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The permea~H~ behav~ur of ~eoy~hosphatida~/&~eoy~hosphatidy~holine ~0:8~ m~%) large 
u ~ m ~ r  veeries ~ ~w m~im~ar c~dum concen~afions is ~fferent for various s ~ u ~  Between ~5 
mM and Z5 mM of c~dum a s~ective ~flux of c~dum and efflux of enclosed cfldum cheating a~ons ~ 
obse~e~ At ~gher c~dum concen~afions the membrane ~ses ~s barr~r function |or a large vade~ of 
s ~ u ~  These permeabiliW ~creases are a spedfic consequence of cfldum p h o s p h ~ a ~  ~rac f ions ,  
because con~ol experiments in wh~h c~durn was refaced by magne~um or in w~ch ~ e o y ~ h o s p h ~ M ~ e  
was refaced by ~eoylphosphatidylglycer~ showed under the same conditions no permeabiliW change~ 
These r e s ~  are ~scussed on the ba~s of various putative m e c h a ~  mod~s for phosphatida~-medi~ed 
c~cium ~an~ocation across membranes. Fu~hermore a ~netic~ mod~ ~ presen~d by w~ch the obse~ed 
se~cfive c~dum and c~dum~h~a~r  ~an~ocafion can be e x ~ n e ~  

In~oducfion 

Cell stimulat~n by various hormone, neuro- 
~ansmitte~ and growth factors is supposed to 
occur by triggering off the acti~ff of a spedfic 
phospholipase C, w~ch resuRs ~ ~e  breakdown 
of phospho r~ed  ~of i t~  phosphatides [1]. One 
of lhe produO~ ~ofitol (1,4,~-tfisphosphate, has 
been shown to act as second m ~ n g ~  by stimu- 
lation of c~dum rdea~ ~om ~ a c e l l d ~  poo~ 
~ n d o ~ m i c  or sa~oplasmic ~ticdum) [2]. The 
f i m ~ n e o u ~ y  formed ~ a c ~ y c ~  is ~ought to 
sf imda~ protein ~nase C, w~ch cat~yses pro- 
ton phosphor~afion ~ s y n ~ s m  with c~dum- 

* To whom co~espondence should be addre~ed. 

~ ~ t  w o r n  ~ n ~  [3]. The cyd~ character 
of events includes subsequent phosphor~afion of 
the d iac~ycero l  to ~ ~ d ~ e  as a key inte~ 
m e ~ e  in ~e  ~ r m a t i o n  ~ ~ o ~ ~  
tides. 

A ~ c t  r~e of pho~hatida~ in c~dum 
m o b ~ t i o n  is not dear but the last ~w years 
phys~lo~c~ ~ u ~  ~ t h  &ff~ent call ~pes have 
~ d ~  ~ p h o ~ f i d a ~  m ~  be i m p ~ m  in 
~e  c~dum mot ivat ion o~r  ~e  pl~ma mem- 
brane [4-13]. In ~ese experimems p h o s p h ~ a ~  
was Other added ~ m ~ y  to the cells or call 
memb~ne verities [7-12] or gen~a~d by ad- 
dit~n of an agonist of ~e  memb~ne receptor or a 
~ o ~ h ~  to ~e  c~s  [11-1~. In most of 
these s ~  it is concluded ~a t  ph~phatida~ 
~deed plays a r~e ~ cMoum m o b f l ~ n  over 
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the plasmamembran~ To expl~n t~s  there are at 
least two po~ibihties: tither phosphatidate pro- 
motes the opening of c ~ o u m  channds [5,6] or 
phosphatida~ i tsdf a~s as a cMoum ionophore 
[7-13]. To check the latter posfibility sever~ modal 
studies were done [15-26]. The abihty of pho~ 
pholipids to ~ansfer c ~ o u m  ~om an aqueous 
phase into an organ~ phase was ~udied in two- 
phase partition sys~ms [15-19]. The resul~ 
showed that in gener~ phosphafidate and cardio- 
lipin are able to ~ans~r  c ~ d u m  into the organic 
phase. Howeve~ the magnitude of this event is 
greatly depending on the nature of the organic 
solvent and wh~her  or not an addition~ phos- 
pholipid is present [18]. Investigat~ns on the 
c ~ d u m  ionophoretic p r o p e ~ s  of phosphatidate 
with a more sophisticated membrane modal, phos- 
phatidate-containing phospholipid vefide~ gave 
confli~ing resul~ [19-26]. Serhan et ~. [20,21] 
and Chauhan and Brockerhoff [23], ufing a spec- 
~ophotom~ric  ~chnique, and Ddeers [19] and 
Nayar et ~. [22], ufing a radiochemic~ technique 
MI came ~o the condufion that phosphatida~ was 
able to ~an~oc~te c ~ d u m  acro~ hposom~ mem- 
brane~ On the other hand Holmes and Yoss [2~, 
ufing e x a ~  the same assay and the same condi- 
tions as Serhan et ~. [21] and Hunt et ~. [25], 
ufing a ~H-NMR ~chniqu~ were unable ~o con- 
firm these result .  Recent~ we presen~d an im- 
proved calcium influx assay [26], in which large 
unihmellar verities endofing the c ~ d u m  chda~ 
ing photoind~ator arsenazo III are used [27]. With 
this m~hod it is posfib~ to discfimina~ between 
influx of c ~ d u m  and efflux of the c ~ d u m  c h d ~  
tor. Prdiminary experimen~ indica~d that 
c ~ d u m  induces a permeabifity increase in phos- 
phatidate-containing membranes not on~  for iv 
sdf  but ~so for arsenazo III [26]. Up till now 
there are no comprehenfive data on the influence 
of c ~ d u m  on the gener~ permeabifity beha¼our 
of phosphatidat~cont~ning membranes. 

In this communication we describe in more 
det~l the permeability pa t~rn  of large unihmellar 
verities of d ioleo~phosphat ida~/dioleo~phos-  
phatid~choline (20 : 80, mol%), for which we focus 
on the c ~ o u m  concentration dependency and the 
se~cti¼ty of the permeability. Next to c ~ d u m  
influx and arsenazo III efflux experiments, studies 
on the c~oumqnduced  efflux of other solutes are 

presen~d. To see whether the resul~ are unique 
for the caldum-phosphatidate sys~m, conUol ex- 
perimen~ were done ufing magnefium in~ead of 
c ~ d u m  or using phosphatid~glycerol in~ead of 
phosphatidate. Fu~hermore, preliminary experi- 
ments are presen~d on the phosphatidat~media- 
~d  extraction of c ~ o u m  from an aqueous phase 
into a benzene phase. 

Matedfls and Methods 

1 , 2 - D ~ l e o y l - s n - g l y c e r o - 3 - p h o s p h o c h o l ~ e  
(DOPC) was synMe~zed from egg y a k  phos- 
phatid~choline accor&ng to standard procedures 
[28]. 1 ,~DiNeoy l - sn -Nyc~3-phospha~  (DOPA) 
and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol 
(DOPG) w~e  p ~ p ~ e d  ~om DOPC u~ng phos- 
phol ip~e D, NM~ed from BrusseN sprouts [29]. A 
100 mM cMdum acetate buf~r  (pH 5.6) contNn- 
~ g  2 mg/ml  of the freeze-dried crude phospholi- 
pase D preparation (and, in Me case of the DOPG 
s y n t h e ~  50 vN% NycerN) was mixed with the 
same vNume NeM~ eM~, contNNng 20 mg/ml  
DOPC. After 2 h of ~cubat ion at 37 °C the con- 
v ~ o n  w~s c o m ~ e ~  and Me h~ds  w~e  ex~ac~d 
according to Bhgh and Dyer [3~. Traces of DOPA 
in the DOPG preparation were ~moved by chro- 
m~ography over a fi~cagd c~umn (57 × 2.5 cm; 
P~ygosfl 60, particle s~e 40-63 ~m, M a r c h ~  
Nagd  & Co., D ~ n ,  F.R.G.) wiM c h l o r o ~ r m /  
m e M a n ~ / w ~  (85 : 20 : 2, v / v / ~  as during 
fl~d. Next, the DOPG- and DOPA-p~p~at ions  
w~e  conve~ed to thor  so~um s~t ~ r m  [31] and 
for furMer purification the DOPA was precipi- 
tated in ~ c ~ d  acetone [31]. The fin~ produ~s 
cont~ned no d ~ e ~ a b ~  c ~ d u m  (<  0.5 m~%) as 
de~rmined by atomic absorbance spectroph~ 
~ m ~ r y  and Me phospholi~ds w~e  chemically 
p u ~  (>  99%) ~ ~ c a ~ d  by t w ~ & m e n s ~ n ~  
~ g ~ p ~ r m a n c e  t~n - l ay~  chroma~graph~ 

6 - C ~ b o x y f l u o ~ e ~  (Eastman Kodak Co., 
R o c h ~ L  NY, U.S.A.) was purified by active 
carbon ~e~ment ,  ~ y s t a l f i z a t i o n  ~ w a ~ r /  
m ~ h a n ~  (2 : 1, v / ~  and Sephadex LH 20 c~umn 
chromatography as described by R ~ o n  et al. 
[32]. The product was c h e m i c ~  p u ~  as indicated 
by ~ g h ~ f o r m a n c e  t~n - l ay~  chromatography. 

All other chemicals used were of an~yt ic~  
grade. 



Lipid phosphorus was assayed according to 
Rouser et al. [33] or BSacher et ~. [34]. 

Phospholipid-mediated uptake of calcium into a 
benzene phase 

A procedure essentially according to Culfis et 
~. [17] was used. To a series of incubation ve~ds 
(1.5 ml), containing 0.5 ml of 150 M KC1, 10 mM 
Tri~ac~ate (pH 7.4), 0.01-10 mM [~C~CaC12 
(about 1 ~Ci/~mol C~ +) s~ufio~ was added 0.3 
ml of a 0.1 mM (or 0.2 mM) phospholipid solution 
in benzene. The two-phase sy~ems were shaken 
gently so that the in~fface was confinuou~y in 
movement, but not di~up~& After 3 h of incuba- 
tion at 20°C samples (0.1 ml) were drawn from 
the benzene layer and the amount of extracted 
Ca 2 + was de~rmined by fiquid s~ntillation coun~ 
ing (Packard, PRIAS modal PLD). The amount of 
fipid in the benzene layer was not affected by the 
presence of the aqueous phase and was time inde- 
pendent during all experiment~ 

Vesicle preparation 
Large u~ l a md l~  verities (LUV) were pre- 

pared ~ the appropri~e buffered sdution by the 
reverse-phase evaporation m~hod at 20°C, f~- 
lowed by ex~ufion through a p~ycarbona~ filter 
(Bi~Rad U~-Po~;  0.4 #m pore fiz~ [35]. When 
needed, the un~apped s~ufion was replaced by a 
defired ex~rn~ s~ufion ufing gdfil~ation over a 
1 × 10 cm Sephadex G-50 c~umm The vef id~ 
had a ~apped v~ume of 4-7 ~1 per #m~  pho~ 
phofipid. 

Flux experiments 
Unless otherwise stated, all experiments con- 

cerning calciumhnduced fluxes over phospholipid 
membranes were carried out with large unilamd- 
lar veficles suspended in 150 mM KC1, 10 mM 
Tri~acetate (pH 7.4) at 20°C. The veficles, en- 
clofing the defired prob~ were incubated with 
ex~avesicular calcium (or magnefium) in the con- 
centration range of 0.1-10 mM. An incubation 
was started by addition of the vefide suspenfion 
(2.0-4.0 mM) to the calcium-containing solution 
in a 1 : 3 volume ratio. Addition of a concentrated 
calcium solution to the veficle suspension was 
avoided as it causes unwanted temporardy locally 
high calcium concen~afion~ Samples were drawn 
after 1, 15, 60 and 180 min. 
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Calcium influx in and a~enazo II I  efflux from 
large unilamellar verities endofing arsenazo III 
was assessed according to a p ~ o u s ~  described 
method [26]. The ~st of t~s method is the ad- 
~fion of an excess of EDTA to a samp~ of the 
~cubafion suspen~on to ~ r i m i n a ~  b~ween ~-  
tra- and extrave~cdar c~dum-ar~nazo III com- 
plex, formed as a consequence of c~dum influx 
and arsenazo III efflux, respectively. 

EDTA and SO~- efflux from large unilamellar 
veeries was determined rad~chemically. Ve~d~  
were prepared of 20 m~% DOPA (or DOPG), 80 
m~% DOPC with a trace amount of ~ y c ~  
[3H]tri~e~e (approx. 50 n C i / # m ~  phospholipid) 
and endo~ng 5 mM [~4C]EDTA or 5 mM 
[~S]Na~SO4 (spe~fic r a ~ o a c f i ~  in both cases 1 
~Ci/~mol). An ~cubation was started by adding 
250 ~1 of a 2-4 mM phospholipid ve rde  suspen- 
~on to 750 #1 of a c ~ u m ~ o n t ~ n g  b u f ~  
Sampl~ (100 #~ were taken and immediately 
duted over sm~l Sephadex G-75 c~umns (5 × 60 
mm) (20°C) with 1 ml of a EDTA/sulphate free 
150 mM KCI, 10 mM Tri~aceta~ (pH 7.~ s~u- 
tion, to ~move EDTA or s u l p h ~  w~ch had 
been ~aked out of the vesicle. The 14C/3H or 
~ S / 3 H  rat~ ~ the ~uate is a measu~ for the 
amount of ~apped EDTA or sulph~e per ~m~ 
phospho~pi& respe~ivdy. The ratio was de- 
termined by ~q~d scintillation counting (Packard, 
PRIAS modal PLD). 

Potassium efflux ~om ~rge u ~ m d ~ r  veeries 
was assessed po~nfiom~fically [3~. Verities were 
prepared in 150 mM KC1, 10 mM Tri~aceta~ 
(pH 7.~. The non~apped s~ufion was ~placed 
by 150 mM ch~ine c~ofid~ 10 mM Tri~ac~a~ 
(pH 7.~ by gdfilUation over a 1.5 × 15 cm Sep- 
hadex G-50 cdumn. An incubation was started by 
ad~ng 250 #1 vefide suspens~n (about 4 mM 
phospholipid) to 750 gl of c~dum-containing 150 
mM choline c~ofid~ 10 mM Tfi~ac~a~ (pH 
7.~. Samples ~00 #D were taken and added to 10 
ml of 150 mM cho~ne c~orid~ 10 mM Tfi~aceta~ 
(pH 7.4) and non~apped potasfium was assayed 
with a potassium-selective electrode ( P ~ p s  G15- 
K~re~rence dec~ode (P~hp~ R44/2 SD/1) 
com~nation connected to a mV-m~er (Radiome- 
te~ TTT~. Subsequently the amount of ~apped 
po~sfium was determined by ad~ng 100 #1 10% 
Triton X-100 sCufio~ caufing rdease of vefide 
content. 
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Carboxyfluorescein release from large unilamd- 
lar verities was determined by fluorime~y [37]. 
Verities were prepared in 75 mM carboxy- 
fluorescon, 10 mM Tfi~acetate (pH 7.4). The 
extern~ solution was replaced by 150 mM KC1, 
10 mM Tri~ac~ate  (pH 7.4) ufing gdfiRration 
over a 1.5 × 15 cm Sephadex G-50 column. An 
incubation was sta~ed by addition of 200 ~l (about 
3 mM phospholipid) to 800 ~l of c~dum-cont~n-  
ing 150 mM KC1, 10 mM Tri~ac~ate  (pH 7.4). 
Samp~s (30 ~1) were drawn at time i n , r y e s  and 
added to 3 ml of 150 mM KC1, 10 mM Tri~acetate 
(pH 7.4). The amount of non-trapped carboxy- 
fluorescdn was determined fluorimetfic~ly (Pe~ 
kin-Elmer LS 5). Carboxyfluorescdn rdease from 
the verities causes dequenching of the fluo- 
rescence of the probe and resul~ in an increase in 
emission fign~ (513 rim; exaltation 430 nm). This 
sign~ is hnear with the concentration of non- 
trapped carboxyfluorescon. 

R e s d ~  

Spedfic ionophofic activity is often thought to 
occur due to the formation of a revertible comp~x 
between the ion and the ionophore, which can 
di~olve in the hydrophob~ core of the membrane 
barrie~ The capabifity of phospholipids to act as 
such an ionophore was ~udied in the past with the 
hdp  of simple modds hke two-phase partition 
sys~ms [15,19]. In preliminary s tud , s  we ~so 
used this kind of system to see wh~her di- 
o~o~phosphat idate  is able to extract c ~ d u m  into 
an organic laye~ In flew of the fo~hcoming per- 
meability experiments with 2 0 : 8 0  mol% di- 
oleoylphosphafida~/dio~oylphosphatidylcholine 
verities, we were p a ~ u l a f l y  i n , r e d e d  in the 
influence of phosphatidylcholine on this ~an~oca- 
tion, the dependency of this event on the c ~ d u m  
concentration and the sped~  requirement of 
phosphatidam for this proces~ To mimick the 
in~abilayer conditions as good as posfibl~ we 
used benzene as organic hyer.  Benzene has a 
didectric constant (2.28) which is dose to the one 
of oldc add (2.50). Chloroform which is often 
used as organic phase and which we ~so tried as 
an ~ternative, has the d~advantage of getting 
turbid under many conditions (compare ~so ReL 
15). Furthermor~ we noticed som~imes a poor 
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Fig. 1. P h o s p h o f i ~ d - m e ~ e d  up~ke  of c ~ d u m  into a ben- 
zene phase. Two-phase partition sys~ms  confi~ing of 0.5 ml 
of an aqueous phas~ conta i~ng  150 mM KC1, 10 mM Tfis- 
acetate (pH 7.4), and [ ~ C ~ C a C I  2 and 0.3 ml of an benzene 
phas~ conta i~ng 0.1 mM DOPA (~L 0.1 mM DOPG (~) or 
0.1 m M  DOPA and 0.1 mM DOPC (©), were shaken gently 
for 3 h at 20°C.  A~er  incubation ~ e  amount  of c ~ d u m  in ~ e  
benzene phase was assessed by f iq~d s d n ~ h t i o n  count in~ 
For fu~her  details see M a ~ f i ~ s  and M~hods .  

phase separation and the formation of a turbid 
layer at the interfac~ 

F~.  1 shows the c ~ d u m  concentration depend- 
ency of the partition of c ~ d u m  between an aque- 
ous phase and a phospholipid-containing benzene 
phase. Pure DOPA showed a ~gnificant higher 
potency for c ~ d u m  extraction than DOPG under 
these experimental conditions. This preferency is 
in accordance with e a t e r  ~udies [15,18]. The 
shape of the curve for DOPA resembles a t y p ~  
binding curve with a co~esponding K d of 1-2 
mM. The binding of c ~ d u m  takes place at the 
interface of the two phases and most of the hpid 
molecules will be in the bulk of the benzene laye~ 
The rate of binding will be dependent on the 
exchange of lipids b~ween the bulk and the inte~ 
face. So the form of the curve is determined by the 
affinity of c ~ d u m  for the phosphofipids and the 
hoght  of the curve by the rate of exchange of the 
phosphofipids between bulk and interface. With 
our experimental conditions this exchange is quite 
slow and even in 3 h of incubation no equifibrium 
was reached. This expl~ns why a binding 
stoichiometry of about 0.12:1 was found instead 
of 0.5 : 1 (Ca 2÷ : PA at 10 mM Ca 2+) which was 
found after ¼gorous mixing of the two phase 
system. In accordance with the findings of Tyson 
et ~. [15] we found a ~ ro n ~y  inhibiting influence 
of DOPC on the c ~ d u m  ~an~ocation by DOPA. 



This could be due to a competition of the phos- 
pholipids for a po r t ion  at the interface. It is ~so  
pos rb le  that DOPC is inhibiting the rate of ex- 
change of ~pids between bulk and interface. Re- 
usch [18], who ~udied two-phase sys~ms in which 
the phospholipids were ori~nMly dispersed in the 
caldum-containing aqueous phas~ found in con- 
~ary  a stimulating effect of phosphafidylcholine 
on the phosphatidate-media~d ~an~ocat ion of 
c ~ d u m  into a toluene phase. In these sys~ms the 
ca loum ~an~ocat ion rate is probably not depen- 
dent on the exchange between in~rface and bulk 
of the organic laye~ but on the extractabi~ty of 
the phosphohpids with associated c ~ d u m  into the 
organic laye~ Because of the kinetic incert~nties 
and the risk of micro-emulsion formation when 
the sys~m is shaken more ¼gorously, for fu~her 
~udies we focussed on ~anslocation of c ~ d u m  
over the bilayer of large unihmellar  verities. 

Incubation of phosphatidat~containing veri- 
ties, which enclose the c~dum-chda t ing  photoin- 
dicator arsenazo III,  in a calcium-containing 
medium causes the formation of the c ~ d u m -  
arsenazo III  comp~x ~ 2 1 2 ~ .  In an ev~uation 
study on this test method [26] we ~ready showed 
that the c ~ o u m  arsenazo III  complex may not 
only be formed in rde  the verities as a conse- 
quence of c ~ d u m  influ~ but ~so  outride the 
v e r d e ~  as a consequence of arsenazo III  efflux. 
In this study we confirm these findings and pre- 
sent resul~ of experiments in which we studied 
the c ~ d u m  concentration dependency and sdec- 
fivity of the c~dum-induced  permeability. In Fig. 
2 the c ~ d u m  influx and arsenazo III  efflux, ex- 
pressed as the rem~ning amount of ~apped 
arsenazo III,  are shown for D O P A / D O P C  (20 : 80, 
mol%) LUV. At the lowest tested c ~ d u m  con- 
centration (0.1 mM) only a slight time-dependent 
c ~ o u m  influx was found. However, rgnif icant  
c ~ o u m  permeability was induced at cMdum con- 
centrations of 1 mM and higher (Fig. 2). After a 
rather high initi~ rate of influx in the first few 
minutes (esped~ly  at 4 and 8 mM c ~ d u m )  the 
c ~ d u m  influx stops gradu~ly and the amount of 
c ~ d u m  ~apped infide the v e r d e s  reaches a 
p l a~au  v~ue.  This equi~brium ~ v d  does not 
increase with further increase in c ~ o u m  con- 
centration, the levd at 8 mM is even slightly lower 
than at 4 mM c ~ d u m .  Addition of the p o t a s r u m  
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Fi~ 2. C ~ u m  and arsenazo IH permeabffi~ of DOPA/DOPC 
(20 : 8~ m~%) LUV ~ c u b a ~ d  m a c ~ u m ~ o n t ~ n g  me~um. 
The vefide~ encoring 2.3 mM arsenazo III, 150 mM KCI, 10 
mM T r i ~ a c e ~  (pH 7.4) were ~cub~ed  ~ 20°C ~ a arsenazo 
III-free ~oto~c s~ut io~  c o n t ~ n g  &f~rent amounts of 
CaCl 2. The p h o s p h ~ i d  concentration was about 0.6 mM. 
After various times of ~ c u b ~ n  aliquots were ~ken. The 
absorbance at 650 nm wi~  the absorbance at 700 nm as 
~ r e n c e  was measured immed~tely (A~), a~er ad~fion of an 
excess of EDTA (A2) and after subsequent ad~tion of an 
excess of c~oumionophore A23187 (A3~ For each incubation 
the potenti~ m a ~ m ~  absorbance (Am) was determined by 
ad~fion of an excess of A23187 to a samp~ of the incubation 
suspenfion ~ the absence of EDTA. From ~ese data were 
c~cd~ed :  c ~ o u m  ~flux (broken fine~, ( A ~ -  A3)/(A m -  
A3)×100 (% Ca-AIII  formed infide vefide~ and AIII ~ap 
(solid fines), 100-(A~ - A~)/ (A m -  A3)×100 (tot~ amount 
of AIII  minus amount of Ca-AHI ou~ide verities in %); for 
details see ReL 26. v, 0.1 mM CaC12; ~, 1 mM CaCl2; ~, 4 
mM CaCll; ~, 8 mM CaC1 z. 

ionophore v ~ i n o m y d n  (up to 1 ~g/ml) ,  the 
uncoupler FCCP (up to 2 ~g /ml )  or the c o m ~ n a -  
tion of the two to the incubation s u s p e n r o ~  did 
not influence the c ~ d u m  influx characteristics 
~ e s ~  not shown). This ~ c ~ e s  that the influx 
of c ~ d u m  is not c o n t r ~ d  or driven b ~  respec- 
t i vd~  a p o ~ n t i ~  g ra~en t  or a pH gradient over 
the membrane and that the f imi~d c ~ o u m  influx 
~ not a consequence of e ~ e n c e  of one of these 
gra~ents.  The use of ve rdes ,  which enclosed 0.4 
mM or 10 mM in~ead of 2.3 mM arsenazo III,  
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did not essentially change the percentu~ extent of 
the c ~ d u m  influx ~esul~ not shown). This means 
that the absolute quantity of calcium that enters 
the verities is dependent on the amount of 
arsenazo III which is infide the verities. 

At a c ~ o u m  concentration of 0.1 mM hardly 
any efflux was de~ctabl~ but higher concentra- 
tions (>  1 mM) did cause extenfive arsenazo III 
leakage from the verities in a cMdum concentra- 
tion dependent way (see ~so Fig. 4). As for the 
cMdum influx, the percentu~ magnitude of the 
arsenazo III efflux was found to be independent 
of the concentration of the enclosed arsenazo III 
(results not shownL These findings suggest that 
the ~ansmembrane diffufion of arsenazo III is an 
arsenazo III-gradient driven proces~ which is 
cat~yzed by c ~ d u m  ions. 

In ~riking contrast to the findings with 
D O P A / D O P C  veeries are the resul~ obt~ned 
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~& 3. C~dumqnduced permeaNfiff changes of DOPA/  
DOPC ~0:80,  m~%) LUV ~ r  various s ~ u ~  The verities 
endo~d  5 mM [~nC]EDTA (A) or 5 mM [ ~ N a 2 S O  4 (D) ~ 
150 mM KCI, 75 mM CF (B) or 150 mM KCI (C). Incubation 
was carried out at 20°C in 150 mM KC1 (A, K D) or 150 mM 
choline c~oride buffer (C) c o ~ n g  &f~re~  a m o u r s  of 
CaCIz. AH s ~ n s  were buf~red with 10 mM T r i ~ a c e ~  
(pH 7A). The phosphohpid concemration was ~ 5 - 1 ~  mM. 
A~er ~fferem times of incubation sam~es were drawn and 
• e amou~  of ~apped s ~ u ~  was determined r a ~ o c h e m i c ~  
(A, DL fluofim~rically (B) or p ~ e m ~ m e t r i c ~  (CL For fur- 
ther d ~  see M a r r i e s  and M~hods. ~, 0.1 mM CaCI2; ©, 
1 mM CaCI~; ~ 4 mM CaClz; ~ 10 mM CaCl 2. 

;80 

, T  
o 

CALC~M CONCENTRA~ON (mM) 

~g.  • CMdum~nduced ~ ~  chang~ of DOPA/  
D O ~  ~ 0 : 8 ~  m ~ )  LUV ~ r  ~r ious  s ~ u ~ s  in rdafion to 
the c ~oum concentration. The verities were incubated for 15 
~ n  in m e s a  ~ n ~  ~ f f ~ e ~  amoums of Ca~z .  All 
d e t ~  abom con~fions and m~hods are described in ~e  
~gends of ~ .  2 and 3 and ~ M a r r i e s  ~ d  M e ~ o ~ .  Shown 
~ the ~ap~ng c a p a ~  for K + (©), SO~ + ~) ,  c ~box~  
fluorescein (~ ,  E D ~  (~) and ~ n ~ o  III (~). 

with D O P G / D O P C  (20 : 80, mol%) vesicle~ These 
resul~ showed that c ~ d u m  is unab~ to change 
the permeability of b i h y e ~  cont~ning DOPG as 
the negativdy charged fipid. In concentrations up 
to 8 mM c ~ d u m  no fignificant influx of c ~ u m  
or efflux or arsenazo III could be not~ed (results 
not shown). 

To see wh~her  the increased permeabifity for 
arsenazo III in the DOPA-containing v e s t , s  is 
spedfic for this anion or not, we ~so stud~d the 
cMdum-induced permeability characteristics of 
phosphatidate~ontaining membranes for sever~ 
other solutes. For this purpose we chose EDTA, 
which just hke arsenazo III froms chda~s  with 
c~dum,  the non-chdating organic anion 6- 
carboxyfluoresc~n (mol.wt. 376), the anorganic 
anion sulphate and the cation potasfium. Fig. 3 
shows that a~ 0.1 mM of c ~ d u m  all ~udied 
solutes rem~ned in the verities during the 3-h 
period of incubation. At 1 mM cMdum a fignifi- 
cant ~akage of EDTA, which is comparab~ to the 
resul~ of arsenazo III, whereas no effiux of potas- 
sium and only minor efflux of carboxyfluoresc~n 
and sulphate was found. H~her  c ~ u m  con- 
cen~ations (4 and 10 mM) did cause a permeabiP 
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iff increase of the vefide membrane for all tested 
ions. When the ~ s ~  of the c~oum ~duced 
permeahifity of DOPA/DOPC (~0:80, m~%) 
LUV ~re compared wilh ~spe~ to the c~oum 
concentration (Fig. ~ there appear to be three 
d i f ~ n t  membrane conditions. In ~e  fi~t, ~ low 
c~dum concen~ation (< 1 mM) no spedfic 
c~dum ~flux (Fig. ~ and no permeabili~ in- 
crease for other ions (Fi~ ~ is found. Inter- 
me&~e c~oum concen~ations (1-2 mM) are 
caufing spedfic permeahifi~ increase for c~dum 
~self (Fi~ ~ and c~dum~hdat ing anions (Fi~ 4, 
EDTA and arsenazo III). Higher c~dum con- 
cen~ations (> 2 mM) cause a g e n ~  p~meabil- 
i~  increase. 

When magnesium (0-10 mM) instead of 
c~dum was used or DOPG/DOPC (20:80, 
m~%) LUV ~stead of DOPA/DOPC (20: 80, 
m~%) LUV (0-10 mM C~ +) were used in par~- 
lel experiments no permeab~ty changes of the 
ve~d~  under ~l comparab~ con~tions were 
found ~esulu not shown). So it can be concluded 
that the observed c~dum induced permeahifi~ 
changes in DOPA/DOPC ~0:80, m~%) LUV 
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Fi~ 5. R e v ~  of the c ~ u m 4 n d ~ c e d  sulph~e p ~ m e ~  
bili~ ~crease of DOPA/DOPC ~ 0 : 8 ~  m~%) LUV. The 
vefid~,  w~ch endo~d  5 mM [ ~ N a 2 S O ~ ,  150 mM KC1, 10 
mM T f i ~ a c e ~  (pH 7.4), w~e ~cubated at 20°C ~ a 5 mM 
CaCl2, 150 mM KCI, 10 mM Tf i~ac~a~ (pH 7.4) s~ution. 
The phospholi~d concentration was 0.7 mM. At times ~di-  
cated with an a~ow an excess if EDTA was added to ~e  
incubation suspenfion (25 mM) and the incubation was con- 
tinued. From the ~ f f~en t  incubations sam~es were drawn 
wilh time ~ r v a ~  and the amount cf ~apped s d p h ~ e  was 
determined by fiq~d s o n t i ~ n  countin~ For f u~h~  d~ails 
s e e  M~efi~s  and M~hod~ 

are a spedfic consequence of c~oum-phosphati- 
date infraction. 

To see whether the observed changes in mem- 
brane permeability are revertible we did experi- 
ments in which the incubation of phosphatida~- 
containing verities with cMdum was i n ~ u p ~ d  
by removM of the e x ~ n ~  c~dum with EDTA. 
The resuRs are shown in Fi~ 5. Addition of an 
excess of EDTA to the vefiOe suspenfion a~er 
different incubation times caused a stabifization 
of the amount of ~apped sulphate during fu~her 
incubatiom This demon~ra~s that the c~dum-in- 
duced permeabi~ty increase of the reticle mem- 
brane under these conditions is bafic~ly a cons~ 
quence of a revertible c~dum-vefide interaction. 

Discussion 

The present expefimen~ d e m o n s ~ e  that 
c~dum is able Io induce a p~meahiH~ ~crease 
in ~pid bilay~s cont~ning (~eo~)phosphat i -  
date, not o~y for the cation i~df  as might be 
conceded from earher ~ u ~  [19-23] but ~so for 
other sautes. The permeabili~ beha~our of 
DOPA/DOPC (20: 80, m~%) hrge unilamdlar 
vesicl~ ~ the presence of c~oum is q ~  com- 
p~x and is in nature ~f~rent  in various ~ o n s  
of cMdum concentration. At concen~ations bdow 
0.5 mM no spedfic p ~ m e a h i ~  ~crease ~ found. 
I n t u m e S c e  c~oum concen~ations (1-2 raM) 
af~ct the membrane barrier in such a way that 
exclufively c~oum and its chd~o~  can pass the 
membrane. At ~gher concen~ations c~dum 
induces a g e n ~  permeabili~ increase. All ~n  
fluxes are mo~ pronounced in the first 15 min of 
~cubatio~ w~ch suggest ~anfient changes in 
membrane organization. I n ~ m s t i n ~  the ~akage 
process couM be stopped by chdating ex~aveficu- 
lar c~dum with an excess of EDTA. Apparently 
the cause of the pe rmeab i~  increase is ~verfible. 

For ~e  mecha~sm of the ~an~ocation of 
cMdum over phospha t id~conta i~ng  modal 
membranes Chauhan and Brockerhoff suggest a 
' c~oum ~rry' in the form of a dehydrated 
C ~ P A ) 2  coordination com~ex with in~am~ecu- 
lar hydrogen bondings [23,38]. On the bails of 
experimen~ with two-pha~ partition sy~ems 
Reu~h [18] propos~ a p ~ r e n t i ~  formation of a 
caldum-phosphatid~e-(neutral)phospholi~d co- 
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ordination complex Although we think that de- 
tails of these proposals are subje~ to cfitiosm, the 
bas~ ide~ the formation of a fipid-solubM com- 
plex between ion and phospholipid, seems to be a 
vMid modal for the cMdum ~an~ocafion. How- 
ever, to expl~n the spedfic efflux of chdating 
ions next to an influx of cMdum, this hypothefis 
needs extenfion. Next to the ~anslocafion of a 
ca ldum-phospha t ida te  complex, ~ansb~ayer  
movement of a tri- or multi-compMx formed by 
the phospholipid, cMoum and the chdating anion 
can be postulated. A f imihr  complex has Mready 
been suggested for cMdum, phospholipid and in- 
organic phosphate [39,40]. 

Other factors than fipid solubifity may Mso be 
of importance for the flip-flop movement of the 
compMxes over the membrane. From monolayer 
expefimen~ a condensation of the outer mono- 
layer of the phosphofipid ve~de~ induced by 
caldum-phosphatidate interaction can be assumed 
[41,42]. This creates a difference in la~rM surface 
pressure between inner and outer monolayeL 
which may be equilibrated through a rapid redis- 
tribution of the hpids between the two monolayers 
[43]. This may be of impo~ance to understand the 
kinet~s of the cMdum ~an~ocation process, which 
shows a very rapid influx immediately after the 
addition of cMoum. Fu~hermore, ~anfient for- 
mation of non-bflayer structures after cMoum 
membrane interaction could play an impo~ant 
role in the membrane ~anslocation [44-46]. When 
cMdum interacts with DOPA con~derable change 
in the dynamic shape of the molecules can be 
expected, because of dehydration of the polar 
headgroup when the complex is forme& This is 
reflected in the phase beha~our  of pure DOPA. 
When dispersed as the sodium sMt DOPA forms a 
bilayer organization, but upon addition of cMoum 
this organization can be converted into a hexago- 
nM H n phase [44M5]. In mixtures with phos- 
phatidylchofine this tendency to form a H~I phase 
can result in the formation of fipidic particles as 
seen by ~ e e z ~ a c t u r e  dectron microscop~ which 
have been interpreted is inverted micelles [44,46]. 
Therefore the dynamic formation and resolution 
of inver~d micelles in the bilayer of the DOPA- 
containing verities may enable cMdum and chda- 
tor translocafion via the cMcium-fich internM 
aqueous compartments of the m~dMs [17,46]. In 

contrast to ~ e  DOPA ~ e m ,  H~ p h a~  ~rma-  
tion can not be o ~ e ~ e d  when cMdum ~ added to 
a pure DOPG ~ e ~  [47]. T~s  may e x p ~ n  
why cMdum is unabM to ~duce  Mg~ficam per- 
m ~  changes in our c o n ~  ve~des of 
D O P G / D O P C  and suppo~s ~ e  Oew that non-b~ 
layer structures are ~ v ~ v e d  ~ the ~ e d M  p ~ m e ~  
bi~ty beha~our  of # o ~ h ~ d a ~ n ~  
membrane .  

W ~  under l ing  m ~ h a ~ s m  is ~ o n ~  
bl~ it seems hkdy  that an ~ e ~ e d  ~ a n ~ a ~ r  
m o v e m e n t  of c M ~ u m ~ h o ~ h a f i d a ~  and 
c M ~ u ~ ~ d ~ ~  co m p ~x ~  is the 
of i#n  of the observed spedfic p~meaMfiff  in- 
creases in the cMdum concentration range of 1-2 
mM. In F~.  6 a ~ h e m m ~  pr~enmfion is ~ven 
for the flux of cMdum and cM~um chdator  over a 
m e m b ~ n ~  me~med by those ~ o ~ h ~ d M e  com- 
pMx~. We have d e m o n i z e d  thin the cMdum 
influx, shown in the Mft pa~ of ~ e  figur~ has 
i ~ t i ~ y  a ~gh  rate f ~ w e d  by a ~ab~zat ion  of 
the amoum of ~ a v e ~ c ~  cMdum (15-20%; 
~g .  2). 

T~s  ~ ~  is not a consequence of the 
e~s~nce  of a membrane po~nfiM or pH ~ a ~ e n t ,  
as we have d e m o n i z e d .  Next it is n ~ e r  a 
h ~ t e d  Mn~ng capadf f  of the e n d o ~ d  arsenazo 
III, w~ch ~ the cMdum ~flux, because the 
~ a v e ~ c ~  ~ n ~ o  III is ea r ly  occupied by 
cMdum Mns after ad~t ion  of an excess of cMdum 

• C a - ~ l  

II II 
Ca Ca-AIII 

' 

Ca ~ C a - ~ l  

Ca-~l  

N ~  6. Nmpfified mod~  of He ~ u x  of cNNum and He effiux 
of a r s en~o  III over a p h o s p h ~ m ~ c o m N N n g  membran~  
TNs  m ~  is p f inNpN~ based on a phosphohpid N ~ f l o ~  
m e ~  ~ a n N ~ a f i o n  m ~ N s m .  Shown are He pos~Ne 
eq~fibfia b ~ w ~ n  cNNum, a r s en~o  III (AIII) and phos- 
phafidate (PA). 



ionophore A23187 [26]. Furthermore, influx ex- 
pefimen~ wilh lower and higher amounts of 
arsenazo III showed that the percentu~ amount of 
in~aveficular c~dum-arsenazo III comp~x is de- 
~rmining the absolute extent of the c~dum in- 
flux. So, the number of ~an~ocating c~dum ions 
or more correctly, the number of co~an~ocating 
phosphatidate molecules ~ not the limiting favor 
of the c~dum influx. It therefore seems that the 
coherence of the equilibria of the coe~sting 
in~aveficular complexes b~ween c~dum, pho~ 
phatidate and chdator might be the cause of the 
fimited c~dum influx (Fig. 6). A t h e o r e t ~  ex- 
planation may b~ th~ under equifibfium condi- 
tions the c~dum influx is not inhibim& but only 
b~anced by an equ~ counmrflow of c ~ u m  
through tran~ocation ~f a c~dum phosphatidat~ 
chdator tri- or multi-complex from inner to outer 
monol~yer. This modal expl~ns ~so the observed 
chdator efflux, which is still continuing during the 
equilibrium fituation for the c~dum van~ocation 
(Fig 2, see ~so ReL 26 for the resul~ at 2 mM 
C~+). 

At cM~um concen~ations higher than about 
2.5 mM a generM permeabifity increase was ob- 
served (Fi& 4). Under these conditions most of 
the phosphatidate molecules are occup~d by 
cM~um ions (unpubfished observation~ and ves- 
icl~ve~de infractions start to play a role, which 
can be noticed ~om increa~ng turbidity of the 
suspen~on (unpubhshed observationS. This r~ses 
the pos~bility that verde aggregation and pe~ 
haps verde fu~on become impo~ant in affecting 
the barrier function of the membran~ Fu~on of 
hpid v e ~ e s  has been shown to be a direct cause 
of leakage of the verde content [48]. 

Earlier ~ud~s Mready showed cM~um-induced 
fu~on of egg PC-derived PA/egg PC (50:50, 
mol%) vesi~es ~9,5~, but those resul~ can not be 
~anMa~d dire~ly to our sys~m. Fu~hermor~ 
phosphofipid dom~n formation through cM~um- 
induced la~rM phase separation [51,52] could be a 
cause of increa~ng membrane permeability. Phos- 
pholipid packing defers at the boundary of the 
different dom~ns might induce ~an~ent forma- 
tion of pores in the membrane through which ions 
can escape from the veeries [52,53]. 
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