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The ionophoretic capabilities of dioleoylphosphatidic acid (DOPA) for transporting calcium across phos- 
pholipid bilayers have been investigated. Calcium uptake by large unilamellar vesicles is shown to depend on 
the presence of DOPA. This uptake is sensitive to the nature and concentration of calcium chelators in the 
vesicle interior, indicating that accumulation results from DOPA-mediated translocation of calcium across 
the membrane. Further, it is shown that characteristics of DOPA-mediated Ca 2+ uptake are similar to those 
observed for the fungal calcium ionophore, A23187. 

Considerable controversy surrounds the possi- 
bility [1] that phosphatidic acid can act as a Ca 2+ 
ionophore in transmembrane signalling events. 
Initially, it was demonstrated that phosphatidic 
acid can facilitate Ca 2+ transport between two 
aqueous compartments separated by organic 
solvent [2] and across the bilayers of multilamellar 
liposomal systems [3]. In biological membrane sys- 
tems it has been shown that an increase in phos- 
phatidic acid content due either to addition of 
exogenous phosphatidic acid [4-6] or phospholi- 
pase D treatment [7] results in physiological effects 
associated with an influx of Ca 2÷. However, a 
recent report [8] indicates that phosphatidic acid 
(derived from egg PC) is unable to facilitate Ca 2+ 
transport across bilayer phosphatidylcholine (PC) 
systems. In this work we characterize the ability of 
dioleoylphosphatidic acid (DOPA) to act as a Ca 2+ 
ionophore in large unilamellar vesicle systems. We 
show that the presence of DOPA results in Ca 2+ 
uptake which is sensitive to the nature and con- 
centrations of Ca 2+ chelators trapped inside the 
large unilamellar vesicle systems. 

1 ,2-Dioleoyl-sn-glycero-3-phosphorylchol ine 
(DOPC) was synthesized employing oleic acid as 

described elsewhere [9]. Dioleoylphosphatidic acid 
(DOPA) was prepared from DOPC employing 
standard procedures utilizing phospholipase D [10] 
and was purified by carboxymethyl cellulose chro- 
matography [11]. No lysophosphatidic acid or other 
contaminants were detectable by two-dimensional 
thin-layer chromatography (2D-TLC) and the 
ionophoretic properties observed were insensitive 
to extended storage in CHC13 under N 2 (4 weeks). 
Very similar results were observed for four differ- 
ent preparations of DOPA. Phosphatidylserine 
(PS) was prepared from egg phosphatidylcholine 
by similar methods. The negatively charged phos- 
pholipids were converted to their sodium salt form. 
All phospholipids were greater than 99% pure as 
indicated by 2D-TLC and were stored under N 2. 

Large unilamellar vesicles were prepared by 
repetitive extrusion of multilamellar vesicles 
through a polycarbonate (Nucleopore) filter (0.1 
~m pore size) as described elsewhere [12]. These 
vesicles exhibited a size distribution of 700 + 100 
~, as detected by freeze-fracture procedures [12]. 
Experiments employing entrapped 22Na indicated 
trapped volumes of 1 .0+0.05 /~l//~mol phos- 
pholipid. The untrapped buffer was replaced with 
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the desired external  buffer  by  passage of the ves- 
icle p repa ra t ion  over  a 1.5 × 15 cm Sephadex G-50 
co lumn equi l ibra ted  with the app rop r i a t e  buffer.  
In all cases, in ternal  and external  med ia  of equal  
osmolar i ty  were used. N o  de tec tab le  leakage of 
en t r apped  22Na occurred  under  all condi t ions  used 

over  the exper imenta l  t ime-course  (4 h). 
Calc ium uptake  was moni to red  by  incuba t ing  

the vesicles (3 -5  ~tmol p h o s p h o l i p i d / m l )  in a 
buffer  conta in ing  2 m M  CaC12 and 45Ca (1 
~tCi//~mol Ca2+). Al iquots  (100/~1) were removed  
over  a 4-h t ime course and the external  45Ca 2+ 

was removed by  passage over a 1 ml Sephadex 
G-50 column.  The  vesicles were subsequent ly  
analyzed for 45Ca on a Phil ips PW-4700 l iquid 
scint i l la t ion counter  and for l ipid phosphorus  [13]. 
In some cases dual - labe l  exper iments  were used to 
moni to r  45Ca and phospho l ip id  s imul taneous ly  by 
e m p l o y i n g  t r a c e  a m o u n t s  o f  [ 3 H ] d i -  
pa lmi toy lphosphory lcho l ine  (NEN,  Canada )  and a 
3H/45 Ca dual  label  channel .  

Ini t ial  exper iments  were designed to de te rmine  
whether  D O P A - c o n t a i n i n g  vesicles could  accu- 
mula te  exogenous calcium. Potass ium phospha te  
(20 mM)  was included in the vesicle in ter ior  to 
sequester  Ca  2 ÷ in the event of a m e m b r a n e  trans- 
po r t  process.  As shown in Fig. 1, the presence of 
D O P A  does result  in increased levels of  vesicle 
associa ted Ca 2÷ which is dependen t  on the amoun t  
of  D O P A  present .  In par t icular ,  increasing the 
D O P A  content  f rom 5 to 20 percent  increases the 
amoun t  of vesicle associa ted Ca 2÷ from 1.8 to 10.0 
nmol  Ca2+/ /~mol  phosphol ip id .  The presence of 
20 mol percent  egg PS d id  not  result  in de tec tab le  
Ca  2+ uptake  (results not  shown). 

In  order  to de te rmine  whether  this calc ium up-  
take was due to b ind ing  to phospha t id ic  acid on 
the vesicle exterior,  or  reflected actual  t ransloca-  
t ion of Ca  2 + across the membrane ,  var ious  
concent ra t ions  and types of ca lc ium chelators  or  
' s inks '  were en t r apped  in the vesicle interior.  As  
shown in Fig. 2, ca lc ium uptake  increases as the 
amoun t  of phospha te  in the vesicle in ter ior  is 
increased.  In  addi t ion,  different  t r app ing  efficien- 
cies of  the calc ium sinks employed  are observed,  
with E G T A  being more  effective than oxala te  or  
phosphate .  The  amoun t  of Ca 2+ uptake  observed 
employ ing  E G T A  indicates  that  > 90% of the 
en t r apped  E G T A  is complexed  to Ca 2+ at 4 h. 
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Fig. 1. Uptake of Ca 2 + into large unilamellar vesicle systems 
containing: (O) 5 mol% DOPA, 15 mol% egg PS and 80 mol% 
DOPC; (11) 15 mol% DOPA, 5 mol% egg PS and 80 mol% 
DOPC; (A) 20 mol% DOPA, 80 mol% DOPC. The large 
unilamellar vesicle systems were prepared by an extrusion 
technique (see text) in the presence of a buffer containing 125 
mM KCI, 20 mM KH2PO 4 (pH = 7.4) and the untrapped 
buffer was exchanged for a buffer containing 125 mM KCI, 20 
mM Hepes (pH = 7.4) by gel filtration employing Sephadex 
G-50. These vesicles were incubated (20 o C) in the presence of 
2 mM CaCI/(1 /~Ci//~mol 45Ca), aliquots removed at various 
times and exterior (non-sequestered) Ca 2÷ removed by gel 
filtration. The eluate was then assayed for 45Ca2+ and lipid 
phosphorus. 

Such a sensi t ivi ty of Ca  2 + ' up take '  to vesicle inner  
contents  is clearly consis tent  with a D O P A - d e p e n -  
dent  t r anspor t  of calc ium to the vesicle interior,  
ra ther  than b ind ing  of Ca 2+ to outer  monolayer  
l ipids.  This conclusion was co r robora t ed  by pass-  
ing al iquots  of vesicles (conta in ing  sequestered 
Ca 2 +) over 1 ml gel f i l t rat ion columns which were 
pre -equi l ib ra ted  with cold ca lc ium (2 mM).  A n y  
45Ca b o u n d  to the vesicle exter ior  would be ex- 
pec ted  to exchange with non- rad ioac t ive  calc ium 
dur ing  this procedure .  This  would  result  in a de-  
crease of vesicle-associated 45Ca2+ if the up take  
process  reflects Ca  2+ b ind ing  to the vesicle exte- 
rior. In  contrast ,  such a p rocedure  consis tent ly  
resul ted in a vesicle-associated level of  45 Ca 2 + that  
was 20% higher than 45Ca2+ associa ted with 
vesicles that  were passed  down columns that  had  
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Fig. 2. Uptake of Ca z÷ into large unilamellar vesicle systems 
composed of 20 mol% DOPA and 80 mol% DOPC. The 
interior of the vesicles contained a variety of concentrations 
and types of Ca 2÷ chelators: (O) 125 mM KCI, 20 mM 
KH2PO 4 (pH = 7.4); (ll) 120 mM KCI, 40 mM KH2PO 4 
(pH = 7.4); (O) 100 mM potassium oxalate, 50 mM KC1, 20 
mM Hepes (pH = 7.4); (A) 100 mM EGTA, 50 mM KCI, 20 
mM Hepes (pH = 7.4). The vesicle were prepared in the pres- 
ence of these various buffers and the untrapped buffer ex- 
changed for KC1, 20 mM Hepes buffer (pH = 7.4) of equal 
osmolarity by gel filtration. For further details, see Fig. 1 
legend and text. 

not  been pre-equil ibrated with unlabelled Ca 2÷. 
This suggests that when Ca 2+ free columns are 
employed, some of the sequestered Ca 2+ is trans- 
ported out of the vesicles during the gel fi l tration 

procedure. 
The preceding results demonstra te  that the 

presence of 20 mol% D O P A  results in uptake of 
Ca 2÷ into the interior of the vesicle systems em- 

ployed here. It is of interest to compare the rate 
and  extent of such uptake with that observed for 
the fungal Ca 2÷ ionophore  A23187 in vesicle sys- 

tems which do not  conta in  DOPA.  As shown in 
Fig. 3, no significant Ca 2+ uptake into DOPC 

vesicle systems is obta ined in the absence of 
A23187 or in ternal  oxalate. In the presence of 100 
m M  oxalate-containing vesicles, the rate and 
a m o u n t  of Ca 2÷ uptake is similar to that observed 

in DOPA-con ta in ing  systems (see Fig. 2). Again,  
pre-equi l ibrat ion of the gel fil tration columns with 
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Fig. 3. Uptake of Ca 2÷ into large unilamellar vesicle systems 
composed of DOPC; (O) DOPC vesicles containing 100 mM 
potassium oxalate, 50 mM KCI, 20 mM Hepes (pH = 7.4); (A) 
DOPC vesicles containing 175 mM KC1, 20 mM Hepes (pH = 
7.4) where the Ca 2÷ ionophore A23187 was added (in ethanol) 
prior to incubation with Ca 2÷ to achieve a 1:500 (mol/mol) 
A23187 to DOPC ratio; (ll) DOPC vesicles containing 100 mM 
potassium oxalate, 50 mM KCI, 20 mM Hepes (pH = 7.4) 
where A23187 (1 : 500) was present during the incubation with 
Ca 2 +. The vesicles were prepared in the presence of the various 
buffers, and untrapped buffer was exchanged for 175 mM KC1, 
20 mM Hepes (pH = 7.4) by gel filtration. Uptake of Ca 2÷ at 
subsequent times was determined as indicated in the legend to 
Fig. 1 and text. 

unlabel led Ca 2+ resulted in an increase of vesicle- 
associated 45Ca 2+ levels similar to that observed 

for DOPA-con ta in ing  vesicles. 
In  summary,  these studies provide strong evi- 

dence that D O P A  can act as a Ca 2 ÷ ionophore  in 

large uni lamellar  vesicle systems. Calcium can be 
accumulated when DOPA is present, whereas no 
such uptake is observed in the absence of DOPA. 
Max imum calcium uptake levels obtained here 

yielded Ca2÷/phospha t id ic  acid ratios of ap- 
proximately 0.5. While this value could be achieved 
if Ca 2+ uptake were the result of b ind ing  to exte- 
rior phosphatidic acid, experiments performed with 
unlabelled Ca 2 ÷ in the gel fil tration columns indi- 
cate that uptake is the result of active Ca 2÷ accu- 
mula t ion  and  not  phospholipid binding.  Further-  
more, the amoun t  of Ca 2 ÷ accumulated is depen- 
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dent on the amount and type of the Ca 2 + chelator 
employed. Clearly, in order for Ca  2+ to be sensi- 
tive to material trapped inside the vesicle, it must 
be transported to the vesicle interior. This observa- 
tion also indicates that sequestered calcium is pre- 
dominantly associated with the trapped chelator 
and not with phosphatidic acid in the vesicle inner 
monolayer. Finally, the characteristics of Ca 2+ 
uptake observed in DOPA-containing vesicles are 
similar to those observed for pure DOPC vesicles 
in the presence of the Ca 2÷ ionophore A23187. 
The discrepancy between these results and previ- 
ous observations for egg phosphatidic acid [8] 
could reflect the more saturated nature of egg 
phosphatidic acid, the concentrations of phos- 
phatidic acid employed or the presence of 10% 
diacetylphosphate in the previous study [8]. 

It should be noted, however, that these studies 
do not necessarily prove a role for phosphatidic 
acid as a Ca 2÷ ionophore in vivo. In particular, 
the levels of DOPA employed here greatly exceed 
phosphatidic acid levels which may be expected to 
occur in biological systems. It remains to be de- 
termined whether variables such as phosphatidic 
acid unsaturation or localization can reduce the 
levels required to biologically relevant concentra- 
tions. 

This research was funded by the Medical Re- 
search Council (MRC) of Canada. L.D.M. is a 
Fellow of the MRC, whereas P.R.C. is an MRC 
Scientist. 
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