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Summary 

Differences in the interaction of Ca 2÷ and Mg 2÷ with phosphatidylserine 
vesicles were revealed by binding studies, differential scanning calorimetry 
and X-ray diffraction. The two cations produced structurally different com- 
plexes with phosphatidylserine as evidenced by phase transition characteristics, 
lamellar spacings, and hydrocarbon packing. Ca 2÷ effectively competes  with 
Mg 2÷ for phosphatidylserine binding sites. Analysis of  the binding data 
showed that Ca 2÷ had a ten-fold greater intrinsic binding constant  for phos- 
phatidylserine. 

Ca 2÷ is a key regulatory factor in many biological processes. Some of 
this control  may very well be expressed at the membrane level. Therefore, 
we have been interested in studying the interactions of  Ca 2+ with model 
membranes of  phosphatidylserine and have found Ca 2÷ to increase permeabil- 
ity [1] and vesicle fusion [1, 2] .  It also induces phase separations in vesicles 
composed of  acidic and neutral lipids [2, 3] .  Mg :÷, on the other hand, is 
much less effective in causing phase separations [2, 3] and inducing vesicle 
fusion [1] .  Here we s tudy the association of  Ca 2+ and Mg 2÷, both separately 
and together, with phosphatidylserine vesicles. We present results and anal- 
yses of  binding, differential scanning calorimetry, and X-ray diffraction 
experiments. 

The lipids used in these experiments were chromatographically pure. 
Phosphatidylserine was isolated from beef  brain as previously described 
[ 1, 4, 5 ]. Dispersions of  multilamellar vesicles and sonicated unilamellar 
vesicles of  phosphatidylserine were prepared as described before [ 1] in a 
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buffer containing 100 mM NaC1, 2 mM L-histidine, and 2 mM N-tris-(hy- 
droxymethyl)methyl-2-amino ethanesulfonic acid (TES), adjusted to pH 7.4. 
Binding studies were carried out by equilibrium dialysis. Endothermic phase 
transitions were detected with the Perkin-Elmer DSC-2 differential scanning 
calorimeter. Details of the experimental methods are in the captions to the 
figures. X-ray diffraction was used to determine both the structural organi- 
zation of the phospholipid phase and the nature of the hydrocarbon chain 
packing [6, 7].  Samples were examined using CuK~ radiation in either a 
quartz monochromatized Guinier camera or a Ni filtered Franks camera. 

Results of the binding studies are shown in Fig. 1. Qualitatively, it 
appears that  Ca 2÷ has a stronger affinity for phosphatidylserine than does 
Mg 2÷ with both cations eventually reaching a saturation ratio slightly lower 
than 0.5. When both metals are present, Ca 2÷ is able to compete with Mg 2÷ 
even when the Ca 2÷ concentration is much lower. This implies that  the 
phosphatidylserine-cation complex involves specific 'chemical' binding. 
Binding studies with multilamellar vesicles where Ca 2÷ or Mg 2÷ was added to 
phosphatidylserine during initial dispersion gave substantially similar values, 
except that  at high Ca 2÷ concentrations the Ca 2* to phosphatidylserine ratio 
reached a plateau at a lower value, 0.35. A pronounced preference for Ca 2÷ 
over Mg 2÷ was again observed (data not shown). 

Ca 2÷ and Mg 2÷ not  only showed differences in the extent  of binding to 
the head group of phosphatidylserine but also in their effects on the phase 
transition and acyl chain packing. Thermal scans of the cation, lipid complex 
are shown in Fig. 2. Ca 2÷ causes the disappearance of the phosphatidylserine 
• Na ÷ phase transition within the temperature range 0--70°C as previously 
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Fig. 1. The  son ica t ed  l ipid dispers ion was cen t r i fuged  a t  1o10 s Xg for  30 min  to r e m o v e  any  large 
part icles .  The  s u p e r n a t a n t  was r e m o v e d  and  d i lu ted  to  give a l ipid c o n c e n t r a t i o n  of  a p p r o x i m a t e l y  
2 mM.  1-ml a l iquots  of  the  lipid suspens ion  were  p laced  in dialysis bags  an d  d ia lyzed  for  6 h a t  37°C 
against  bu lk  so lu t ions  con t a in ing  100  mM NaC1, 2 m M  L-his t idine,  2 m M  TES,  and  va ry ing  a m o u n t s  
of  CaCI 2 or  MgC12. The  c o n t e n t s  of  the  dialysis bags were  a n a l y z e d  for  Ca 2+, Mg 2÷, and  PO4 ~-. Ca 2+ 
was d e t e r m i n e d  by  using 4s Ca as a r ad ioac t ive  t racer .  Mg 2+ c o n t e n t  w a s  m e a s u r e d  wi th  a Model  290 B 
Perkin  E l m er  a t o m i c  a d s o r p t i o n  s p e c t r o p h o t o m e t e r  (Perkin  E l m e r  Corp. ,  Norwa lk ,  Conn. ) .  A modi -  
f ied F iske-Subba  R o w  IS]  m e t h o d  was  used  to d e t e r m i n e  the  a m o u n t  of  p h o s p h a t e  in the  samples .  
The  m o l a r  ra t ios  of  ca t i on  to  l ipid were  t h e n  ca lcu la ted  for  var ious  bu lk  concen t r a t i ons .  T h e  r a t i o  for  
t h e  b o u n d  ca t ion  in t h e  p r e s e n c e  of  b o t h  0.5 Ca 2+ a nd  3 m M  Mg 2÷ an d  the  ra t io  for  Mg 2+ a lone  a t  
9 m M  are e s t ima tes  based  on  the  p r o b a b l e  a m o u n t  of  l ipid e x p o s e d  to  the  bu lk  so lu t ion  as d e t e r m i n e d  
by  p e r m e a b i l i t y  s tudies  [ 1 ] .  The  c o m p l e t e  range  of  values  is s h o w n  in Table  I. The  po in t s  s h o w n  in 
the  f igure  r e fe r  to:  Ca 2+ a lone  (e) ,  Mg 2+ a lone  (4),  Ca 2+ in the  p resence  of  3 mM Mg 2+ (o),  Mg 2+ at  
c o n s t a n t  c o n c e n t r a t i o n  (3 m M )  and  va ry ing  c o n c e n t r a t i o n s  of  Ca 2+ (z~). 
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reported [3, 9] .  In contrast, Mg 2÷ causes an increase of about 12°C in the 
temperature of the midpoint  of  the transition [3, 10] with no significant 
decrease in ~H (Fig. 2). The curve shown was obtained with vesicles prepared 
in 3 mM Mg 2÷ but  the same results are given by Mg 2÷ concentrations of 
30 mM. Fig. 2 also shows that  Ca 2÷ induces the disappearance of the transi- 
tion of the phosphatidylserine. Mg 2÷ complex when Mg 2÷ is present at 30-fold 
higher concentrations. Other data not  shown indicate that  the Ca 2÷ effect 
predominates even when the Mg 2÷ concentration is 100-fold higher. 

Samples prepared in the same manner as above were also examined by 
X-ray diffraction. The data indicates that  the structure of cation" phospha- 
tidylserine complex is distinctly different for each cation. The phosphatidyl- 
serine. Ca 2÷ complex (formed at Ca 2÷ concns. 2--20 mM) is lamellar with a 
spacing of 53 £ (Fig. 3). The hydrocarbon chain packing is characterized by 
two sharp high angle reflections at 4.5 and 4.1 £ as previously noted [3].  
While these are not  typical of one of the common methylene subcell packings, 
they do indicate a two-dimensional ordering of the chains. The diffraction 
pattern remains unchanged over a temperature range 0--60°C. Similarly, 
there is no change in either the spacing or, to a visual approximation, the 
relative intensities of the diffraction maxima of the phosphatidylserine- Ca 
precipitate after drying in high vacuum. This indicates there is little, if any, 
removable water in the phosphatidylserine. Ca complex. A displacement of 
the water of  hydrat ion upon binding of Ca 2÷ was detected earlier with NMR 
by Hauser et al. [11].  

The diffraction pattern obtained with the phosphatidylserine ~' Mg 2÷ com- 
plex (formed at 20 mM Mg 2+) at low temperature (5°C) shows a 67 A lamellar 
structure with a hydrocarbon packing characterized by the 4.2 • spacing 
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Fig. 2. Mul t i lameUar  vesicles were  p r e p a r e d  b y  dispers ing 5 p m o l  phospha t idy l s e r ine  in 10 ml  of  
b u f f e r  con t a in ing  100  m M  NaC1, 2 m M  his t idine,  2 m M  TES,  an d  the  i nd i ca t ed  a m o u n t  of  d iva len t  
cat ions.  T he  samples  were  given t h r e e  br ief  (15 s) bu r s t s  of  son ica t ion  [1]  to  aid in equi l ib ra t ion .  The  
samples  were  i n c u b a t e d  for  30  rain a t  37°C and  several  hou r s  at  r o o m  t e m p e r a t u r e  an d  t h e n  spun  a t  
1o10 s Xg for  30  ra in .  The  we t  pel le ts  we re  e x a m i n e d  wi th  the  Pe rk in -E lmer  DSC-2 (Perkin  E l m e r  
Corp. ,  N o r w a l k ,  Conn. ) .  The  he a t i ng  r a t e  was  5°C/rain.  a. P h o s p h a t i d y l s e ~ n e  p r e p a r e d  in NaCI b u f f e r  
a lone.  AH=4.5 k c a l / m o l  (-+ 0 .5) .  b. Pbospha t idy l se r ine  p r e p a r e d  in NaC1 b u f f e r  w i th  0 .10  m M  CaC12 
init ial ly p resen t ,  c. Phospha t idy l se r ine  p r e p a r e d  in NaC1 b u f f e r  w i th  0 .15  m M  CaC12 init ial ly p resen t .  
d. Phospha t idy l se r ine  p r e p a r e d  in NaC1 b u f f e r  con ta in ing  3 m M  MgC12 . ~,H=4.0 k c a l / m o l  (-+ 0.5) .  
e. Phospha t idy l se r ine  p r e p a r e d  in NaC1 b u f f e r  con ta in ing  3 m M  MgCl 2 w i th  0 .10  m M  CaC12 init ial ly 
p resen t .  Each sample  c o n t a i n e d  1 - -2  # too l  lipid. 
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typical of  hexagonally-packed chains (Fig. 3). This is the most  disordered of 
the solid chain packing arrangements. At higher temperature (25°C), the 
lamellar spacing is 53 A with high angle diffraction characteristic of fluid 
chains (4.6 A, diffuse). The crystalline phosphatidylserine. Mg complex shrinks 
to 60 A after drying in high vacuum, indicating the loss of considerable water. 
An indication of the stronger binding of  Ca 2÷ to phosphatidylserine, as op- 
posed to that  of  Mg 2÷, is gained by an examination of the complex formed 
by phosphatidylserine in the presence of  3 mM Mg 2÷ and 0.1 mM Ca 2÷. In 
this system, despite the presence of a thirty-fold greater concentration of 
Mg 2÷, the only structure observed by X-ray diffraction is that of the phos- 
phatidylserine. Ca complex.  

All of the above experimental results indicate that there are striking 
differences in the interaction of Ca 2÷ and Mg 2÷ to phospholipids. This would 
not  be the case if the cations simply resided in the double layer region. In 
order to further analyze the binding data we have distinguished between the 
amount  of cations tightly or chemically bound and the amount  of cations 
in the double layer region. The latter amount  is given by calculating nsi, the 
excess number  of  cations of type  i per unit area of membrane above the 
solution value. This quant i ty  is given by the equation 

x o 

nsi = [ '  ( n i ( x ) - - n i  (oo)) dx. (1) 
J0 

I~ t~2 L~ LA2 M 
Fig 3a 

Fig 3b 
H L4 L-2 

Fig .  3, a.  X - r a y  d i f f r a c t i o n  p a t t e r n  o f  t h e  p h o s p h a t i d y l s e r i n e o C a  2+ c o m p l e x  a t  r o o m  t e m p e r a t u r e .  
R e f l e c t i o n s  H1  a n d  H 2  a r e  t h e  h i g h  a n g l e  r e f l e c t i o n s  o f  4 .1  A a n d  4 . 5  A a r i s i n g  f r o m  t h e  h y d r o c a r b o n  
c h a i n  p a c k i n g .  R e f l e c t i o n s  L 2  a n d  L 3  a re  t h e  2 n d  a n d  3 r d  o r d e r  r e f l e c t i o n s  o f  a 53  A l a m e l l a r  
s t r u c t u r e ,  b .  X - r a y  d i f f r a c t i o n  p a t t e r n  o f  t h e  p h o s p h a t i d y l s e r i n e . M g  2+ c o m p l e x  a t  5°C.  R e f l e c t i o n  H 
is t h e  c h a r a c t e r i s t i c  4 . 2  A r e f l e c t i o n  o f  h e x a g o n a l l y  p a c k e d  h y d r o c a r b o n  c h a i n s .  R e f l e c t i o n s  L 2  a n d  
L 4  a r e  t h e  2 n d  a n d  4 t h  o r d e r  r e f l e c t i o n s  o f  a 6 7  A l a m e n a r  s t r u c t u r e .  R e f l e c t i o n  M is f r o m  t h e  m i c a  
w i n d o w  o f  t h e  s a m p l e  h o l d e r .  
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The number of  cations i per unit volume at distance x, ni (x), and the num- 
ber far away from the surface, ni(oo), are related by 

ezi~ (x)) 
n i (x) = n i (~¢) exp ( leT (2) 

where ¢J (x) is the electrical potential, ezi is the charge of  a cation of  valency 
zi, k is Boltzmann's constant, and T is the absolute temperature. 

An analytical expression for nsi was derived by integrating the solution 
given by Abraham-Shrauner [12]  for the case of  a system containing both 
monovalent  and divalent cations. The calculation of  nsi was independently 
performed by R. Sauve and S. Ohki (personal communicat ion)  who employed 
numerical integration. Our results showed only a slight increase of  nsi with 
x0 for x0 values above 20 h.  (For more details see ref. 22.) 

In calculating the amount  of  tightly-bound cations, we fol lowed the 
approach of  McLaughlin et al. [13] and extended the treatment for the case 
of  several bound cations. The binding constants were determined by fitting 
the calculated values of  total bound Ca :+ and bound Mg 2÷ to the experimen- 
tal values. Inspection of  Table I illustrates that the present formalism can 
quantitatively predict binding results by employing the following intrinsic 
binding constants: Ca 2÷ (35.0) ,  Mg 2÷ (4.0), and Na ÷ (0.8) all in units of  

T A B L E  I 

E X P E R I M E N T A L  A N D  C A L C U L A T E D  B I N D I N G  D A T A  F O R  Ca 2+ A N D  Mg 2+ TO P H O S P H A T I D Y L S E R I N E  
V E S I C L E S  

The  e x p e r i m e n t a l  b ind ing  d a t a  were  o b t a i n e d  wi th  un i l amel la r  ( son ica ted  an d  cen t r i fuged )  vesicles. 
A t  low ca t ion  c o n c e n t r a t i o n s  w h e r e  the  vesicles are re la t ive ly  i m p e r m e a b l e  [ 1 ] ,  on ly  the  o u t e r  ha l f  
o f  the  bf layer  is e x p o s e d  to  the  b u l k  so lu t ion .  In  ca lcu la t ing  the  e x p e r i m e n t a l  ra t ios  of  ca t ion/phoso 
pha t idy l se r ine  for  l o w  c o n c e n t r a t i o n  it  was a s s u m e d  t h a t  60% of the  to ta l  lipid was  avai lable  for  
i n t e r ac t ion  wi th  the  ca t ions .  At  high ca t ion  c o n c e n t r a t i o n s ,  the  vesicles a p p e a r  to  be  fully p e r m e a b l e  
[1]  and  so 100% of  the  to t a l  l ipid was  used  to ca lcula te  c a t i o n / p h o s p h a t i d y l s e r i n e  rat ios.  In  cases 
whe re  the  vesicles are  par t ia l ly  p e r m e a b l e ,  a range  is given for  the  ra t io .  The  ca lcu la ted  ra t ios  o f  
c a t i o n / p h o s p h a t i d y l s e r i n e  a s sume  these  values  of  the  intr insic  b ind ing  cons t an t s  in uni t s  of  l i t e r /mol :  
Ca 2+ (35 .0) ,  Mg 2+ (4.0) ,  Na + (0.8) .  

2 +  Ca c o n c e n t r a t i o n  (raM), w i th  0.1 M Na ÷ 0 .10  0 .44  1 .80  4.69 

E x p e r i m e n t a l  ra t io  Ca2÷/phospha t idy l se r ine  0 .14  0.31 0 .39  0 .44  
Calcu la ted  to ta l  Ca2÷/phospha t idy l se r ine  ,0 .15  0 .26  0 .35  0 .39  
Calcu la ted  t i g h t l y - b o u n d  Ca2÷/phospha t idy l se r ine  0 .14  0 .25  0 .34  0 .38  
Calcu la ted  doub le  l aye r  Ca2+/phospha t idy lse r ine  0 . 002  0 .01  0.01 0 .02  

Ca 2+ c o n c e n t r a t i o n  (mM),  w i th  10 raM Na ÷ 0 .08  0 .43  1.79 

E x p e r i m e n t a l  ra t io  Ca2÷/phospha t idy l se r ine  0 .44  ( 0 . 3 4 - - 0 . 5 7 )  0 .44  
Calcu la ted  to t a l  Ca2+/phospha t idy lse r ine  0 .40  0 .44  0 .47  

2 +  " • - - -  - Ca c o n c e n t r a h o n  (mM),  wi th  0.1 M Na + and  3 m M  Mg2+0.10 0 .53  2.12 

E x p e r i m e n t a l  ra t io  Ca2+/phospha t idy lse r ine  0 .05  0 .23(0 .16- - -0 .27)  0 .46  
Calcula ted  to t a l  2+ 0.31 Ca / phosp ha t i dy l s e r i ne  0 .06  0 .18  
E x p e r i m e n t a l  ra t io  Mg2+/phospha t idy lse r ine  0 .47  0 .32(0 .20- - -0 .36)  0 .01  
Calcu la ted  to t a l  Mg2+/phosDhat idylser ine  0 .21  0 .14  0 .06  

Mg 2+ c o n c e n t r a t i o n  (mM) ,  w i th  0.1 M Na + 0 .43  0 .88  3 .50  9 .18  

E x p e r i m e n t a l  ra t io  Mg2+/phospha t idy lse r ine  0 .06  0 .14  0 .47  0 .49(0 .32- - -0 .54)  
Calcu la ted  to ta l  ~+ Mg / phospha t idy l se r ine  0 .10  0 .15  0 .27  0 .33  
Calcu la ted  t igh t ly  b o u n d  Mg2+/phospha t idy lse r ine  0.09 0 .14  0 .23  0 .28  



286 

M -1. The intrinsic binding constant of C a  2+ to phosphatidylserine is about 
ten times larger than that  of Mg 2+. Thus, Ca 2+ is very effective in competing 
with Mg 2+ for phosphatidylserine binding sites as illustrated in Table I and 
Fig. 1. The binding of Na + cannot be ignored, although most of the Na ÷ 
adsorbed resides in the double-layer region. NMR results (Kurland, R., per- 
sonal communication) also indicate that  some sodium is tightly bound. 

We find much lower binding constants for Ca 2+ and Mg 2+ than the 
experimental constants given by others [14--16]. It should be noted that  
these constants [14--16] are apparent binding constants and, therefore, 
subject to the particular ionic environment present during the experiment. 
Our approach is closer to that  of McLaughlin et al. [13] although our find- 
ings disagree with those presented by this group. McLaughlin et al. saw little 
difference between Ca 2+ and Mg 2+ binding to phosphatidylserine and esti- 
mated the binding constant  for both to be K~ 0.1 M -1. With their low value 
for the binding constants, they concluded that  the predominant  effect of 
Ca 2+ and Mg 2+ on the electrical potential is through screening (double-layer 
effects), whereas our results emphasize the role of specific binding. This 
disagreement stems mainly from the fact that  our binding data were directly 
determined, whereas McLaughlin et al. inferred binding from their conduc- 
tance data. 

The difference between the interaction of Ca 2÷ and Mg 2÷ with phospha- 
tidylserine, as shown by the X-ray diffraction studies, demonstrates that  
Ca 2+ forms a more tightly packed, highly ordered, and less hydrated structure 
than does Mg 2+ with these phospholipids. Together with the differential 
scanning calorimetry and binding results, these findings indicate differences 
in the interaction of  Ca 2÷ and Mg 2+ with phosphatidylserine which cannot 
be explained if the cation association to the membrane is simply due to the 
electrical double layer. Instead, it is necessary to invoke a 10-fold stronger 
specific 'chemical' binding of Ca 2÷ to phosphatidylserine. The electrostatic 
repulsion between phosphatidylserine vesicles exposed to Ca 2+ is, there- 
fore, expected to be smaller than in the presence of Mg 2+. 

It is well documented that  Ca 2÷ plays a vital role in natural membrane 
fusion phenomena [17, 18] while Mg 2÷ is ineffective in most such systems. 
In view of the same specificity in the induction of phase separations and 
fusion in pure phospholipid vesicles, it is tempting to speculate that  Ca :+- 
induced phase separations of acidic phospholipids may be responsible for 
initiating fusion events in natural membranes [19]. The data presented 
in this paper indicate that  Ca 2+ is effective in competing with Mg :+ and 
inducing phase changes in phosphatidylserine vesicles even in the presence 
of much higher concentrations of Mg 2÷. It is therefore reasonable to pro- 
pose that  the increased Ca 2÷ influx intracellularly prior to a secretory event 
[ 20, 21 ] displaces intracellular Mg: ÷ and produces crystallization of phos- 
phatidylserine domains in the inner monolayer of the plasma membrane. 
Fusion of secretory vesicles then may occur at domain boundaries as sug- 
gested earlier [ 1].  

We wish to thank Drs. R.P. Rand (Brock University) and S.W. Hui 
(RPMI) for use of their X-ray diffraction equipment.  We acknowledge 
Mr. T. Isac for expert technical assistance in lipid preparation. This work 



287 

was supported by grants from the National Institutes of Health GM 18921 
(to D.P.) and GM 02348 (to W.P.). The work on metal binding and calorim- 
etry constituted part of the requirements for the Ph.D. program of C. Newton 
at the Department of Biophysical Sciences, SUNY at Buffalo. 

References 

1 Papahadjopoulos, D., Vail, W.J., Newton, C., NIX, S., Jacobson, K., Poste, G. and 
Lazo, R. (1977) Biochim. Biophys. Acta 465, 579--598 

2 Papahadjopoulos, D., Poste, G., Schaeffer, B.E. and Vail, W.J. (1974) Biochim. 
Biophys. Acta 352, 10--28 

3 Jacobson, K. and Papahadjopoulos, D. (1975) Biochemistry 14,152--161 
4 Papahadjopottlos, D. and Miller, N. (1967) Biochim. Biophys. Acta 135, 624--638 
5 Papahadjopoulos, D., Jacobson, K., Nix, S. and Isac, T. (1973) Biochim. Biophys. 

Acta 311 ,330 - -34 8  
6 Chapman, D. (1965) The Structure of Lipids by Spectroscopic and X-ray Techniques, 

pp. 221--241,  B~rnes and Noble, New York 
7 Luzzati,  V. (1968) in Biological Membranes (Chapman, D., ed.), pp. 71--123, Academic 

Press, New York 
8 Fiske, C.H. and Subba Row, Y. (1925) J. Biol. Chem. 66, 375--400 
9 Papahadjopoulos,  D., Poste, G. and Schaeffer, B.E. (1973) Biochim. Biophys. Acta 323, 23--42 

10 Traiible, H. and Eible, H. (1974) Proc. Natl. Aead. Sci. U.S. 71, 214--219 
11 Hauser, H., Phillips, M.C. and Barratt,  M.D. (1975) Bioehim. Biophys. Acta 413, 341--353 
12 Abraham-Shrauner,  B. (1975) J. Math. Biol. 2 ,333- -339  
13 McLaughlin, S.G.A., Szabo, G. and Eisenman, G. (1971) J. Gen. Physiol. 58, 667---687 
14 Hendrickson, H.S. and Funington,  J.G. (1965) Biochemistry 4, 1599--1605 
15 Hauser, H., Chapman, D. and Dawson, R.M.C. (1969) Biochim. Biophys. Acta 183, 320--333 
16 Seimiya, M.S. and Ohki, S. (1973) Biochim. Biophys. Acta 298, 546--561 
17 Poste, G. and Allison, A.C. (1973) Biochim. Biophys. Acta 300 , 421 - -465  
18 Douglas, W.W. (1975) in Calcium Transport  in Contract ion and Secretion (Cazafoli, E., 

Clementi,  F., Fabrikowski ,  W. and Marg~eth, A., eds.), pp. 167--174,  North-Holland, Amsterdam 
19 Papahadjopoulos,  D. (1977) J. Coll. Interf. Sci. 58, 459--470 
20 Rubin, P. (1975) Calcium and the Secretory Process, Plenum Press, New York 
21 Llinas, R. and Nicolson, C. (1975) Proc. Natl. Acad. Sci. U.S. 72, 187--190 
22 Nix, S., Newton,  C. and Papahadjopoulos,  D. (1978) Bioelectricity and Bioenergetics, in press 


