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Summary 

(1) The thermotropic  behaviour of  dimyristoyl  phosphatidylglycerol,  phos- 
phatidylserine, phosphatidic acid and ,phosphatidylcholine was investigated by  
differential scanning calorimetry and freeze-fracture electron microscopy as a 
function of  pH and of  Ca 2+ concentration. 

(2) From the thermotropic  behaviour as a function of  pH, profiles could be 
constructed from which apparent pK values of the charged groups of the 
lipids could be determined. 

(3) Excess Ca 2÷ induced a shift of  the total phase transition in 14 : 0/14 : 0- 
glycerophosphocholine and 14 : 0/14 : 0-glycerophosphoglycerol mixtures. In 
14 : 0/14 : 0-glycerophosphocholine bilayers containing 16 : 0/16 : 0-glycero- 
phosphoglycerol  lateral phase separation was induced by Ca 2+. 

(4) Up to molar ratios of 1 : 2 of  14 : 0/14 : 0-glycerophosphoserine to 
14 : 0/14 : 0-glycerophosphocholine, excess Ca 2+ induced lateral phase separa- 
tion. Addition to mixtures of  higher molar ratios caused segregation into 
different structures: the l iposome organization and the stacked lamellae/ 
cylindrical organization. 

(5) Addition of  excess Ca 2+ to mixtures of  14 : 0/14 : 0-glycerophospho- 
choline and 14 : 0/14 : 0-phosphatidic acid caused, independent  of  the molar 
ratio, separation into two structural different organizations. 

(6) The nature of  Ca2÷-induced changes in bilayers containing negatively 
charged phospholipids is strongly dependent  on the character of  the polar 
headgroup of  the negatively charged phospholipid involved. 

Abbreviations: PIPES, piperazine-N,N'-bis-(2-ethanesulfonic acid). 
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Introduction 

Negatively charged phospholipids may play an important  role in biomem- 
brane functioning as the properties of these negatively charged phospholipids 
are largely dependent  on environmental conditions. This, for instance, is 
apparent from the large effects of  pH and Ca 2÷ or Mg 2+ concentrat ion on the 
thermotropic  properties of  negatively charged phospholipids. With respect to 
the effects of  divalent ions like Ca 2+ and Mg 2+ there appear to be differences 
between the various types of  negatively charged phospholipids. On one hand, 
in phosphatidylcholine bilayers containing either phosphatidylserine or phos- 
phatidic acid, Ca 2+ induced a lateral phase separation [1--5]. In contrast, in 
either equimolar dilauroylglycerophosphoglycerol-dilauroyl-glycerophospho- 
choline or dimyristoylglycerophosphoglycerol<limyristoyl-glycerophospho- 
choline bilayers, Ca 2+ and Mg 2+ only shifted the total transition peak to higher 
temperatures but  no phase separation occurred [6,7]. As in most studies with 
phosphatidylserine and phosphatidic acid where natural phospholipids are 
used it is difficult to decide whether  the discrepancies are caused by the differ- 
ences in the polar headgroup or by differences in miscibility properties of the 
acyl chains of  the mixtures concerned. Furthermore,  as the ionization of  the 
polar headgroup is strongly pH dependent  the pH at which the studies have 
been performed may be an important  factor. 

In this paper we describe the influence of pH on the thermotropic proper- 
ties of  negatively charged synthetic phospholipids anc1 the effects of  Ca 2÷ on 
the phase behaviour of  phospholipid mixtures. The phospholipids which were 
used were dimyristoylglycerophosphocholine,  dimyristoylphosphatidic acid, 
dimyristoylglycerophosphoserine and dimyristoylglycerophosphoglycerol.  The 
thermotropic  properties were studied by differential scanning calorimetry and 
structural information on these mixtures was obtained by freeze-fracture 
electron microscopy. 

Materials and Methods 

1,2-Dimyristoyl-sn-glycero-3-phosphorylcholine (14 : 0/14 : 0-glycerophos- 
phocholine) was synthesized according to the method of van Deenen and de 
Haas [8]. 1,2-Dimyristoyl-sn-glycero-3-phosphatidylglycerol (14 : 0/14 : 0- 
glycerophosphoglycerol) and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol 
(16 • 0/16 : 0-glycerophosphoglycerol) were obtained by phospholipase 
D-catalyzed base exchange and subsequently purified as described by van Dijck 
et al. [7]. 1,2-Dilauroyl-sn-glycero-3.phosphate (12 : 0/12 : 0-phosphatidic 
acid) and 1,2-dimyristoyl-sn-glycero-3-phosphate (14 : 0/14 : 0-phosphatidic 
acid) and 1,2<limyristoyl-sn-glycero-phosphatidylserine (14 : 0/14 : 0-glycero- 
phosphoserine) were converted from 12 : 0/12 : 0-glycerophosphocholine and 
14 : 0/14 : 0-glycerophosphocholine, respectively, and purified on carboxy- 
methyl-cellulose as described by Comfurius and Zwaal [9]. As the products 
were slightly contaminated by neutral compounds they were subjected to a 
purification procedure developed for egg phosphatidic acid but  applicable for 
all acidic phospholipids. A concentrated lipid solution was slowly added to a 
stirred methanol /water  (10 : 1, v/v) mixture (100 ml/g lipid) which contains a 
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5-fold excess of bariumacetate. The Ba-salt of the negatively charged phospho- 
lipid precipitated in this medium and was collected by centrifugation. The 
neutral contaminants remained in solution [10]. These Ba-salts of the lipids 
proved to be chromatographically pure. The negatively charged lipids were con- 
verted to the (di)sodium salt in a Bligh and Dyer extraction [11] which con- 
tained sodium sulfate [12], EDTA and NaC1 (final concentration in the one 
phase system: lipid 5 mM, NaSO4 100 mM, EDTA 10 mM, NaC1 100 mM). The 
formed precipitate of barium sulfate was separated by filtration of the one 
phase system. After the phase separation was accomplished by addition of 
water and chloroform the sodium salts of the lipids were isolated from the 
lower chloroform layer. 

When negatively charged lipids are dispersed in a small volume of buffer 
(3 pmol in 50 #1) the pH of the medium is affected due to insufficient buffer- 
ing capacity. This explains why in a previous study [ 7 ] hardly any influence on 
the transition temperature was found when the pH of the dispersion buffer was 
decreased from pH 7 to 3. Therefore, in this study for calorimetric analysis the 
lipid was dispersed in excess buffer. 3 pmol of phospholipid were dispersed at 
60°C in 1.5 ml of 25 mM piperazine-N~N'-(2-ethanesulfonic acid) (PIPES), 
100 mM NaC1, pH 6.0, unless stated otherwise. Mixtures to which Ca ~+ was 
added were dispersed in 1.0 ml of the above buffer, subsequently 0.5 ml of 
25 mM PIPES, 100 mM CaC12, pH 6.0, was added. After 10 min of equilibra- 
tion at 60°C the lipid dispersions were collected by centrifugation (20 min, 
37 500 × g, 4°C). Samples of the wet pellet were analyzed by differential 
scanning calorimetry. The instrument was operated and calibrated as described 
before [13]. Samples of the wet pellet were quenched from 4°C, fractured and 
analyzed by electron microscopy as described previously [14]. In order to be 
able to interpret the pH profile of 14 : 0 /14  : 0-glycerophosphoserine cor- 
rectly, 31p NMR spectroscopy experiments were carried out on a Bruker 
WH-90 machine operated as described elsewhere [ 15]. 

Results 

Effect of pH on the thermotropic properties of negatively charged phospho- 
lipids 

The packing properties and, consequently, the thermotropic behaviour of 
negatively charged phospholipids will be largely dependent on the degree of 
ionization of the charged polar headgroups. Therefore, the miscibility proper- 
ties of negatively charged lipids with phosphatidylcholines will be influenced 
by pH. To choose a suitable constant pH for all lipid mixtures we first com- 
pared the relationships between the transition temperatures of the various 
lipids and the pH. These profiles (Fig. 1) show that the transition temperature 
of a given phospholipid is sensitive to small variations in pH in those region 
where the ionization of the polar headgroup is affected. All phospholipid 
species tested showed changes in the transition temperature in the region of pH 
3--5. For phosphatidylglycerol or phosphatidic acid species these changes can 
only be attributed to the phosphate ionization. The apparent pK values of 
these phosphate ionization were estimated as 3.1--3.5 for phosphatidylglycerol 
and 4.0 for phosphatidic acid. The possibility in phosphatidic acid to have the 
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Fig. 1. Re la t ionsh ip  b e t w e e n  the  transi t ion t e m p e r a tu r e  and pH of  various  charged phospho l ip ids .  
e - -  e ,  1 2  : 0 / 1 2  : 0 -phosphat id ic  acid; o o,  14  : 0 / 1 4  : 0 -phosphat id ic  acid; × ×,  1 4  : 0 /  
1 4  : 0 - g l y c e r o p h o s p h o g l y c e r o l ;  + I, 16  : 0 / 1 6  : 0 - g l y c e r o p h o s p h o g l y c e r o l ;  • • ,  14  : 0 / 1 4  : 0- 
g l y c e r o p h o s p h o s e r i n e .  T he  p h osp h oUp id  (3  # m o l )  was  dispersed in 1 ,5  ml  o f  25  m M  buf fers  at the  p H  
desired,  all conta in ing  1 0 0  m M  NaCI, at  7 0 ° C  and in c u b a ted  for  1 0  min .  The  pH wa s  c h e c k e d  and 
adjusted  if  necessary .  Final ly  the  l ipid dispersion was  c o l l e c t e d  by centr i fugat ion .  Sa mple s  o f  the  w e t  
pe l l e t  were  ana lyzed  by  d i f ferent ia l  scanning  ca lor imetry .  The  in tercept  o f  the s lope  o f  the  p e a k  w i t h  the 
basel ine in the  heat ing  curve  was  p l o t t e d  versus the  pH as m e a s u r e d  in the buffer .  The  pH wa s  m e a s u r e d  at 
various  t e m p e r a t u r e s  b e t w e e n  4 and 70°C.  The  pH at the  transi t ion t e m p e r a t u r e  was  d e t e r m i n e d  by  inter- 
po la t ion .  

, 

Fig. 2. D i f ferent ia l  scanning ca lor imetr i c  tracings o f  m i x t u r e s  o f  1 4  : 0 / 1 4  : 0 - g l y c e r o p h o s p h o g l y c e r o l  and 
14  : 0 / 1 4  : 0 - g l y c e r o p h o s p h o c h o l i n e  b o t h  in the  absence  ( A )  and presence  (B)  o f  e x c e s s  Ca 2+ at pH 6 .0 .  
( I ) ,  0%; (2-), 25%; (3 ) ,  50%; (4 ) ,  66%; (5 ) ,  80%; ( 6 ) ,  90%; ( 7 ) ,  1 0 0 %  of  phosphat idy lg lycero l .  

phosphate group doubly ionized is reflected in a dramatic change in transition 
temperature in the region of  pH 6.5--10.  An estimation of  the apparent pK 
value for this second phosphate ionization gave a value of  8.1--8.5.  The transi- 
t ion curves of  phosphatidic acid are in agreement with those obtained by 
Tr~iuble and Eibl [16] .  

The apparent pK value calculated from our transition temperature profile of  
14 : 0 /14  : 0-giycerophosphoserine is in good agreement with the value which 
was obtained by de Haas et al. [17] from a titration curve of  a synthetic 
18 : l c /18  : 0-glycerophosphoserine in a tetrahydrofuran/water (1 : 1, v/v) 
system. Phosphatidylserine loses one proton going from pH 3.8 to 6.8 from a 
group with an apparent pK of  4.4. The additional deprotonation of  the amino 
group with a pK of  9.8 did not  give any transition temperature change in our 
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calorimetric study. The change in the transition temperature around pH 4.4 for 
phosphatidylserine can be caused by a change in molecular packing brought 
about  either by  the protonat ion of  the phosphate or by the carboxylic group. 
In order to be able to discriminate between these two possibilities we studied 
the 3lp NMR signal of phosphatidylserine in a te t rahydrofuran/water  (1 : 1, 
v/v) system containing 100 mM NaC1 in which the phosphate diester can no 
longer experience influences of the other charged groups. The position of the 
3,p signal will be dependent  on the ionic condition of the phosphate group 
only. As gradual pH changes from 7 to 4 appeared to have no influence on the 
position of the phosphate diester signal it can be concluded that the protona- 
tion of  the carboxylic function is indeed responsible for the observed phenom- 
ena. 

Effects o f  excess Ca 2+ on the thermotropic properties o f  synthetic negatively 
charged phospholipids mixed with phosphatidylcholine 

At pH 6.0 the transition temperatures of  the various charged phospholipids 
remain constant  and all the phospholipids bear at this pH one net negative 
charge. As we wanted to compare the miscibility properties of  the charged 
phospholipids with phosphatidylcholine and the effects of  Ca :+ on these mis- 
cibility properties we decided to carry out  all experiments at pH 6.0 to avoid 
artificial interferences of  small pH variations. 

Phosphatidylglycerol. 14 : 0/14 : 0-Glycerophosphocholine and 14 : 0/ 
14 : 0-glycerophosphoglycerol display comparable temperatures and enthalpy 
changes of  the phase transition. It was, therefore, not  remarkable to find that  
mixtures of  these lipids in various ratios, in a medium containing only mono- 
valent cations, showed one homogeneous transition peak (Fig. 2A). The AH 
values, calculated from these curves, were constant  and independent  on the 
molar ratios (Fig. 3b). In agreement with previous reports [6,7,18] excess Ca 2+ 
was not  able to induce a phase separation in mixtures up to 80 mol% of phos- 
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F i g .  3. P l o t s  o f  t h e  t o t a l  e n t h a i p y  c h a n g e s  observab le  b e t w e e n  0 and  1 0 0 ° C  b o t h  i n  the  a b s e n c e  ( e )  a n d  
p r e s e n c e  ( o )  o f  e x c e s s  C a  2+. T o t a l  o b s e r v a b l e  ~ H  values  are p l o t t e d  versus  the  too l  f rac t ion  o f  the  charged  
p h o s p h o l i p i d .  D a t a  are o b t a i n e d  f r o m  t h e  a n a l y s e s  o f  s a m p l e s  f r o m  F igs .  2, 4 - - 6 .  F o r  P A  s o m e  a d d i t i o n a l  
d a t a  are i n c o r p o r a t e d ,  a ( P S ) ,  1 4  : 0 / 1 4  : 0 - g l y c e r o p h o s p h o s e r i n e ;  b ( P G ) ,  1 4  : 0 / 1 4  : O - g l y c e r o p h o s p h o -  
g l y c e r o l ;  c ( P A ) ,  1 4  : 0 / 1 4  : 0 - p h o s p h a t i d i c  acid;  d ( 1 6  P G ) ,  16  : 0 / 1 6  : O - g l y c e r o p h o s p h o g l y c e r o l .  
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phatidylglycerol. In these mixtures Ca 2+ addition led to a shift of  the total 
transition peak to higher temperatures (Fig. 2B) coupled to an increase in the 
ZXH value (Fig. 3b), dependent  on the mol fraction of the charged phospholipid. 
The liposomal conformation of  these mixtures was confirmed by  freeze- 
fracture electron microscopic analysis [6,7,18]. 

Addition of  excess Ca 2+ to pure phosphatidylglycerol liposomes results 
in a disorganization of the liposomal bilayer and a conversion into highly 
packed bilayers of Ca 2+ complexes which precipitate in water. As seen by 
freeze-fracture electron microscopy [7] these precipitates have the appearance 
of  stacked lamellae or cylindrical structures. Upon calorimetric analysis they 
display a phase transition at a very high temperature and with a AH value which 
is about  double that  of  the lipid organized in liposomal bilayers (refs. 6 and 7, 
Figs. 2B (7) and 3b). A mixture consisting of 90 mol% of  phosphatidyl- 
glycerol showed a thermotropic  behaviour (Fig. 2B (6)), which was quite com- 
plex. The combination of  an endo- and exothermic transition at 40 ° C followed 
by  a series of  endothermic peaks in the high temperature region is reminiscent 
of  the behaviour observed with excess Mg 2÷ on pure phosphatidylglycerol 
bilayers and has been interpreted as metastable behaviour of  the liposomal 
bilayers [7,19]. At 40°C the liposomal gel phase transforms to the liquid crys- 
talline state but  the liposome structure is not  stable at this temperature.  It is 
converted by  an exothermic process to a gel-phase structure of  highly packed 
lamellae. At very high temperatures these highly packed lamellae undergo a 
reconversion to stable liposomes which are in the liquid crystalline state [7,19].  
In the presence of  Ca 2+ the gel-phase liposome of pure phosphatidylglycerol 
does not  exist. Here the complex is either in the form of  gel-phase lamellae or 
of  liquid crystalline liposomes [6,7]. 

Ca :+ effects were also studied on mixtures of  14 : 0/14 : 0-glycerophospho- 
choline and 16 : 0/16 : 0-glycerophosphoglycerol. Mixtures of  16 : 0/16 : 0- 
glycerophosphoglycerol and 14 : 0/14 : 0-glycerophosphocholine showed at all 
ratios in the presence of  only monovalent cations one homogeneous transition 
peak (Fig. 4A). Excess Ca :+ induced a shift in the total transition peak accom- 
panied by  a partial phase separation (Fig. 4B). This was accomplished wi thout  
any loss in total peak intensity. The AH values of  the mixtures in the presence 
of  Ca :+ were consistently higher than the ones without  Ca 2+ (Fig. 3d) in agree- 
ment  with the data for the mixtures of  14 : 0/14 : 0-glycerophosphocholine 
and 14 : 0/14 : 0-glycerophosphoglycerol. No other  structures besides lipo- 
somes were observed after Ca ++ addition in these mixtures up to 1 : 1 molar 
ratios upon electron microscopic examination. The liposomes display smooth 
and banded domains, indicative of  lateral phase separation. Only at very high 
concentrations of  phosphatidylglycerol could part of  the molecules be con- 
verted to high melting structures. This destabilization of  the liposomal struc- 
ture took  place at a lower percentage of  phosphatidylglycerol than in case of  
mixtures with the 14 : 0/14 : 0 compound.  

Phosphatidylserine. Differential scanning calorimetry scans of  mixtures of  
14 : 0/14 : 0-glycerophosphocholine and 14 : 0/14 : 0-glycerophosphoserine, 
in the presence of  only monovalent  cations, are shown in Fig. 5A. Mixtures 
of  66 or 80 mol% of  phosphatidylserine show two separated peaks indicating 
gel phase immiscibility. The phosphatidylserine/phosphatidylcholine mixtures 
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F i g .  4 .  T h e  i n f l u e n c e  o f  e x c e s s  C a  2+ o n  t h e  t h e r m o t r o p i c  b e h a v i o u r  o f  m i x t u r e s  o f  1 4  : 0 / 1 4  : O - g l y c e r o -  

p h o s p h o c h o l i n e  a n d  1 6  : 0 / 1 6  : O - g l y c e r o p h o s p h o g l y c e r o l  a t  p H  6 . 0 .  M i x t u r e s  i n  t h e  a b s e n c e  ( A )  a n d  i n  

t h e  p r e s e n c e  ( B )  o f  e x c e s s  C a  2+.  ( 1 ) ,  0 % ;  ( 2 ) ,  1 0 % ;  ( 3 ) ,  2 0 % ;  ( 4 ) ,  3 0 % :  ( 5 ) ,  4 0 % ;  ( 6 ) ,  5 0 % ;  ( 7 ) ,  7 5 % ;  

( 8 ) ,  1 0 0 %  o f  p h o s p h a t i d y l g l y c e r o l .  

F i g .  5 .  T h e  i n f l u e n c e  o f  e x c e s s  C a  2 +  o n  t h e  c a l o r i m e t r i c  b e h a v i o u r  o f  1 4  : 0 / 1 4  : O - g l y c e r o p h o s p h o c h o l i n e  

a n d  1 4  : 0 / 1 4  : 0 - g l y e e r o p h o s p h o s e r i n e  m i x t u r e s  a t  p H  6 . 0 .  M i x t u r e s  i n  t h e  a b s e n c e  ( A )  a n d  i n  t h e  p r e s -  

e n c e  ( B )  o f  e x c e s s  C a  2+.  ( 1 ) ,  0 % ;  ( 2 ) ,  2 5 % ~  ( 3 ) ,  3 5 % ;  ( 4 ) ,  5 0 % ;  ( 5 ) ,  6 6 % ;  ( 6 ) ,  8 0 % ;  ( 7 ) ,  1 0 0 %  o f  p h o s -  

p h a t i d y l s e r i n e .  

all show, upon analysis by  freeze-fracture electron microscopy,  liposomal 
structures (Fig. 6A). 

The effects of  Ca 2÷ on phosphatidylserine/phosphatidylcholine mixtures was 
total ly different from that of  mixtures containing phosphatidylglycerol.  Excess 
Ca 2÷ addition to mixtures up to 35 mol% of phosphatidylserine, which show in 
the presence of  only monovalent  ions one homogeneous peak, resulted in an 
increase in the total  AH value of  the transition which was observed (Fig. 3a). In 
this way the mixtures resembled the phosphatidylglycerol-containing mixtures. 
However,  there is one important  difference. Upon addition of  Ca ~÷ two sepa- 
rated transitions could be observed instead of  one homogeneous upward 
shifted peak (Fig. 5B). Freeze-fracture electron microscopy of these samples 
showed the presence of  only liposomal structures. The banded and smooth  
domains represent the phosphatidylcholine- and phosphatidylserine-rich areas 
in the liposomal bilayers, respectively {Fig. 6B). Thus, the effect  of  Ca ~÷ can be 
appreciated as the induction of  an isothermic phase separation in the plane of  
the membrane.  

In mixtures containing more than 50 mol% of phosphatidylserine, in the 
presence of  only monovalent  cations, two peaks were observed by differential 
scanning calorimetry (Fig. 5A), indicating separation in the gel phase into phos- 
phatidylcholine- and phosphatidylserine-rich domains in the membrane. When 
excess Ca 2÷ was added to these mixtures, analysis of  the calorimetric scans 
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F i g .  6.  M o r p h o l o g i c a l  e f f e c t s  o f  e x c e s s  Ca  2+ o n  m i x t u r e s  o f  14  : 0 / 1 4  : 0 - g l y c e r o p h o s p h o c h o l i n e / 1 4  : 0 /  

1 4  : 0 - g l y e e r o p h o s p h o s e r i n e  u p  t o  3 5  t o o l %  o f  p h o s p h a t i d y l s e r i n c .  A .  G l y c e r o p h o s p h o s e r i n e / g l y e e r o -  
p h o s p h o c h o l i n e  (1 : 2 ,  m o l a r  r a t i o )  i n  t h e  p r e s e n c e  o f  o n l y  m o n o v a l e n t  c a t i o n s .  M a g n i f i c a t i o n  
8 0  0 0 0 × .  B. A s i m i l a r  m i x t u r e  in  t h e  p r e s e n c e  o f  e x c e s s  C a  2+. M a g n i f i c a t i o n  8 0  0 0 0 × .  T h e  s a m p l e s  w e r e  
p r e p a r e d  as  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s .  T h e y  w e r e  q u e n c h e d  f r o m  4 ° C .  



Fig. 7. Morphological effects of excess CaZ+ on an equimolar mixture of 14 : O/14 : O-glycerophospho- 
swine/l4 : O/14 : O-glycerophosphocholine. The fracture plane consisted of a complex mixture of 
smooth (a) and banded liposomes (b) as well as cylindrical bilayers (c). The sample was prepared as 
described in Materials and Methods and quenched from 4OC. Magnification 80 000X. 
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revealed that  an increasing part of  the detectable transition intensities was lost 
with increasing phosphatidylserine concentration (Fig. 3a). When excess Ca 2÷ is 
added to pure phosphatidylserine bflayers a precipitate is formed which is 
highly packed and does not  show a transition below 100°C (Fig. 5B (7)). 
Therefore, it is reasonable to conclude that excess Ca ~÷ in these 14 : 0/14 : 0- 
glycerophosphocholine and 14 : 0/14 : 0-glycerophosphoserine mixtures leads 
to a separation in d i f ferent  structures; liposomal phosphatidylcholine-rich 
bilayers and the highly packed Ca 2÷ phosphatidylserine-rich lamellae with a 
thermal transition which is not  observable below 100°C. In agreement with 
this view, these samples show upon freeze-fracture electron microscopic anal- 
ysis a complex mixture of  bilayers of  both  the liposomal and the stacked 
lamellae/cylinder type. Part of  the liposomal bilayers even exhibit banded 
regions indicative for 14 : 0/14 : 0-glycerophosphocholine-rich gel-phase 
domains (Fig. 7). 

Phosphatidic acid. 14 : 0/14 : 0-Glycerophosphocholine and 14 : 0/14 : 0- 
phosphatidic acid undergo phase transitions at 23 and 50°C at pH 6.0, respec- 
tively, so it can be expected that  these two components,  in the absence of  Ca 2+, 
will mix less ideally than 14 : 0/14 : 0-glycerophosphocholine and 14 : 0/ 
14 : 0-glycerophosphoglycerol or 14 : 0/14 : 0-glycerophosphoserine. The 
calorimetric scans of  the several mixtures displayed a broad peak, whereas in 
the extreme mol fraction regions a more narrow but  tailing transition was ob- 
served (Fig. 8A). Excess Ca 2÷ addition to these mixtures (Fig. 8B) led, at all 
molar ratios, to a loss in total observable enthalpy-change intensity which was 
nearly linear to the mol fraction of  phosphatidic acid present in the mixture 
(Fig. 3c). The Ca 2÷ • phosphatidic acid complex formed with the pure phos- 
phatidic acid underwent  no observable transitions between 0 and 100°C. 
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Fig. 8. T h e  i n f l u e n c e  o f  e x c e s s  Ca 2+ on the t h e r m o t r o p i c  p rope r t i e s  of  m i x t u r e s  of  14 : 0 / 1 4  : O-glycero- 
p h o s p h o c h o l i n e  and  14 : 0 / 1 4  : 0 - p h o s p h a t i d i c  a c i d  m i x t u r e s  a t  p H  6.0. A, Mixtures  in t h e  a b s e n c e  and  
(B) in t h e  p r e s e n c e  o f  e x c e s s  Ca 2+. ( I ) ,  0%; (2),  25%; (3),  35%; (4),  50%; (6),  80%; (7) ,  100% of phos-  
pha t id ic  a c i d .  
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Freeze-fracture analysis showed for all mixtures the coexistence of  liposomal 
bilayers and closely packed lamellae and cylinders analogous to the structures 
shown for phosphatidylserine/phosphatidylcholine in Fig. 7. 

As Galla and Sackmann [4] observed the largest effects of C a  2+ o n  mixed 
phosphatidylcholine/phosphatidic acid bilayers at pH 9.0 we also studied the 
effects of excess Ca 2÷ on 14 : 0/14 : 0-phosphatidic acid/14 : 0/14 : 0-glycero- 
phosphocholine mixtures at pH 9.0 (data not shown). Our results indicated 
that  the effects of  Ca 2+ are comparable to those obtained at pH 6.0. However, 
the scans obtained were not  reproducible, perhaps as a consequence of chemi- 
cal hydrolysis at this basic pH. 

Discussion 

Our results indicate that  differential scanning calorimetry can be used to 
determine pK values of negatively charged phospholipids in the bilayer con- 
figuration. All pK values obtained from our profiles of the transition tempera- 
ture as a function of the pH are apparent pK values as the pH values were mea- 
sured in the bulk solution. Since the transition temperatures were obtained 
from heating curves the values obtained represent the apparent pK values for 
the gel state of the lipids. The value of  4.4 for the phosphatidylserine is in 
agreement with that  of MacDonald et al. [20] who reported 4.6 at 25°C for 
16 : 0/16 : 0-glycerophosphoserine. Titration curves for several phosphatidyl- 
serines have yielded pK values between 3.2 and 4.6 [20--25]. The physical 
state of the phosphatidylserine bilayers was shown to affect the apparent pK 
value [28]. Due to a decrease in surface charge density upon going from the gel 
to the liquid-crystalline state the apparent pK value will decrease. This may 
account for the variation in the different reported values. 

Another factor which will interfere with the found pK value is the concen- 
tration of monovalent ions in the buffer. Sacr6 and Tocanne [26] have found 
in monolayer  studies that, in agreement with the Gouy-Chapman theory of 
the diffuse electrical double layer [27], an increase in concentration of mono- 
valent cations will decrease the apparent pK value. This effect was maximum at 
100 mM NaC1. For 12 : 0/12 : 0-glycerophosphoglycerol a value of 3.1 was 
found [34], which is in excellent agreement with the values of 3.1 and 3.5 
found in this study. This similarity in results indicates that  concentration of 
lipid by centrifugation, necessary for the calorimetric analysis, has not  affected 
the determination of the pK values. 

From studies concerned with the miscibility of binary phosphatidylcholine 
systems [28--34] it is known that  a minimal difference of 30°C between the 
transition temperatures of two phosphatidylcholines is necessary to create a gel 
phase miscibility gap. The difference in transition temperature is only 15°C in 
the binary system 14 : 0/14 : 0-glycerophosphocholine/14 : 0/14 : 0-glycero- 
phosphoserine. We have previously noted a miscibility gap in the gel state in a 
system of  16 : 0/16 : 0-glycerophosphocholine and hydrogenated bovine brain 
phosphatidylserine which shows a transition temperature difference of 20°C 
(van Dijck, P.W.M., unpublished data). 

Our results clearly show that  one can differentiate between the effects of 
Ca 2÷ on the various types of negatively charged lipids. In mixed phosphatidyl- 
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glycerol/phosphatidylcholine bilayers with identical acyl chains Ca 2+ induced 
only a shift of the co-crystallizing system. At high molar ratios of phosphatidyl- 
glycerol the spherical liposomal bilayers were destabilized and organized in 
highly packed (cylindrical) lamellae. Ca2+-induced phase separation in the 
bilayer could be achieved by variation of the fatty acid composition of the 
mixed phosphatidylglycerol/phosphatidylcholine bilayers. Ca 2÷ effects in 
mixed phosphatidylserine/phosphatidylcholine or phosphatidic acid/phospha- 
tidylcholine bilayers with identical acyl chains appeared to be dependent on 
the miscibility properties of the mixtures. In bilayers of co-crystallizing phos- 
phatidylcholine/phosphatidylserine mixtures, up to 35 mol% of the latter com- 
ponent, Ca 2÷ induced a phase separation in the plane of the membrane. Mix- 
tures containing higher molar ratios of phosphatidylserine already displayed 
partial gel-phase immiscibility; Ca 2÷ introduction in these mixtures yielded a 
destabilition of the phosphatidylserine-rich domains in the membrane and, con- 
sequently, a conversion into lamellae of cylindrical structures. Mixed phospha- 
tidic acid/phosphatidylcholine bilayers showed gel-phase immiscibility at all 
ratios and Ca 2+ introduction always yielded a mixture of bilayers of the spheri- 
cal liposomal and of the stacked lamellae/cylindrical type. The extrusion of 
non-liposomal highly packed structures which occurred only in dispersions with 
phosphatidylserine and phosphatidic acid and not in those with phosphatidyl- 
glycerol was not a consequence of the difference in transition temperature. 
This can be deduced from the differential scanning calorimetry results with 
mixtures of 14 : 0/14 : 0-glycerophosphocholine and 16 : 0/16 : 0-glycero- 
phosphoglycerol. It is apparent that the divalent ion-charged phospholipid 
interaction is strongly dependent on the nature of the charged phospholipid. 
The relative tendency of Ca 2+ to break up the liposomal bilayer is phosphatidic 
acid > phosphatidylserine ~ phosphatidylglycerol. 

The capability of Ca 2÷ to induce lateral phase separation in lipid bilayers was 
first demonstrated by electron spin resonance spectroscopy [1--4]. However, in 
view of the present study these ESR data may also be explained by structural 
segregation of the lipids as the ESR measurements were performed on samples 
with high mol fractions of charged lipid (phosphatidic acid or phosphatidyl- 
serine). Although the Ca 2+ concentrations in the ESR studies (up to 1 Ca 2÷ per 
charged lipid molecule) were much less than we used, it must be realized that 
one Ca 2+ per two charged lipid molecules is enough to convert the lipid into the 
highly packed salt [6,7]. 

Differential scanning calorimetry has been used previously to study Ca :+ 
effects on mixtures of defined phosphatidylcholines and phosphatidylserines 
obtained from natural sources (refs. 5 and 18 and van Dijck, P.W.M., unpub- 
lished). In equimolar mixtures of these lipids only an upward shift of the total 
(broad) transition was observed (ref. 5 and van Dijck, P.W.M., unpublished). 
Freeze-fracture electron microscopy of similar lipid mixtures revealed the 
coexistence of both smooth and banded domains in the liposomal structure, 
indicative of a lateral phase separation [18] in mixtures containing more phos- 
phatidylserine Ca :+ induced the appearance of a somewhat changed phospha- 
tidylcholine transition and a progressive decrease of the mixed lipid transition 
[5]. Although that was interpreted as a Ca:÷-induced segregation of individual 
lipids in separate domains within the vesicle membrane [5] our results suggest 
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that segregation into different structures had occurred. 
The subtle differences in interaction between the various charged lipids and 

Ca 2÷ can only be explained in terms of  differences in the polar headgroup as 
the acyl moieties were kept identical. Both the size and charge of  this head- 
group may be of  importance. As both phosphatidylglycerol and phosphatidic 
acid bear only one negative charge at pH 6.0 and yet experience extreme differ- 
ences in Ca 2÷ effects the size of  the polar headgroup and its consequences for 
the geometry of  the lipid molecule must be the predominant factor. 
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