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A study is reported of the interaction of alkaline earth metal ions with bovine brain phosphatidylserine 
vesicles by potentiometric and calorimetric titration methods. Two sizes of vesicle, 25 nm and I00 nm, were 
studied in 0.I M NaCI at pH 7.4. The small vesicles were found to bind Ca 2 + more strongly than the large 
vesicles. Ca 2+ and Ba 2+ , but not Sr 2+ or Mg 2+, cause crystallization of the phospholipid acyl hydrocarbon 
chains with coincident destruction of the vesicles. Ca 2+ -induced crystallization of the hydrocarbon chains 
occurs at approximately the same point on the Ca 2+ binding isotherm at which charge neutralization of the 
vesicle surface occurs. Thermodynamic data for binding of Ca 2+ and Mg 2+ to small vesicles and for binding 
of Ca 2+ to large vesicles are reported. Potentiometric titration data were used to obtain equilibrium constants 
for M 2+ binding and the calorimetric titration data were used to obtain A H  values. The potentiometric and 
calorimetric titration data are mutually supportive in establishing the stoichiometry and nature of the 
reactions occurring. 

Introduction 

Planar membranes, multilamellar liposomes, 
and both small and large bilayer vesicles of phos- 
pholipids serve as model systems for studying pro- 
posed mechanisms for divalent cation mediated 
cellular adhesion and fusion processes (for reviews 
see Refs. 1-3). The various models proposed for 
membrane fusion all involve either a phase change 
in the lipids of the membranes concerned [4.5] or 
crosslinking between bilayers [4,6] or some combi- 
nation of both these mechanisms [5,7]. 

Phospholipid vesicles are also of interest as 
potential drug delivery vehicles. It may be possible 
to encapsulate drugs inside of vesicles, inject the 
vesicles, and obtain slow release or tissue specific 
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release of the drugs (for review see Ref. 8.) For 
this reason it is necessary to more fully understand 
the stability of vesicles under physiological condi- 
tions and the mechanisms by which encapsulated 
materials may be released. 

It has been well established, that for a specific 
pH and temperature, Ca 2- and Mg 2÷ can induce 
a disorder-to-order transition in bilayers of acidic 
phospholipids [9-14]. Portis et al. [6] showed that 
the addition of Ca 2+ to small unilamellar phos- 
phatidylserine (PS) vesicles at total Ca 2+ con- 
centrations of 1.3 and 5 mM at pH 7.4 and 25°C 
resulted in a rapid release of heat ( - 5 . 5  kcal /mol  
PS), but the addition of 5 mM Mg 2÷ or 0.7 mM 
Ca 2+ produced only a small amount of heat (ap- 
prox. 0.1 kcal /mol  PS). It is not possible from 



these measurements to relate the measured heat 
changes to the specific reaction steps occurring, 
but the large heat release apparently is the result 
of acyl chain ordering induced by Ca 2+ [6]. 

Differential scanning calorimetry (DSC) studies 
of multilamellar PS liposomes prepared at pH 7.4 
in 0.1 M NaC1 have shown a single, very broad, 
asymmetric, thermally induced phase transition 
with the transition temperature being I I°C for 
Na+-PS, 18°C for MgZ+-PS and > 100°C for 
CaZ+-PS [6]. The enthalpy change for the transi- 
tion was reported to be -4 .5 -+  0.5 kcal /mol  and 
to be associated with an acyl chain ordered-to-fluid 
phase transition. These data indicate that at physi- 
ological temperature the acyl chains in the Ca 2 + -PS 
complex exist in an ordered state while the acyl 
chains in the Na+-PS and MgE+-PS complexes 
exist in a fluid state. 

Ca 2+ coordination to phospholipids has been 
shown to be dependent upon pH and the con- 
centrations of Na + and Mg 2+ in a manner similar 
to coordination with long chain fatty acids [15]. 
Numerous studies using a wide variety of method- 
ologies have been conducted on the binding of 
Ca 2+ with PS. However, as pointed out in a recent 
study of Ca 2+ interaction with PS by Holwerda et 
al. [16], there is poor agreement between the re- 
ported binding isotherms. This lack of agreement 
could be due to variations in pH [17], temperature, 
ionic strength, or vesicle size. Addition of Ca 2+ to 
dilute small unilamellar PS bilayer vesicles has 
been shown to induce permeability of the vesicles 
to small ions and molecules at concentrations 
above approx. 0.5 mM Ca 2+ [18]. The same study 
also showed that Ca 2+ concentrations above 0.5 
mM result in macroscopic aggregation, rupture, 
and formation of multilayer cylinders. No signifi- 
cant change in vesicle structure was observed upon 
the addition of Mg 2+ until the Mg 2+ concentra- 
tion exceeded 5 mM. Above this concentration of 
Mg 2+ the formation of multilayer liposomes was 
observed [18]. Similarly no increase in vesicle per- 
meability is observed until the Mg 2+ concentra- 
tion exceeds 5 mM. Portis et al. [6] and Wilschut 
[19] reported the initiation of carboxyfluorescein 
release from small unilamellar PS vesicles at a 
Ca 2+ concentration of 1 m M .  Wilschut et al. [19] 
also found that initiation of carboxyfluorescein, 
Tb (citrate) 6 and 2,6-pyridinedicarboxylic acid 

(sodium salt) release occurred at a Ca e* con- 
centration of approx. 1 mM for small unilamellar 
PS vesicles and at a Ca 2 + concentration of approx. 
2.5 mM for large unilamellar vesicles. Portis et al. 
[6] reported that aggregation as measured by light 
scattering occurred without release of sodium 
carboxyfluorescein from small bilayer vesicles at a 
mole ratio of Ca 2 + bound to PS of approx. 0.4. 

In this paper we report the results of calorimet- 
ric and potentiometric titrations of both large and 
small unilamellar PS vesicles with alkaline earth 
cations. The study was designed to provide ther- 
modynamic data on Ca 2+ binding to both sizes of 
vesicles at 25°C and pH 7.4. Mg 2+ binding to 
small vesicles was also studied by both potentiom- 
etry and calorimetry. Only the calorimetric titra- 
tions could be done with Sr 2+ and Ba 2+ because 
suitable electrodes are not available for these ca- 
tions. 

Materials and Methods 

Phosphatidylserine preparation 
Phosphatidylserine, purified from bovine brain, 

was obtained from two sources. One sample was 
kindly supplied by Dr. D. Papahadjopoulos, 
Cancer Research Insitute, University of California 
at San Fransisco, CA, and the other was obtained 
from Avanti Biochemical, Birmingham, AL. These 
samples were stored as a chloroform solution in 
sealed glass ampules under argon at - 4 0 ° C .  A 
gas-liquid chromatographic examination of the 
methylated fatty acids prepared from these sam- 
ples was in agreement with previously reported 
values [20]. The bovine PS is a mixture of 1,2-di- 
acyl-sn-3-glycerophosphoserines. The acyl chain 
composition is 48% stearate (18:0), 36% oleate 
(18: 1), and 16% longer unsaturated acyl chains. 
All other chemicals were purchased in the highest 
purity available. The water used was twice distilled 
from all-glass apparatus. 

Vesicle preparation 
Small unilamellar vesicles were prepared by a 

modification of the method described by Baren- 
holz et al. [21]. The buffer system used in this 
study was 100 mM NaC1, 2 mM L-histidine and 2 
mM N-tris(hydroxymethyl)methyl-2-aminoethane- 
sulfonic acid (Tes) adjusted to a final pH of 7.4 



with NaOH.  The lipid was dried as a thin film 
under vacuum and dispersed in the above aqueous 
medium at a concentration of 10 mM and soni- 
cated under argon at 20°C for 1 h in a bath-type 
sonicator. Large vesicles a n d / o r  aggregates were 
then removed from the preparations by centrifuga- 
tion for 1 h at 115 000 × g in a Beckman SW 50.1 
rotor. Usually more than 95% of the lipid was 
recovered in the supernate. Large unilamellar 
vesicles were prepared by the reverse phase 
evaporation technique previously described by 
Szoka and Papahadjopoulos [22], with modifi- 
cations as described by Wilschut et al. [19]. The 
concentration of lipid was determined by measur- 
ing lipid phosphate as described by Bartlett [23]. 
The lipid preparation was adjusted to the desired 
concentrations by addition of buffer. All cation 
solutions were prepared in a NaC1, buffer solution 
identical to that used for the vesicles. 

Differential scanning calorimetry (DSC) 
The temperatures at which thermal transitions 

of the PS used in this study and of the alkaline 
earth metal-PS complexes precipitated from the 
buffer described above were determined using a 
prototype differential scanning calorimeter (DSC) 
manufactured by Hart  Scientific, Provo, UT. Reli- 
able A H  values for the transitions were not ob- 
tained in this study because of calibration prob- 
lems with the DSC. 

Potentiometric titrations 
The Ca 2÷ (neutral carrier), divalent-cation, and 

double junction reference electrodes were obtained 
from Orion Research Inc. (Cambridge, MA). The 
double junction, sleeved, reference electrode re- 
commended by Orion Inc. for use with ion selec- 
tive electrodes was employed for two reasons; (i) 
to prevent contamination of the sample with the 
electrolyte normally used in the reference electrode 
and (ii) to prevent clogging of the reference elec- 
trode during titrations of dispersions and precipi- 
tates [24]. The outer electrode filling solution, 0.1 M 
KNO3, had the same ionic strength as the lipid 
dispersions. Results obtained at selected points 
using a flow system with the reference electrode 
located downstream from the Ca 2+ electrode 
(Orion-SS20 electrode system) [25] were the same 
as the results from the titration experiments in 

which both electrodes were immersed in the same 
solution. The electrodes were used with a Radiom- 
eter PHM-64 research pH meter coupled to a 
recorder. The 0.1 M Ca 2÷ titrant solution was 
added with an automated buret in 1 to 2 /d 
increments to 5.0 ml of 2.0 mM PS. The 0.1M 
Mg 2+ titrant was added in 8/~1 increments to 5.0 
ml of 5.0 mM PS. Electrode potential readings in 
both cases were monitored until the value re- 
mained constant within a ± 0 . 2 m V  region and 
then the next amount of titrant was added. This 
usually required waiting 2-3  min, the expected 
response time of the electrodes. The electrodes 
were not removed from the titrate solutions during 
the course of the titration. Calibration curves were 
obtained using standard Ca 2÷ or Mg 2÷ solutions 
in the same buffer solution as the lipid dispersions. 
Standard curves were measured before and after 
each lipid dispersion titration and were found to 
be reproducible to ± 1 mV. The sensitivity of the 
M 2+ electrode was diminished at Mg 2÷ con- 
centrations below 0.5 mM and as a result, mea- 
surements of Mg 2+ below this concentration were 
less accurate. All potentiometric titrations were 
conducted at 25.0°C under an argon atmosphere. 

Calorimetric titrations 
Calorimetric titrations were performed in a 

Tronac isoperibol titration calorimeter at 25.0°C. 
Details of the 3 ml reaction vessel, data analysis 
and calculation procedures have been described 
[26-28]. In each case data points were taken auto- 
matically every 5 or 10 seconds. In all experiments 
at 25°C the 0.1 M M 2+ titrant solution was added 
to 2.5 ml of 2.0 mM phospholipid solution. A 4.0 
mM phospholipid solution was used in the experi- 
ments at 11 °C. All solutions were prepared in the 
buffer solution described in the section on vesicle 
preparation. The heats of dilution of the titrant 
and PS solutions were determined by titrations of 
the buffer solution with 0.1 M M 2+ in buffer and 
by titration of the vesicle dispersion with buffer 
solution, respectively. In most of the titrations, 
titrant was added continuously at 4.7 or 9.4 ~ l / m i n  
for 36 or 18 min, respectively. Some runs were also 
made with incremental addition of titrant to check 
for attainment of equilibrium, especially in those 
parts of the titration where large exothermic heat 
effects were observed. 



Theory and calculations 

The thermodynamic system of PS vesicles sus- 
pended in an aqueous solution must be treated as 
a multiphasic system. At least two phases are 
always present, i.e., the lipid and the aqueous 
phases, and more than two phases will be present 
if the lipid undergoes a phase change induced by 
metal ion binding. Since all of our work was done 
at approximately constant ionic strength, the activ- 
ity coefficients in the aqueous phase will be ap- 
proximately constant. 

If  the binding of M 2+ to the surface of the 
bilayer is nonspecific or occurs at preexistent 
specifc  sites on the vesicle surface, then the bind- 
ing isotherm may be described by the Langmuir 
isotherm (or the equivalent Scatchard model of 
independent, identical sites) or some modification 
thereof. Eqn. 1 

,q/[M 2+ ] :  N K  - S K  

can be used to obtain the maximum number of 
divalent metal ions bound per PS molecule, N, and 
the intrinsic binding constant, K, from a plot of 
K//[M 2+ ] against ~ where ~ is the measured ratio 
of mol of M 2+ bound to mol of PS and [M 2+ ] is 
the measured molar concentration of M 2+ in the 
aqueous phase [29]. 

If the binding of an M 2+ ion causes a re- 
arrangement of the lipid, i.e. a phase change, in 
the vesicles, then two possible situations arise de- 
pending on the miscibility of the new lipid phase 
with the previous lipid phase. When the two lipid 
phases are immiscible or nearly so, then the equi- 
librium concentration of M 2+ must be constant. 
This can most easily be seen by writing the equi- 
librium constant expression for the reaction as 
shown in Eqn. 2 where a is the activity of the 
indicated species. 

K = a ( M P S y ) / a ( P S x ) [ M  2+ l (2) 

Now, if the phases represented as MPSv and PS x 
are immiscible, the activities are invariant under 
isothermal and isobaric conditions and the equi- 
librium constant is equal to the inverse of [M E+ ] 
since the activities of the pure phases are unity by 
definition. In the other case when the two lipid 

phases are miscible, the activities of the two phases 
may be approximated by their mol fraction in the 
lipid phase. The Freundlich isotherm (or the 
equivalent Hill equation), Eqn. 3, is useful as a 
formalism for describing this latter kind of system. 
In Eqn. 3, 0 is the mole fraction of lipid in the new 
phase with bound M 2+ , K is the intrinsic binding 
constant for an divalent metal ion. 

0 / 0 _ 0 ) =  KO[M2÷ ] ° (3) 

and a is the number of divalent metal ions which 
must be bound cooperatively in order to generate 
a domain of the new phase [29]. 

Thus, the appearance of a new immiscible lipid 
phase will be marked by the presence of a vertical 
region on a plot of ~ against [M2+], the presence 
of a new miscible lipid phase will be marked by a 
region of positive cooperativity of M 2÷ binding, 
i.e. a > 1, and the binding of M 2+ to preexisting 
sites on the vesicle surface will have a : 1 or less. 

Results 

P o t e n t i o m e t r i c  t i t r a t i o n s  

The data obtained in the potentiometric titra- 
tions are presented in Fig. 1. The data show that 
Ca 2+ is bound more strongly to the small vesicles 
than to the large vescicles. Mg 2+ is bound more 
strongly to the small vesicles than Ca 2 + up to an fi 
value of about 0.15 above which the Mg 2t is 
bound more weakly than CA 2+. The Mg z+ titra- 
tion curve does not show the discontinuity at the 
initiation of precipitation which is seen in the 
Ca z+ titration curves of both the small and large 
vesicles at an ~ of approx. 0.2. However, precipita- 
tion begins at about the same fi value in all three 
curves in fig.1. Note that the appearance of the 
Ca 2+ precipitates is followed by a vertical region 
in Fig. 1 as expected when an immiscible new 
phase is being formed. Precipitation of both the 
small and large vesicles by Ca 2+ is accompanied 
by a sudden uptake of Ca 2+ , probably because of 
exposure of the previously inaccessible binding 
sites on the interior of the vesicle. After the pre- 
cipitate is formed, Ca 2+ continues to bind to the 
material formed from the small vesicles until 
reaches nearly 0.6. Much less Ca 2+ is bound by 
the precipitate from the large vesicles as shown by 
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Fig. 1. Potentiometric titration curves for titration of small PS 
vesicles with Mg 2÷ and Ca 2+ and of large PS vesicles with 
Ca 2+ at 25°C in 0.1 M NaCI at pH 7.4. Experimental data 
points from a single titration are shown in each case. The 
dashed lines indicate the first appearance of turbidity. 

the leveling off of the curve at an ~ value of 0.32. 
The results of quantitative analysis as described 

above of the three curves given in Fig. 1 are given 
in Table I. In this analysis it is assumed that the 
interior of the vesicle is not available to the diva- 
lent ion until a critical metal ion concentration is 
reached. Other workers have previously found 
vesicles to begin to become permeable to small 
ions at a Ca 2+ concentration near 0.5 mM and a 
Mg 2+ concentration near 1 mM [18,30]. Prior to 
the point of permeability 60% of the PS is availa- 
ble for M 2÷ binding on the 25 nm vesicles and 
50% on the 100 nm vesicles [31]. 

Mg z+ binding to small vesicles can be de- 
scribed within the limit of error of the measure- 
ments of unbound Mg 2+ and up to the point of 
precipitation with a single intrinsic binding con- 
stant. The Mg 2+ apparently binds to 3 PS mole- 
cules until the surface is saturated, i.e. ~ (surface) 
= 0.33 or ~ = 0.2, at which point turbidity is first 
observed. The ~ value continues to increase be- 
yond 0.2 in a linear manner  with [Mg 2+ ] and 
along the line shown in Fig. 1 at least up to 
~ =  0.42 and [Mg 2+ ] = 3.5 mM which is as far as 
data were taken. The turbidity also continues to 

increase throughout this part  of the titration curve. 
These data are all consistent with the interior of 
the vesicles gradually becoming available for Mg 2 
binding after the point of first appearance of the 
precipitate. 

Two constants are required to describe the Ca 2+ 
binding to the large vesicles. The first calcium ions 
are probably bound to 6 PS molecules (see Table I). 
After these PS 6 preexistent sites are populated, a 
cooperative rearrangement of the vesicle surface 
takes place resulting in one Ca 2+ being bound to 3 
PS molecules (i.e. ~ (surface)= 0.3). Precipitation 
occurs at [Ca2+]=850  /zM. Very little further 
binding of Ca 2+ occurs after precipitation is com- 
plete at an ff of about 0.3. 

The binding of Ca 2+ to the small vesicles is the 
most complex situation. Ca 2÷ is first bound to a 
set of preexistent sites composed of 6 PS molecules 
per site until 70% of the lipid is complexed with 
Ca 2+ (i.e. 0 < [Ca 2+ ] < 70/~M. Secondly, Ca 2+ is 
bound to a different set of sites, also composed of 
6 PS molecules, but which must not have preex- 
isted in the vesicle (i.e. 100 / ~ M < [ C a 2 + ] < 1 5 0  
/~M). Binding of Ca 2+ to this second set of sites is 
highly cooperative and involves several calcium 
ions simultaneously. Binding of Ca 2+ to the third 
type of site begins at [Ca 2+ ] - 2 0 0  laM and con- 
tinues until precipitation begins. These sites ap- 
parently consist of 3 PS molecules. Because of the 
invariance of the [Ca 2+ ] at the midpoint of the 
sigmoid section of the curve at [Ca 2+ ] = 229 #M, 
the Gibbs phase rule requires that this new phase 
is not entirely miscible with the previously formed 
Ca(PS)6 phase. Binding of Ca z+ to the (PS)3 sites 
formed during this phase change continues until 
precipitation occurs. After precipitation is com- 
plete (at ff = 0.25), extensive further Ca 2+ binding 
occurs, apparently accompanied by yet another 
phase change in the lipid. 

Our results for binding constants are generally 
in agreement with previous data [16]. However, no 
previous study has obtained sufficient data to fully 
define the binding isotherms. 

D S C  measurements 
In the DSC runs, single, broad, thermal transi- 

tions due to the melting of the acyl chains were 
observed for Na n,  Mg 2+, and Sr 2+ salts of PS 
with transitions centered at 3 - 5 o C, 18 o C and 22 o C, 
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Fig. 2. Calorimetric titration curves for titration of small PS 
vesicles with Mg 2+, Sr 2+, Ba 2+ , and Ca 2+ of large PS vesicles 
with Ca 2+ at 25°C in 0.1 M NaCl at pH 7.4. 
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Fig. 3. Calorimetric titration curves for titration of small PS 
vesicles with Mg 2+ and Ca 2+ at II°C in 0.1 M NaC1 at pH 
7.4. 

respectively. The transitions were 2 - 3 ° C  wide at 
half the peak height. The transition temperatures 
obtained for the Na + and Mg 2÷ salts are in 
agreement with previous DSC values [ 12] and laser 
Raman spectral measurements [14]. The transi- 
tions temperatures for both the Ca 2+ and Ba 2+ 
salts are above 90°C. The AH values for the 
thermal transitions of the Na +, Mg 2+ , and Sr 2÷ 
salts are approximately equal. 

Calorimetric titrations 
In Fig. 2 are shown the calorimetric titration 

curves for the continuous titration of the small 
unilamellar vesicles with Mg 2+ , Ca 2÷ , Sr 2+ and 
Ba 2÷ and of the large unilamellar vesicles with 
Ca 2÷ . In all cases the heat effects are small for the 
reaction(s) which occur up to a mol ratio of total 
metal ion to PS of about 0.35. These small heat 
effects are consistent with complexation of Ca 2+ 
with either carboxylate or phosphate ligands [32]. 
Heat effects continue to be relatively small 
throughout the titrations with Mg 2÷ and Sr 2+ . A 
reaction(s) having a large exothermic AH value(s) 
begins at an M 2 + / p s  ratio of about 0.35 in the 
binding of Ca 2÷ with both large and small vesicles 
and at a somewhat larger ratio in the binding of 
Ba 2÷ to the small vesicles. The beginning of the 
exothermic reaction coincides with the onset of 
precipitation as indicated on the potentiometric 
titration curves shown in Fig. 1. Because, as shown 
by the DSC data, the acyl chains are crystallized in 
the Ca 2+ and Ba 2+ salts but not in the Mg 2+ and 

0.6 

-1.1 

-2.8 

TIME AFTER BURET OFF (SECONDS) 
0 60 120 180 240 

BURET oFF 

-4.5 

meal 
-6.2 

-7.9 

-8.6 

-11.3 

-13.0 
0.0OO 0.065 0.130 0.195 0.260 0.325 0.390 

MOLE RATIO, T O T A L  CSz*/PS 

Fig. 4. Incremental calorimetric titration of small PS vesicles 
with Ca 2+ at 25°C in 0.1 M NaCl at pH 7.4. 
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TABLE II 

RESULTS OF I N C R E M E N T A L  CALORIMETRIC TITRA- 

TION OF SMALL U N I L A M E L L A R  VESICLES WITH Ca 2+ 

AT 25°C IN 0.1 M NaCI AT pH 7.4 

Addi- Total Ca 2+ K Incremental Total 

tion Total PS Q(mcal) Q(mcal) 

1 0.202 0.096 -- 0.08 -- 0.08 

2 0.376 0.212 - 17.2 -- 17.3 

3 0.532 0.313 --8.6 --25.9 

4 0.843 0.530 --2.9 - 2 8 . 8  

Sr z+ salts of PS at 25°C, we reason that titration 
of PS vesicles at 25°C with Mg 2+ or Sr 2+ will not 
induce a transition to the crystalline state, but 
addition of sufficient Ca 2+ or Ba 2+ will induce 
crystallization of the PS acyl chains. Thus, the 
large exothermic heat effect must be caused by 
crystallization of the acyl chains in the PS. The 

small exotherm in the Sr 2+ titration curve is prob- 
ably due to partial crystallization of the PS since 
the transition temperature of this salt is centered 
only 3 K below 25°C. Further evidence that the 
large exothermic effect is caused by acyl chain 
crystallization is the agreement of the heat ob- 
tained during the precipitation of small vesicles 
with Ca 2+ , -4.9-4-0.7 kcal /mol  of lipid, with the 
negative of the heat of melting of the lipid in a 
multilamellar state as determined by DSC mea- 
surements, -4 .5 -+  0.5 kcal /mol  [6]. The value of 
AH obtained in this study for the overall reaction 
of Ca 2+ with small vesicles, -5 .6 -+  0.7 kcal /mol  
of lipid, is also in agreement with the value, - 5 . 5  
kcal /mol  of lipid, determined by batch calorime- 
try by Portis et al. [6]. 

If crystallization of the acyl hydrocarbon chains 
is the cause of the large exothermic effect seen in 
Fig. 2 for Ca 2+ and Ba 2+ at 25°C, then calorimet- 
ric titrations with Mg 2+ at a temperature below 
18°C should show a similar large exothermic ef- 

TABLE II1 

T H E R M O D Y N A M I C S  OF M 2+ BINDING TO PS IN 0.1 M NaCI AT pH 7.4 

Values are at 25°C unless noted otherwise. 

Reaction AG ° A H ° A S ° 
(kca l /mol)  (kca l /mol)  ( c a l / m o l / K )  

Mg2+-small  vesicles 

Mg 2+ + (PS)3-Mg(PS)3 
Mg:  + + small vesicles = final product a 

Ca: +-large vesicles 

Ca 2+ +(PS)6 = Ca(PS)6 
Ca 2+ +Ca(PS)6 =2Ca(PS)3 

Ca(PS)3 (1) = Ca(PS)3(cryst.) 

Ca2 +-small vesicles 

Ca z+ +(PS)6 =Ca(PS)6 
Ca z+ +6PS = Ca(PS)6 

Ca(PS)6 = Ca(PS)3 + (PS) 3 
Ca z+ +(PS)3 =Ca(PS)  3 
Ca(PS)3 + PS(int.) = Ca(PS)4(cryst.) 

Ca 2+ +Ca(PS)4(cryst . )=2 Ca(PS)2(cryst.) 

Ca 2+ + small vesicles = final product a 

Ba2 +-small vesicles 
Ba 2 + + small vesicles = final product b 

- 5 . 8  =0.1 1.4±0.4 24=1  

_ ( > 8 . 0 ) ( 1 1 ° C )  c - 

- 4 . 7  ±0.1 + 1 . 9 = 0 . 7  2 2 + 2  

- 4 . 3 7 ~ 0 . 0 4  - 1 . 7 + 1 . 1  9 ~ 4  
- 4 . 2 0 = 0 . 0 5  - 1 . 2 9 ± 1 . 2  - 2 9 = 4  

( - 4 . 3 = 0 . 4 )  c 

- 6 . 1 2 + 0 . 0 4  + 1 . 2 + 0 . 3  25+1  
- 5 . 3  ±0.03 - 0 . 4 = 1 . 0  17=3  

- 4 . 9 7 ± 0 . 0 2  0.0=2.0 17±6  
- 5 . 0 2 = 0 . 0 3  - 1 . 0 = 0 . 2  13+1 

- 4 . 7 2 = 0 . 0 2  - 1 9 . 6 ± 2 . 8  - 5 0 = 9  
( - 4 . 9 + 0 . 7 )  

- 4 . 6 6 = 0 . 0 3  - 2 . 7 = 0 . 5  7 + 2  
- ( - 6 . 9 ± 1 . 0 )  (11°C) ~ 

( - 4 . 1 ± 0 . 4 )  ~ 

a See Fig. 3. 
b See Fig. 2. 

c kca l /mo l  lipid. 



fect. Fig. 3 shows thermograms for the titration of 
small vesicles with Mg 2+ and Ca 2+ at l l °C.  As 
predicted, the Mg 2+ titration shows a large ex- 
othermic effect consistent with that expected for 
acyl chain crystallization although the shape of the 
curve is different from the C a  2+ titration thermo- 
gram. The Ca 2+ titration thermogram is not sig- 
nificantly altered by the temperature change from 
25°C. 

The highly exothermic reactions observed with 
Ca :+ and Ba 2+ at 25°C are slow compared to the 
continuous titration rate, and thus, the shape of 
this portion of the thermograms shown in Fig. 2 is 
determined by the kinetics of the reactions and not 
by the amount of titrant added. The thermogram 
shown in Fig. 4 illustrates this fact. In order to 
obtain AH values for the reactions occurring dur- 
ing and after precipitation, an incremental titra- 
tion of the small vesicles with Ca 2+ was made in 
the calorimeter. The results form the incremental 
addition of Ca 2+ are given in Table II. These data 
show that the binding of Ca 2+ to PS is accompa- 
nied by small heat effects both before and after 
precipitation of the PS. Thus, since crystallization 
of the acyl chains is the only process occurring in 
this system with a large heat effect, crystallization 
of the acyl chains coincides with the Ca 2+ precipi- 
tation reaction. The AH values calculated from the 
calorimetric titration data are given in Table III 
together with other derived thermodynamic quan- 
tities. 

An experiment designed to show that removal 
of Ca 2+ from the Ca2+-PS complex would result 
in disordering of the acyl chains was conducted in 
the following manner. First, a calorimetric titra- 
tion of PS with 0.1 M Ca 2+ was conducted until 
the ratio of total Ca 2+ to PS was 1.0. Without 
removing the tiration vessel the resultant Ca 2+-PS 
complex was then titrated with 0.1 M EDTA. After 
making the appropriate corrections for the heat of 
the EDTA reaction with Ca 2+ as obtained in a 
separate titration, we found an endothermic heat 
associated with the order-to-fluid transition of 5.0 
-+ 1.0 kcal /mol  of PS. The vesicles formed during 
titration with EDTA will be much larger than the 
initial vesicle size and will also be multilayer [33]. 
This experiment shows that crystallization of the 
acyl chains is indeed induced by C a  2+ and that 
removal of C a  2+ r e v e r s e s  the process. 

Discussion 

The results of the potentiometric and calorimet- 
ric titrations done in this study are mutually sup- 
portive in that all of the end points found in one 
type of data were also present in the other type. 
The end-points are often more easily and accu- 
rately found in one type of data than in the other, 
but in no case were the potentiometric and calori- 
metric data in disagreement. 

A complete description of M 2+ binding to PS 
vesicles must take into account the binding of 
monovalent cations, i.e. Na ÷ and H + in the solu- 
tions used in this study. We assume that these 
monovalent cations are bound competitively with 
M 2+ in the reactions in Table III. However, both 
Na ÷ and H + were held constant in this study so 
no effect could be observed. 

The greater strength of binding of Ca 2+ to 
small vesicles as compared to large vesicles prior 
to precipitation is probably the result of two fac- 
tors: (i) the smaller radius of curvature in small 
vesicles results in greater separation of the exterior 
phosphoserine groups and (ii) the heterogeneity of 
the acyl chains could result in greater staggering of 
the serine moieties in the small vesicles [34]. Daw- 
son and Hauser [15] reported that the interaction 
of Ca 2+ with PS monolayers increased with an 
increase in the area occupied per PS molecule. 
This observation is in agreement with our com- 
parison of small and large vesicles. The greater 
complexity of the Ca 2+ binding to the small 
vesicles is probably a result of the same two fac- 
tors. We cannot evaluate the importance of the 
heterogeneity of the PS until further are done on 
pure phospholipid systems. 

The potentiometric titration curves of both small 
and large vesicles with Ca 2÷ , Fig. 1, have a discon- 
tinuity at the same point at which the large ex- 
otherm begins in the calorimetric titration curves, 
Fig. 2. As explained in the Results, the large ex- 
otherm is caused by crystallization of the acyl 
chains. The discontinuity is the potentiometric 
curves is caused by a sudden uptake of Ca 2+ by 
the PS. Turbidity is also first observed in the 
solutions at this point. The concentration of free 
Ca 2+ is the aqueous phase remains constant on 
addition of further small amounts of Ca 2+. All of 
these observations are consistent with the ap- 
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pearance of a crystallized lipid phase and a con- 
comitant distruction of vesicle integrity. The sud- 
den uptake of Ca 2÷ can be explained by the 
availability of PS binding sites which were previ- 
ously on the inaccessible interior of the vesicle. 
Several other workers have reported significant 
effects to occur at the same ~ value, i.e. 0.36 
Ca 2 +/surface PS, at which we observe the discon- 
tinuity and the beginning of the exotherm [6,19,30]. 
We have chosen to refer to the exothermic process 
which begins at the discontinuity as precipitation 
in order to avoid confusion with several other 
terms, i.e. coalescence, aggregation, and fusion, 
which have been used to describe what we believe 
is the same phenomenon. Also, precipitation is a 
well defined word meaning the separation of an 
immiscible or insoluble phase from a solution or 
suspension and implies nothing about the struc- 
ture of the precipitate. The structures of Ca 2 + and 
Mg2-ps obtained under conditions similar to those 
used in this study have been shown to vary greatly 
from each other and with small changes in the 
precipitation conditions [18]. Also included in the 
observations of others is that PS vesicles are ap- 
proximately charge neutralized and begin to leak 
small ions at about 0.3 divalent metal ions/surface 
PS [18,30]. Large molecules and polyatomic ions 
are apparently not lost until crystallization of the 
acyl chains is nearly complete [6,19]. The structure 
of the precipitate is thus of importance and further 
investigation of the structure of the precipitates is 
necessary to resolve the mechanism(s) involved in 
release of encapsulated materials. It is of interest 
to note here that the free Ca 2+ concentration 
(ionized) is blood plasma and interstitial fluid 
ranges between 0.8 and 1.2 mM, and thus the 
small vesicles would be precipitated whereas the 
large vesicles should retain their encapsulated con- 
tents. 

The fact that all the coordination site(s) of 
small vesicles become available after precipitation 
by Ca 2+ but not in the case of large vesicles 
suggests that the structure of the precipitates is a 
function of vesicle size. The potentiometric titra- 
tion data suggest that the product of precipitation 
of the small vesicles has the overall formula 
Ca(PS)4 while that from the large vesicles is 
Ca(PS) 4 (see Fig. 1). The precipitate from the large 
vesicles is obviously less stable than the Ca(PS)4 or 

Ca(PS)2 phases from the small vesicles, but no 
conversion apparently takes place, and therefore 
there must not be a low energy for conversion of 
one precipitate to the other. This result may ex- 
plain the variety of particle shapes and sizes which 
have been observed in Ca-PS precipitates obtained 
under varying conditions [18]. The fact that less 
heat is obtained during the precipitation of large 
vesicles with Ca 2÷ than during precipitation of 
small vesicles (see Fig. 2) suggests that acyl chain 
crystallization is incomplete in the large vesicle 
precipitate and thus that part of the PS is not 
bound to Ca 2+. The crystallized part of the PS 
probably has the same Ca 2÷ to PS ratio as the 
small vesicle precipitate, i.e. Ca(PS)2. 

In the titration of small vesicles with Mg 2÷ , 
turbidity appears at the same ratio of bound Mg 2+ 
to surface lipid, i.e. 0.36. However, no discontinu- 
ity is seen in the potentiometric titration curve and 
no exotherm is seen in the calorimetric titration at 
25°C. These results are consistent with previously 
reported freeze-fracture electron micrography 
studies which indicate no significant macroscopic 
changes in vesicle structure can be seen upon 
addition of Mg 2+ until the Mg 2+ concentration 
exceeds 5 mM [18]. However, loss of small ions 
from the vesicles begins to occur at 1 mM Mg 2-- 
[30]. It is evident that the structural changes in- 
duced by Ca 2÷ at the point of precipitation are 
not solely a result of vesicle surface charge neu- 
tralization, as charge neutralization due to Mg 2÷ 
is the same at the same ~ value, but the structural 
collapse of the vesicle does not occur with Mg 2+ . 
The structural collapse caused by Ca 2+ must be 
associated with acyl chain ordering. The calorimet- 
ric data given in Fig. 1 therefore show that Ba 2÷ 
will also induce vesicle rupture, but Sr 2÷ will not 
at 25°C. 

The alternating order in the alkaline earth ion 
effectiveness at causing acyl chain crystallization is 
remarkable is view of the regular trends in peri- 
odic properties which exist in this group of ions. 
The alternating sequence may be due to a dif- 
ference in the binding to the phosphoserine (e.g. 
carboxylate vs. phosphate or intra- vs. inter-molec- 
ular chelation, etc.) a n d / o r  to a difference in the 
state of hydration of the complexed metal ion. All 
attempts to determine the metal ion binding site 
have been inconclusive or contradictory. Infrared 
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studies give evidence for carboxylate involvement 
in Ca 2÷ binding [16] while NMR results implicate 
the phosphate group as the Ca 2+ binding site [2]. 
Thus the M 2+ coordination site(s) of phosphati- 
dylserine remains an unresolved issue [2,16]. The 
results of the infrared and NMR studies do show, 
however, that binding of M 2+ leads to a tighter 
packing of the phosphoserine groups [2,16]. It is 
this effect which probably caused acyl chain crys- 
tallization and vesicle disruption. The state of hy- 
dration of the bound cations is also not known. 
Literature data on cation hydration in alkaline 
earth salts of fatty acids do suggest that the Mg 2+ 
and Ca 2÷ salts of PS are probably hydrated while 
the Ba 2+ salt is not [35-37]. This could explain the 
anomalous position of Sr 2+ in our results. 

Conclusions 

The most important conclusion to be drawn 
from this work is that the properties of unilamellar 
phospholipid vesicles are a strong function of the 
vesicle size. The binding constants for Ca 2+ bind- 
ing to 25 nm PS vesicles are considerably larger 
than those for 100 nm PS vesicles. Also, the com- 
plexity of the binding reactions with Ca 2÷ is much 
greater for small vesicles than for large ones. The 
precipitates produced by reaction of Ca 2÷ with 
small and large vesicles are also different in both 
composition and further reactivity towards Ca 2÷ . 
Ca 2+ cause crystallization of the phospholipid acyl 
chains coincident with the precipitation reaction. 
Mg 2÷ and Sr 2÷ cause precipitation but not acyl 
chain crystallization unless the temperature is be- 
low 18 or 22°C, respectively. We believe the pre- 
cipitation reaction to be the same phenomenon 
which has been variously referred to as coales- 
cence, fusion, and aggregation by others. The acyl 
chain crystallization is the same process which is 
thermally induced in DSC experiments with metal 
salts of PS. 
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