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Purified ~asma membrane verities ~om the optic ne~e  of ~ e  sq~d Sepiotheuth sep~idea a c c u m ~ e  
cfldum ~ the presence of Mg 2+ and ATP. Ad~tion of the C~  + ~nopho~  A23187 to veeries whkh have 
reached a s~ady s~te of c~dum-active uptake ~duces commie  ~ h a r g e  of the a c c u m ~ e d  cation. 
Kinetic an~yfis of the d~a ~ c a ~ s  th~  the apparent K m for free C~  + and ATP a ~  ~ 2  pM and 21 pM, 
respective~. The average Vm~ ~ ~ 1 nm~ C ~ + / m i n  per mg protein ~ 25°C. Th~ ~ctive ~anspo~ ~ 
inhibited by o~hovanada~ in ~ e  m~rom~ar rang~ An N a ~ C ~  + exchange mecha~sm ~ ~so  present ~ 
the sq~d optic ne~e  membran~ When an outwar~y ~reOed Na + gra~em ~ imposed on ~ e  vefide~ they 
a c c u m ~ e  c~dum ~ the absence of Mg ~+ and/or  ATP. Th~ abili~ ~ a c c u m ~ e  C ~  + ~ absent ly  
dependem on the Na + gradienU re~aceme~ of Na + by K +, cr pas~ve ~ssipation cf ~ e  Na + gra~ent, 
abolishes ~anspo~ a c t i ~ .  The apparent K m f o r  C ~  + of ~ e  N a ~ C ~  + exchange ~ mere than l ~ f ~ d  
~gher than ~nt  of ~ e  ATP~riven pump ~pp. K m = ~ 5  p M ) .  While the apparent K m for Na + ~ 74 mM, 
the Vm~ of the exchanger ~ 27 nm~ C ~ + / m i n  per mg protein at 25°C. These characteristics are 
comparable to those ~s~ayed by the uncou~ed Ca pump and N a ~ C ~  + exchange p ~v ~ u ~y  described ~ 
• ~yzed sq~d axon~ 

~ W ~ t i ~  

Two plasma membrane ~anspo~ sys~m~ lhe 
ATP-dependent Ca 2÷ pump and the N a ~ C a  2+ 
exchangeL have been shown to play a c r u o ~  role 
in the regulation of cytosol~ free c ~ d u m  in a 
variety of cells [1-7]. The rdafive contribution of 
these mechanisms to ingacdlular  c ~ d u m  homeo- 
stafis still rem~ns to be deafly establ~hed. In 
squid axons, it has been proposed that the uncou- 
pled C ~  + pump is responfib~ for m~nt~n ing  

* To whom c o ~ p o n d e n c e  shoed be addressed. 
Abb~fiafions: Mops, ~ m ~ p h ~ e p m p a n ~ d ~ m c  ~ ;  
DMSO, ~ m ~ h ~ l ~ d e ;  HEEDTA, N-hydmxy~hy~n~ 
~aminetf i~etic add; NMG, N-m~hyl -~ucamine .  

Mw ~sting C ~  + Mvd~ w~le N a ~ C ~  + exchange 
h a n ~  the Mrge amounts of C ~  + enter~g the 
axons during de~ricM s t i m ~  [8,9]. 

RecenflL a purified plasma membrane p ~ p a r ~  
t ~ n  has been obtMned ~om sq~d optic nerve~ 
T ~ s  p~parat ion of~rs a means of MochemicM 
~vestigation w~ch can paralld dec~ophyf i~o~-  
cM ~u~es  of these uanspo~ sy~ems in sq~d 
axon~ w~ch  had been used as a modal for t~e 
study of Ca ~anspo~ [1,2,7L T ~ s  ~asma mem- 
brane preparation contMns a ( C ~ ÷ + M g ~ ÷ )  - 
A T P a ~  who~  ~netic  properties ~ m b l e  those of 
the active cMdum pump [10,11]. It was therefore 
of interest to estabfish wh~her  the same ~asma 
membrane preparation wo~d Mso cont~n an 
ATP-dependent C ~  + ~anspo~ a c t i ~ .  Fu~heL 
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it might be expected that a Na+-Ca 2+ exchange 
activity, dependent of the presence of a Na + 
gradienL could operate in paralld with the active 
pump. 

In this paper we describe both ATP-dependent 
Ca ~+ ~anspo~ and N a + +  Ca z+ exchange activity 
in squid optic nerve membrane verities. A pre- 
liminary report of these findings has been pre- 
sented dsewhere [12]. 

M a ~ f i M s  a n d  M e t h o d s  

Membrane preparahon. Plasma membrane 
vesicles were prepared from the optic nerves of the 
squid Sepiotheut# sepioidea as pre~ously d~  
scribed [11]. At the end of the holation procedure 
the preparation was suspended in 0.3 M sucrose/  
10 mM Tri~HC1 (pH 7.4), rapidly frozen in sofid 
CO 2 and acetone and stored at - 7 0 ° C  at a f inn 
protein concentration of about 5 mg/ml.  Under 
these condition~ both (Ca 2+ + Mg2+)-ATPase ac- 
tivity and the ~anspo~ characterizes of. the 
verities were constant over at ~ast 3 months. The 
average diam~er of the membrane veeries was 0.6 
~m, as determined by dec~on  microscopy (nega- 
tive ~Nning). 

Ves~# volume dewrmmaaon. The in~rnN 
volume of the plasma membrane ve~des was 
determined by a modification of the procedure 

described by Padan et N. [13]. Vefic~s w~e thawed 
at room ~ m p ~ u r ~  dflu~d 15-f~d with 300 mM 
K-Mops (pH 7.3) (25°C) and centrifuged at 
150000 × g for 30 ram. The pallet was ~en  resus- 
pended in a miNmN v~ume of the same solution. 

The dhtfibufion of [~4C]inulin was used to 
measu~ the e~raveficMar vNum~ and of 3H20 
to dm~mine the totM vMum~ 1 ml of a solution 
contNNng (~  raM) 100 KC1, 3 ~ufin ~a4C]inulim 
1 ~Ci and 3H20, 2.5 ~Ci), 200 K-Mops (pH 7.3), 
and 1 mg protNn was incuba~d at 25°C for 30 
min. At ~ e  end of ~ e  ~cubat ion period the tubes 
were centrifuged at 1 2 0 0 0 × g  for 15 min. The 
p d ~ t  was N~Nved  ~ 1% SDS and a smMl vNume 
was counmd fimMmneouNy with a samp~ of ~ e  
oriNnN ~cubafion meNum. The average internal 
vNume obtNned from four ~ f f~en t  preparations, 
each ~ quadruplicate, was 1.7 ± 0.14 ~ l /mg  of 
proton.  

(Na + + K + )-A TPase a~ays and ~dedn~s 
eshma6o~ The totM ( N a + +  K+)ATPase  acfi~ff  
was measu~d as pre~ouNy reposed [11] aher a 
15 min pr~ncub~ion  of ~ e  membran~ (1 mg of 
protein/ml)  at 25°C in 0.32 M s u ~ o ~ / 1 5  mM 
Tfi~HC1 (pH 7.3), in the presence or not of 0.2% 
d e o x y c h ~ e  (0.4 mg deoxych~am/mg  of pro- 
t~n). TNs suspenfion was then diluted 48-fold 
with the above sucrose s~ufiom 100 ~1 were added 
to the A T P a ~  reaction m ~ t u ~  and ~ c u b ~ e d  for 

TABLE I 

ESTIMA~ON OF THE ORIENTA~ON OF SQUID OPeC NERVE VESICLES USING THE ASYMMET~C PROPER~ES 
OF THE (Na + ÷ K + ~ATP~e 

L, ~aky verities; IO, ~dd~om verities; RO, figh>fidmom verities. 

Assay con~fions ATPa~ (~ m~ ~/rag protein per h) Subpopulafion Fraction 

Deoxych~e ad~fion to Total (Na + + K + ~ of vefic~s of mt~ 
me,urn ATPa~ acfiv~ed (%)popCOrn proncubafion assay 

- 49.0 (1) 
20.5 (1 - 2) L 23 

- 1 mM ouabNn 28.5 (2) 
- 5 ~M monenfin 5 0 . 1  ( 3 )  

29.6 (3 - 4) L + IO 33 
- 5 ~M monenfin 

+ 10 ~M diNto~genin 2~5 (4) 
+ - 99.7 (5) 

90.3 (6 - 5) L + IO + RO 100 
+ 1 mM ouab~n 9.4 (6) 



10 rain at 25°C. The fiberated phospha~ was 
quantified as p ~ o u ~ y  ~poned [1~. The fided- 
ness of the optic nerve membrane p~paration was 
esfimmed fol~wing the m~hod used by Caro~ 
and Carafofi for sarc~emma vefid~ [15]. TNs 
procedure reveNs that our preparation con~s~ of 
23% leaky vefid~, 10% infide-out verities and 
67% fight-side-out ve~cles (Tab~ I). 

Ca 2+ pump measuremen~  The ATP-dependent 
cN~um uptake was measu~d in the fol~wing 
m e ,  urn (in mM): 0.5 or 1.0 MgCI~; 0.1 ouabNn; 
5.0 soNum aNde; 0.5 EGTA-Tris; CaCI~ vafiaNe 
(~CaC12 sp. act. 104 cpm/nmol) to Nve [C~ +] 
b~ween 10 s and 10 -3 M; 100 KC1; 200 K-Mops 
(pH 7.3 at 25°C). Membrane verities at a finn 
concenUation of 25-40 ~g/100 ~1 were prNn- 
cuba~d ~ the meNum for 5 rain m 25°C. The 
uptake of Ca was iNti~ed by adNtion of ATP 
(fin~ concenUation in~c~ed ~ the figu~ legends) 
and was rapidly termina~d by filuation of 0.1 ml 
aliquots through Milliop~ f i l ~  ~.45 ~m). The 
filters were washed twice with 3 ml of an ~ c N d  
solution contNNng 250 mM KCI/50 mM K-Mops, 
(pH 7.3), dried and ~ v e d  in sdnti~ation fiq~d 
and the r ~ n e d  ra~oacti~ff was coun~d. Free 
C~ + concen~ations were c ~ c ~ e d  ufing the 
equil~ria b~ween C~ +, Mg 2+, EGTA ~nd ATP. 
The di~odation constants used in computation 
were (~gh ~ c  s~en~h): Mg. ATP 0.7 mM; (De 
Wee~ unpubfished ~sult~ Mg. EGTA, 30 mM 
[16]. Ca. ATP 1.4 mM [10], Ca. EGTA 0.00017 
mM [17]. In order to mi~mize the effect of ad- 
difion~ cMdum from con~minating reagents (10 
~M in most experiment9 the buffered Ca s~u- 
tions cont~ned ~gh EGTA concen~ations. 

Ca 2 + ~ensi~oe m~roelectrodes. The preparation 
and c a l i b r ~ n  procedure of the neu~N hgand 
C~%~nfitive de~rodes was fimilar to that de- 
scribed by DiP~o ~ N. [17]. Ca up~ke was 
determined in 0.1 ml of a s~ution cont~n~g (in 
mM) 1.5 MgCI:, 0.1 o u a b ~  5 so,urn afid~ 0.1 
CaCI:, 100 KC1, 200 K-Mops (pH 7.3) at room 
~mper~ure (19°C) and an ATP-~generating sy~ 
~m compo~d of 0.5 mM phosphoendpyruva~ 
and 1 U/ml  pyruva~ ~nas~ Membrane vefid~ 
(1 mg/ml) were pr~ncub~ed in the reaction 
medium for 5 min. The reaction was i~fi~ed by 
adding Tri~ATP (pH 7.3) ~o ac~eve a fin~ con- 
centration of 0.5 mM. The continuous disap- 
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pearance of the e~ernN c~dum was me~u~d  
~ ~e  C ~ e  ~ ~ e  ~ d  ~ h ~ d  
by a pen recorde~ When the Ca ~noph~e  A23187 
was ~ q u i ~  it was ~ v e d  ~ther in ethanol or 
in ~ s ~ d  ~ m ~ h ~ s ~ d e  (DMS~.  Und~ 
these condition~ e ~ a n ~  or DMSO (~ss than 
0.2%) had no effect per se on the ca~um trans- 
p~t.  

~ + . ~ 2  + ~ m e ~ u ~ m ~  M e m ~ a ~  
v ~ M ~  (5-7 mg w o ~ n / ~ )  ~ p ~ u ~  
for 30 ~ n  at 37°C ~ t h  N ~ M o ~  or ~ M ~ K  
The uptake was ~ t i ~ e d  by ~ ( ~ - 3 G M ~  
5 #1 of p ~ ~ d  ve~des ~ an appmpfia~ 
ex~mM me,urn ~ n ~  100 ~M Ca and NMG 
~ d  of Na + a n d / ~  K +. Ad~tionN d ~  
appear ~ ~e  figure ~gend~ Ca uptake was car- 
fled out ~ the absence of ATP. The reaction was 
~ d  by fikrafion on ~ f i l ~  as 
in~c~ed before. In order to mNmNn the free 
C~ ÷ concentration fixed in the range 10-7-10 -3 
M, three C~ + buffers were used: EGTA, 
HEEDTA and Ntfi~tfiacefic a~d. ThNr apparent 
• ~o~m~n  ~ s  ( N ~  ~Nc st~ng~, pH 7.3, 
2 5 ° ~  were: 0.17, 5.4 and 209 ~M, ~ t i v d y  
[17]. B~N Ca b ~ n g  (me~u~d m p ~ f i u m -  
~aded v ~ d e ~  was subtracted from the totN 
uptake. 

R ~ M n ~  V a n a ~ u m - ~  ATP (~is  sat), 
EGTA, EDTA, Mops, N t ~ f i ~ e f i c  add, N- 
me~yl ~ m ~  HEEDTA, ~ u m  de- 
oxychoh~, Phosphoendpyruvm~ pyruv~e M- 
n~e, monenfin, v ~ o m y d m  ~ N m ~ N n  and 
inM~ were purchased from S~ma C ~ c ~  Co. 
~ C a ~  3HzO and [ ~ 4 Q ~ n  were obtNned ~om 
New EnNand Nudea~ The ionophore A23187 
was obtNned ~om CNNochem Lab~amfi~.  
FHters were from ~ H ~ o ~  Co. AH other reagents 
were of a n ~ M  grade. 

R e s ~  

A TP-dependent Ca uptake 

The tim~cou~e of ATP-dfiven C~ + uptake 
into sq~d optic nerve v e s t ,  s is shown in Fig. 1. 
In the presence of both Mg 2+ and ATP there was 
a rap~ accum~ation of C~ +, w~ch was finear 
over the first 5 min and reached a ma~mum level 
of about 8 n m ~ / m g  of proton in 10 rain. Ad- 
• tion of c ~ u m  ionophore A23187 a~er steady 
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Fi& 1. T i m ~ c o u ~ e  of ATP-dependent c ~ o u m  uptake in optic 
nerve plasma membrane veeries.  Verities (0.3 mg prot~n/ml) 
were pr~ncuba~d 5 min at 2 5 ° C  in a medium cont~ning (in 
mM): 0.5 MgCI2, ~1 o u a b ~  5 sodium a~d~ 0.5 EGTA-Tris, 
0.491 ~CaC12 (~Ca sp. act. 105 cpm/nmol); 100 KCI, 200 
K-Mops (pH ~3). Under these conditions ~ee  Ca 2+ c o n c e n ~  
tion was 4 ~M. C ~ u m  uptake was initiated by addition of 
ATP (2 mM. f in~ concentration). At the indica~d times, 100 
~1 ~ u o ~  were i l l .red through Millipore f i l ~  (see Method~; 
filters were washed twice with 3 ml of ~ c ~ d  s~ut ion con- 
t~ning 250 mM KC1/50 mM K-Mops (pH 7.3), dried and 
d i ~ o ~ e d  in In~agd.  Controls were run in the absence of ATP 
and unspedfic cM~um binding was s u b . a c i d  from each 
expefiment~ point. Resd~ obtained with three different pr~ 
parations are expressed as mean ± ~E. 

state was reached caused a rapid and complete 
release of the accumula~d Ca 2+. This indicates 
that Ca ~+ was ~ a n s p o ~ e d  ag~nst  its concentra- 
tion gradient and into the in~aveficular spac~ 
This ATP-dependent Ca ~+ uptake was not a~  
fected by induf ion of o l igomydn or sodium azide 
in the incubation medium. 

The rdafionship between free Ca 2+ concentra- 
tion and the operation of the ATP-dependent 
Ca 2+ pump is shown in Fig. 2. The pumping 
activity increased with increafing free Ca 2+ con- 
cen~ations ran~ng from 0.01 to 1 ~M. Free Ca 2+ 
concentrations higher than 2 ~ M  did not produce 
any further increment in the Ca 2+ uptake, which 
reached a m a ~ m ~  rate of about 1 n m o l / m g  
protdn per min. A linear plot of  Ca 2+ data mea- 
sured with 5 min incubation~ during which the 
uptake was ~near with t im~ reve~ed an apparent 
K m of 0.2 #M. 

The activation of Ca ~+ uptake by ATP was 
explored by varying the concentration of the 
nudeotide in the presence of 1 mM MgC12 and 5 
~ M  free Ca 2+ . To stabilize the levds of ATP 
during the 5 min incubation period, an ATP re- 
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Fi& 2. ATP-dependent c ~ d u m  uptake as a function of ex- 
~avef icuhr ~ee  c ~ u m  concen~ation. Ahquo~  of membrane 
verities (0.4 mg proton/ml) were proncubated 5 min at 25°C 
in a medium containing (raM): 0.5 MgCI~, 0.1 ouab~n, 5 
sodium a~d~ 0.5 EGTA-Tfis, 100 KCI, 200 K-Mops (pH 7.3) 
and the quantities of CaCI: c~cOated to obtain the repre- 
sented pCa (see Methods) ( ~ C a  a ~ i ~ t y  was 5.105 cpm/tube). 
Ca 2+ uptake was inifia~d by adding ATP (2 mM, fin~ 
concen~ation) and hs~d 5 min. The reaction was stopped by 
fil~ation of 100 #1 aliquots through M~hpore f i l ~ .  C~dum 
binding obtained in the absence of ATP was subtracted from 
each expefiment~ point. Resul~ from three different prepara- 
tions expressed as mean ± KE. 

generating sy~em composed of phosphoenol- 
pyruvate and pyruvate kinase was utilized. Fig. 3 
shows that no net Ca 2+ accumulation occurred in 
the absence of ATP. In the range from 10 to 100 
~ M  ATP, net Ca uptake increased along a rectan- 
gular hyperbola and reached a maximum at ap- 
prox. about 100 ~ M  ATP. Hal~maximal  Ca up- 
take was observed at an ATP concentration of 
about 21 ~M. This indicates that the Ca transport 
system is activated by ATP with high affinity, a 
resuR which agrees with the value obtained for the 
ATP-dependent Ca 2+ Uanspo~  in squid axons 
and for the (Ca 2+ + MgZ+)ATPase  from the same 
preparation [2,11]. 

We also could demon~rate  the presence of 
ATP-dependent Ca uptake ufing a ca l~um-sdec-  
tive microe lec~od~ Fig. 4 shows a typical experi- 
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brane verities (0.3 mg prot~n/ml) were pr~ncuba~d 5 min at 
25°C in a medium compfifing (in mM) 1 MgCI:, ~1 ouab~m 
5 Na-azid~ 0.5 EGTA-Tfi~ 100 KCI, 200 K-Mop~ 1 pho~ 
phoenolpyruva~ 1 U/ml  pyruvate kinase (pH 7.3) and quanti- 
fies of ~CaCI adequa~ to obtain [Ca~+] = 5 #M for each 
concentration of ATP. The reaction was i~tia~d by addition 
of ATP and a~es~d a~er 5 rain by Millipore fil~afion of 100 
#1 aliquots. Contro~ were run in the absence of ATP and 
unspe~fic Ca binding was sub ,ac id  from each experiment~ 
point. Results obt~ned with three dif~rent preparations ex- 
pressed as mean ± ~E. 
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ment, which confinuou~y monitored ATP-depen- 
dent Ca loss from the medium by ufing a cNdum 
microelectrode which was calibrated in a medium 
of high ionic grength (0.3). The contaminating 
Ca 2+ concentration (10 ~M) was used as the ini- 
t in concentration of the incubating medium. 
Ndther ATP None nor verities plus the ATP 
regenerating sy~em caused a fignificant change in 
the ~nized Ca of the medium. However, when 
ATP was added in the presence of N1 other com- 
ponent~ a continuous decrease in the ionized 
cNdum concentration of the medium was ob- 
served, leve~ing off in this particular experiment 
after about 5 rain. As was observed in the ~otope 
uptake expefiment~ addition of the Ca ionophore 
A23187 induced compline rdease of the accu- 
mulated Ca. 

O~hovanad~e inhibits both the ATP-depen- 
dent Ca uptake of diNyzed squid axons [17] and 
(Ca2+ + MgZ+)-ATPase activity of ~olated nerve 
membranes [11]. Ca uptake present in nerve mem- 
brane verities was Nso inhibi~d by orthovanadate 
in a dose-dependent manner. Prdncubafion of the 
ve~des in orthovanadate (at 25°C) prior to ad- 
dition of ATP lowered the concen~mion required 

pCo 5 ~L 

AV= 275mV 

pCa 6~ 

~ ~ I rain ~ _ f  

\ 

A2~87 ( ~ / ~ 1  

Fi b & ATP-dependent c~oum uptake measured by means of Ca-selective microelec~odes. Ca 2+ uptake was carried out in 0.1 ml of 
a medium compfifing On mM) 1.5 MgCi 2, 0.1 ouab~n, 100 KCI, 200 K-Mops (wash solution, WS in figure), plus 0.5 
phosphoenolpyruvate, 1 U/ml  pyruate kinase and 1 mg/ml membrane proton, and was initiated by addition of &5 mM ATP-Tris 
(fin~ concen~ation). Initi~ extravesicular ~ee c~oum concen~ation was 10 #M. 
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Fig. 5. Effect of o~hovanadate on the ATP-dependent calcium 
uptake by nerve membrane veeries. Aliquots of membrane 
veNdes (0.25 mg protein/ml) were preincubated 5 min at 
25°C in a medium comprising (in mM) ~5 MgC12, 0.1 ouabN~ 
5 sodium aNd~ 0.5 EGTA-Tfis, 150 KCI, 150 NMG-Mops and 
0.605 ~CaCI~, in the presence (©) or not (~) of 100 ~M 
o~hovanadat~ CNNum uptake was initia~d by addition of 2 
mM ATP. At indicated time~ 100 ~1 of ve~des were fil~red 
through Millipore fil~rs. Inset: in order to cMculate the ap- 
parent K i for orthovanadate, veeries were allowed to take 
cNdum for 10 min in the presence of different concentrations 
of this compound. The uptake capaoty measured in the pres- 
ence of each concentration was expressed as a percentage of 
the total uptake capadty obtNned in the absence of o~ho- 
vanadate (100% acti~ty). 

for h N ~ m a ~ m u m  inhibition from 35 ~M to 4 
~M, as has been described for other preparations 
[9,18]. Fig. 5 shows a C~up take  experiment reN- 
~ed  in the absence or in the presence of 100 ~M 
o~hovanada~ .  A dos~response curve is presen~d 
in the inset showing an apparent K i for ortho- 
vanadate of 4 ~M. 

Na +-dependent Ca 2 + uptake 

Squid optic nerve ve~cles were next assayed for 
Na+-dependent Ca 2+ uptake. In these expefi- 
menu,  ve~cles (5-7 m g / m l )  were pas~vdy  equi- 
fibrated for 30 rain at 37°C in either Na-Mops or 
K-Mops (300 mM) and aliquots were then diluted 
20-fold into a medium containing 100 ~M Ca ~+ 
Sodium or potas~um was replaced in the d~ufion 
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Fig. 6. Tim~course of calcium up~ke by Na +- or K ~ p ~ -  
~aded vesicles. Vefid~ G mg/ml) were preincuba~d 30 min 
at 37°C ~ mesa  containing (mM): (~) 100 NaC1, 200 Na- 
Mops (pH 7.3) at 37°C), and (©) 100 KCI, 200 K-Mops (pH 
7.3 at 37°C~ C ~ u m  uptake was i~tia~d by diluting 50 #1 of 
prdoaded verities in 1 ml of (mM): 100 N-m~h~ D-~ucamine 
c~ofid~ 0.1 o u a b ~  0.1 ~CaC12 (~Ca sp. act. 2.4.104 
cpm/nmd,  200 NMG-Mops (pH 7.3). At ~ d ~ e d  fime~ 
a~er ~cubation ~ 25°C, 100 #1 ~iquo~ were filtered through 
M ~ o r e  fil~rs. R e s ~  ~om four ~fferent preparations (N~ 
~aded vefide~ and two ~f~rent  preparations (K+-loaded 
vefideO were expressed as mean± ~ 

medium by the impermeant cation, NMG. Con- 
trols were prepared by diluting the prdoaded 
veeries  in a medium containing tither 300 mM 
Na + or K + in order to collapse the respective 
grad~nt and the resulu obtNned in these condi- 
tions were then subtracted from those obtained in 
the presence of the monovNent  cation gradient. 
Fig. 6 shows the t i m ~ c o u ~ e  of Ca uptake into 
veNc~s  prdoaded with Other sodium or potas- 
~um. In the Na%loaded v e ~ c ~  cMdum uptake 
occurred rapidly during the first minute, and re- 
ached a saturating vNue of 12-14 n m o l / m g  pro- 
tdn within 4 min. In contrasL veNdes preloaded 
with K + were unable to accumula~  Ngnificant 
amounts of Ca. In the following experiment ,  the 
initiM rates of  Ca uptake were estimated during 
the first 10 s from the initiM r o p e  of the uptake 
curve shown in Fig. 6. The effect of  different 
in~aveNcular Na + concentrations on the net Ca 
uptake was examined in veeries loaded with 
sodium for 30 min at 37°C and then diluted in a 
Na+-~ee  medium contNning ~ C a  (100 ~M), as 
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~g. 7. Ef~ct of different concentrations of ~ a v e ~ c u ~ r  
so~um on the cM~um up~ke by ne~e membrane v e ~ e ~  
Veeries (5 mg wotein/rnl) were pr~ncuba~d 30 roan at 37°C 
in mesa  compfiMng (mM) 5-250 NaCI, 245-0 NMG-C1, 50 
NMG-Mo~ ~ H  7.3). Reaction was i~d~ed  by diluting 30- 
f~d 5 ~1 of prdoaded veMdes ~ (mM) 250 NMG-C1, 0.1 
ouabMm ~1 ~CaC12 (~Ca sp. act. 1.3.10 ~ cpm/nmol), 50 
NMG-Mo~ (7.3L After a 10 s incubation at 25°C, 10~#1 
M~uo~ were ~ r e d  t~ough Mi~pore ~ r s .  R e s ~  ob- 
tMned ~ t h  four ~f~rem preparmions are expressed as mean 
±S.E. 

shown in Fig. 7. In order to maintMn a constant 
ionic s~ength and osmolarity, sodium was re- 
placed by N M G  when require& V e ~ e s  pre- 
loaded with 5 mM NaC1 showed negligibM net Ca 
accumulation, but as the Na  concentration was 
increased, Ca uptake rose until it reached a Vma x 
of 27 n m o l / m i n  per mg protein for a Na  con- 
centration of 150 mM. The cMcula~d apparent 
affinity constant for Na  + of the Na+-dependent 
Ca uptake was 74 mM. Conffol vMues obtMned in 
the absence of internM Na (1 n m o l / m g )  were 
subtracted from each experiment point. The 
~gmoidM nature of this curve suggests that more 
than one sodium is required for the ffan~ocafion 
of one cMdum ion. 

A Mmilar kinetic characterization of the Ca 2+ 
transporL but as a function of ex~aveMcular Ca 2+, 
is shown in Fig. 8. In this case veeries were 
prdoaded  with a saturating Na  + concentration 
(200 mM) and uptake inifiM rates were de- 
termined. The data indicate that the apparent K m 

for  C a  2+ is 7.5 # M  and the Vm~ ~ of uptake 27 
n m o l / m i n  per mg protein. These kinetic con- 
stants are comparable to those r eposed  for the 
Na+-Ca 2+ exchange in brMn and purified heart 
membrane v e r d e  preparations [20-22]. 
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~ 8. C ~ u m  u ~ e  as a function of e~rave~c~ar Ca 2+ 
concentration. Veeries (5 mg ~ o ~ n / ~ )  were prdoaded for 
30 ~ n  at 37°C ~ a me~um compiling ~ 2 ~  Na~,  50 
N M ~  50 N M ~ M ~ s  ~ H  7.3) and c~dum uptake was 
i~t i~ed by ~ g  3 ~ d  5 ~1 ~ p ~ o a ~ d  veeries in ( m ~  
250 N M ~  0.1 o u a b ~  50 N M ~ M ~ s  ~ H  7 . ~  0.5 
EGT~ HEEDTA or ~tfi~tfiacetic add ~ee M~hod~ and 
adequ~e quantities of CaO~ c~cd~ed  to obt~n the repre- 
sented pCa ~p. act. ~ C ~  5-105 c p m / ~ b ~ .  After a 10 s 
incubation at 2 5 ° ~  10~1  ~qums  of ~e  reaction m ~ r e  
were ~ r e d  ~ o u ~  M ~  ~ r s .  Resd~ ob~med ~ 
three &fferem preparations are expressed as mean ± &E 

D~cus~on 

There is generM agreement that in most exota-  
b ~  cells two co-functionM transport sys~ms are 
respon~b~ for active Ca ~anMocation: an ATP- 
dependent Ca-pump and the Na÷-Ca 2+ exchange~ 
The funct ion~ ~gnificance of these two mecha- 
nisms has been controversial with respect to tho r  
role in the regulation of the phys io lo~c~ intern~ 
f e e  c ~ o u m  concentration. Although the affinities 
and capadfies for Ca transport of these two sys- 
tems vary in different fissue~ most of the present 
know~dge indicates that the Ca pump, due to its 
high affinity but ~sser capadty,  must be respon~- 
ble for the resting in~rnM ionized cMoum. 

In this study, an ATP-dependent Ca 2÷ trans- 
port sy~em and a Na%Ca  2+ exchange have been 
identified and characterized in plasma membrane 
veeries  derived from squid optic nerves. 

Sever~ ~nes of e~dence indica~ that these 
activities are located in the plasma membran~ 
ATP-dependent Ca 2+ uptake is not senfitive to 
inhibition by o~gomyon or sodium a~de, be~de~ 
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the preparation is enriched in plasma membrane 
enzyme markers and ~ u a l l y  lacks mitochondri~ 
markers acti¼ty [10,11]. Taken tog~he~ these re- 
suits indica~ that C~  + uptake is not due to 
contamination of the preparation with ~efides 
derived ~om mitochondfi~ membran~ On the 
other hand, the lack of effect of ox~ate on Ca ~+ 
accumdation (unpubfished result~ s~on~y  argues 
ag~n~  the posfibifity that the of i~n of this activ- 
ity might be a contamination by endoplasmic re- 
t i c ,u rn  membranes. 

Ca ~÷ is accumulated infide the vefide~ rather 
than just bound to the membran~ because accu- 
mulation takes place ag~n~  the Ca dec~ochem- 
ic~ gradient and exposure to the Ca ionophore 
A23187 causes accumulation to cease and rdease 
of accumula~d c ~ u m .  

Using an average veficular volume of 1.7 # l / m g  
protein it may be i n ~ e d  that at steady state a 
maxim~ in~aves~uhr  Ca ~+ content of about 8.3 
n m ~ / m g  pro ton  is at tuned, which represen~ a 
concen~ation of about 4.9 mM, about 10\ t imes 
the C ~  + concentration in the extraveficular s~u- 
tion. 

The ~netic properties of the ATP-dependent 
Ca2~accumulation are fim~ar to those described 
for the Ca2%pump present in a variety of e x ~ t ~  
b~  and nonex~tab~ cells [2,5,8,9]. The affinity 
for c ~ u m  of the actNe C ~  + uptake ~udied in 
optic nerve membrane verities (0.2 ~M) d o s d y  
paraHds that of the (Ca ~÷ + Mg2÷)-ATPase of the 
same preparation (0.12 ~M) and of the ATP-d~ 
pendent uncoupled C ~  ÷ efflux operating in 
di~yzed squid axons (0.18 ~M). This s~on~y  
suggests that ATP-dependent Ca ~+ accumulation 
in membrane ve~des is a reflection of the uncou- 
p~d  Ca pump repor~d in axons and is due to the 
~cfi~ty of the (Ca ~+ + Mg~+~ATPas~ The (Ca ~+ 
+ Mg~+)ATPase present in squid optic nerve 
membranes hydrolyze about 12 nmol ATP/min  
per mg protein at 25°C under high ion~ ~rength 
conditions [1~. On the other hand, the average 
~ , ~  of the ATP-driven C~  + uptake measured 
under fimil~r conditions is only 1 nmol CaZ+/min 
per mg protein. Howeve~ this V.~ is ob~ou~y  
undere~imated. ~nce on~  the in ,de-out  veeries 
would be expec~d to function in the case of 
ATP-dependent Ca 2+ ~anspon.  and this ~action 

represents o n ~  a 10% of ~ e  ~ t ~  pop~ation.  
Henc~ C ~  + ~anspo~ ra~s fia the A TP a~  path- 
way wo~d be l ~ f ~ d  high~. It is e~dent  that a 
corr~ation e~s~  b~ween A TP a~  enzymatic ac- 
t i¼ff and C ~  + transport and a ~gh degree of 
coupfing of ATP hydrolysis to C ~  + ~anspo~ may 
be detected. 

ATP-dependent C~  + ~anspo~ ~ sq~d optic 
nerve veeries is ~ h i N ~ d  by o~hovanada~ with 
high affini~ (app. K i = 4 ~M). It has been re- 
p o r e d  ~ a varie~ of cells 0n~u&ng sq~d axon~ 
that t~s  compound i n ~ N ~  C ~  + active transport 
with comparab~ affini~ [ E ~ I ~ .  

The expefimen~ described in this paper ~so 
present e~dence for N a ~ C ~  + exchange in optic 
nerve membrane v e ~ e s .  This sys~m is, in many 
respects ~milar to the exchange characterized in 
• ~yzed sq~d axons [23] and in veeries ~om 
other call ~pes ~ 0 - 2 2 ~ 4 - 2 ~ .  In optic nerve 
v e ~ e ~  N a % C ~  + exchange &s~ays an apparent 
K m for C ~  + more than one order of magmmde 
higher than that c o ~ p o n ~ n g  to ATP-dependent 
C ~  + pump, as observed in squid axons. The aver- 
age V ~  of the exchange is 27 n m ~ / r a i n  per mg 
of protein in our preparation, which is approx. 
3-f~d ~ a t  of ~ e  active Ca z+ ~anspo~ corrected 
for in ,de-out  veeries. In sq~d axon~ DiP~o  et 
~. reposed that ~ e  Vm~ of the N a ~ C ~  + ex- 
change measu~d in the ab~nce  of ATP is approx. 
5-f~d ~ e  V ~  of ~ e  uncoupled C~  + pump [23]. 
Thus it appea~ that N a ~ C ~  + exchange is a low 
af f i~f f  but high capaof f  Ca ~anspo~ sy~em. 
The translocation of C~  + Oa ~ e  N a ~ C ~  + 
exchanger ~ q ~ s  a m~n t~ned  Na + gradient 
dri~ng force. HoweveL these v e ~ e s  show a rda- 
t ivdy high p~meabili ty for Na + (not shown) and 
due to Na ÷ gra&ent &s~pation during the t im~ 
course of the reaction the i ~ t i ~  rate of the C ~  + 
uptake through the exchang~ may be underesfi- 
maled. 

In co n ~u ~o ~  our results ~ c ~ e  that optic 
nerve ~asma membrane ~om sq~d axons con- 
t~ns the two funcfion~ Ca z+ transport mech~ 
nisms that have been demon~ra~d  in intact axons 
and implic~ed ~ the c o n ~  of the ~ a c d l u l a r  
~ee C ~  + ~vds.  This paves the way for d ~ d  
~ochernic~ an~y~s  of t h e e  two ~anspo~ m~e- 
cules ~ this sy~em. 
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