicles are prepared, the 
Na+-Ca 2+ exchangers exhibit a high K0~ to Na ÷ as 
compared to similar preparation from rat brain and 
mammalian cardiac sareolemma. 

The second line of evidence which suggests that 
Torpedo Na*-Ca ~+ exchanger differs from rat brain 
one is the temperature dependence profile of the two 
carriers. While the Torpedo Na + gradient dependent 
Ca z+ uptake reaches optima] activity between 15 and 
2IPC, the rat brain one reaches optimal activity be- 
tween 30 and 40"C. Evidence suggests, that membrane 
composition and fluidity are of importance in modulat- 
ing the activity of transport proteins [46,47]. TPLs and 
BPLs differ in fatty acid composition of the phospho- 
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lipid head groups which is manifested by different 
membrane fluidity. The different temperature depen- 
dence of Na+-Ca :+ exchange in SPMs from Torpedo 
electric ¢.rgan and rat brain seems however to be 
independent from the bulk lipid composition of the 
membrane since it is retained following recnnstitution 
of each carrier into either one of the phospho[ipids, it  
is impossible to rule out that each transporter carries 
over its specific annular lipids also following solubiliza- 
tion in detergent and reconstitution. But even if this is 
the case, and the annular tipids contribute to the 
specific microenvironment which regulates the temper- 
ature dependence of rat brain and Torpedo Na+-Ca ~+ 
exchangers, these have to be different and reflect prob- 
ably differences in the protein backbone to which they 
are attached. 
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