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Calcium binding measurements by atomic absorption spectroscopy and temperature-dependent phase 
transitions studies by Raman spectroscopy were combined in order to investigate the effect of Ca 2÷ binding 
on dipalmitoylphosphatidic acid (DPPA) dispersed in CaCI 2 solutions of varying concentration at pH 7. The 
peak heights for the Raman CH stretch bands observed at 2885 cm- l  and 2935 cm- !  were used as a 
measure of hydrocarbon chain randomization and aggregate ultrastructure. Two transitions were observed 
for both pure DPPA and DPPA-Ca 2+ mixtures. Ca 2+ binding caused greatly increased DPPA chain rigidity 
in the melted state above Tin, but had much less effect on the solid phases below T m. The increase in rigidity 
in the fluid state was observed to vary linearly with the molar ratio of bound Ca 2 ÷ to total DPPA throughout 
the range 0 to 1. The results of the Raman and Ca ~+ binding measurements are explained by a model in 
which two populations of DPPA co-exist in the fluid state when Ca 2+ binding has not reached saturation. 
One population consists of the Ca2+-bound DPPA complex with stoichiometric 1:1 binding ratio (de- 
termined from an atomic absorption Ca 2+ binding study), and the second population is free DPPA. We 
propose that Ca2+-induced clustering and separation of the two components occurs chiefly because of 
differences in chain fluidity of the two components. 

Introduction 

The binding of calcium to phosphatidic acid is 
of considerable interest, since binding of divalent 
cations to acidic lipids has been implicated in the 
processes of lateral phase separation in mixed 
lipid systems [1] and vesicle fusion [2,3]. It has 
also been suggested that increased phosphatidic 
acid turnover is linked to sealing of neurotrans- 
mitter vesicles and to external calcium ion con- 
centration [4]. 

Although the geometry and molar ratio of the 
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binding of calcium ion to phosphatidic acid has 
been a matter of speculation, the high stability of 
the calcium-phosphatidic acid complex is well 
documented. The affinity of phosphatidic acid for 
Ca 2+ is much greater than that for sodium, lithium, 
potassium [5] and hydrogen ions [6]. The stability 
constant for phosphatidic acid-calcium binding 
has been measured by various techniques. Values 
obtained vary somewhat, but are generally above 
10 4 M -I [5]. Measurements are made difficult 
because the stability constant may be dependent 
on ionic strength and because multiple equilibria, 
involving hydrogen ion binding and calcium-phos- 
phatidic acid binding complexes, may be present. 

Calcium ion has been observed to affect the 
phase of phosphatidic acid in aqueous dispersion. 
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Langmuir trough experiments [7] have shown that 
Ca 2+ causes condensation of phosphatidic acid. 
Other studies have shown that divalent cations 
shift the pH, and consequently the transition tem- 
perature, of phosphatidic acid dispersions by dis- 
placing hydrogen ion [8]. 

The present study utilizes Raman spectroscopy 
as a non-perturbative probe of bilayer phase tran- 
sitions to study the Ca2÷-phosphatidic acid com- 
plex and its affect on bilayer phases at constant 
pH 7. In order to obtain more information about 
the affect of Ca 2+ on phosphatidic acid phases, we 
have combined atomic spectroscopy studies, which 
we use to measure the degree of calcium satura- 
tion of the DPPA, with Raman spectroscopy stud- 
ies, which are used to monitor bilayer packing and 
phase transitions. 

Materials and Methods 

Dipalmitoylphosphatidic acid (Sigma, 99%) was 
measured for purity by silica gel thin layer chro- 
matography. The chromatogram showed a char- 
acteristic single band. Calcium was not detectable 
in the sample by atomic absorption nor by atomic 
emission spectroscopy. 1.91 mol Na ÷ per mol 
DPPA was measured by emission spectroscopy. 
Most of that Na ÷ was removed by dialysis. 

Each Raman sample was prepared by first dis- 
persing 4 mg DPPA in 1.00 ml triply distilled 
deionized water. Weights of DPPA and H 2 0  were 
measured to 0.1 mg accuracy with a Cahn electro- 
balance. The dispersion was adjusted to pH 7.0 
and allowed to incubate 4 h at 80°C. 10-60 /~1 
volumes of 0.5 M CaC12 were added by calibrated 
pipettes. The concentration of the 0.5 M CaC12 
solution used was determined to three decimal 
places by emission spectroscopy. The sample was 
stirred by magnetic stirrer at 80°C for 2 h and pH 
was again adjusted to 7.0. The sample was then 
stirred at room temperature for 24 h and, if re- 
quired, the pH was again adjusted to 7.0. The 
DPPA sample was compacted by a table-top 
centrifuge and then placed in a capillary tube and 
sealed for Raman measurement. An aliquot of the 
excess supernatant was analysed by Ca 2÷ emis- 
sion spectroscopy to determine the amount of 
Ca 2÷ removed from the aqueous phase by DPPA. 

Raman samples in sealed capillary tubes were 
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measured in a Harney Miller cell which regulated 
sample temperature by a stream of warmed or 
cooled N 2 gas. A thermocouple was attached to 
the sample capillary close to the site at which the 
laser beam was incident. Temperature fluctuation 
during each Raman measurement was less than 
1.0°C. 45 min equilibration time was allowed 
between each temperature increment and the Ra- 
man measurement. The 514.5 nm laser line of an 
argon ion laser was used for sample excitation. 
Scattered light was collected at 90°C to the inci- 
dent beam and analyzed by a Spex 14018 double 
monochrometer equipped with a spatial filter to 
reduce stray light. The photon counting system 
includes a cooled RCA-C31034 photomultiplier 
tube. Spectral bandpass was set at 5 cm-1.  

Data for the phosphatidic acid-calcium ion bi- 
nding curve were obtained by emission spec- 
troscopy. Samples were prepared in the manner 
described above for Raman samples. Aliquots of 
supernatant were removed and analyzed for Ca 2÷ 
by emission spectroscopy. Phosphate analysis in- 
dicated no measurable amount of lipid was pre- 
sent in the supernatants. The number of moles 
bound Ca 2÷ was determined as the difference in 
number of moles Ca 2+ in solution before and 
after incubation with DPPA. 

Results 

To gain information about the stoichiometry of 
the DPPA-Ca 2÷ binding at saturation, a binding 
curve was obtained by analyzing by atomic emis- 
sion spectroscopy the amount of free Ca 2÷ in 
solution in the supernatant of DPPA-Ca 2÷ mix- 
tures. The molar ratio of bound Ca 2+ to total 
DPPA is plotted against free Ca 2+ concentration 
in the bulk solution in Fig. 1. From the binding 
curve, we observe saturation occurs with a one-to- 
one stoichiometric binding ratio for the Ca 2÷- 
DPPA complex. As a rough estimate for the bind- 
ing constant, we assumed a single value over the 
range of Ca 2÷ concentrations studied and ob- 
tained the value 2.4- 104 M-1, which agrees closely 
with values measured previously [5]. However, it 
was clear from our data that the apparent binding 
constant decreases slightly with increasing Ca 2÷ 
ionic strength. 

Temperature dependence of the Raman C-H 
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Fig. 1. Calcium-binding curve for DPPA. Circles indicate data 
measured by atomic spectroscopy. Triangles indicate supple- 
mental data obtained by EDTA titration. 

stretch region for DPPA dispersed in water is 
illustrated in Fig. 2 for three temperatures; 10, 22 
and 75°C. The relative intensity of the Raman 
Fermi resonance enhanced antisymmetric CH 2 
stretch mode observed at 2885 cm-1 decreases as 
the hydrocarbon chains are randomized by in- 
creasing temperature [9]. 

The intensity ratio of the antisymmetric 2885 
cm 1 and symmetric 2845 cm 1 CH 2 stretch 
modes is a sensitive marker for lipid phase pack- 
ing. In a Raman temperature study of di- 
palmitoylphosphatidylcholine, we have observed, 
with 12885/12845 ratios, three transitions between 0 
and 50°C. The ratio changes from 1.60 to 1.44 at 
4°C, from 1.44 to 1.33 at 17°C (subtransition), 
from 1.33 to 1.25 at 32°C (pretransition), and 
from 1.25 to 1.0 at 41°C (main transition). The 
intensity ratio, 12885/12845, for DPPA at 10°C 
(Fig. 2a) is 1.42. This is approximately the value of 
1.44 for DPPC below the 17°C subtransition, and 
is assigned to a "crystal-like" phase. 12885/12845 
for DPPA at 22°C (Fig. 2b) is 1.2 and is therefore 
approximately that of DPPC above the pretransi- 
tion, a phase described as hexagonal and 'ripple- 
like'. The determining factors for the intensity 
distribution in the C-H stretching region, under 
the experimental conditions of this study, are the 
extent of hydrocarbon chain order and the inter- 
chain interaction [10]. The chain order is equivalent 
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Fig. 2. Raman CH stretch region for an aqueous dispersion of 
DPPA at (a) 10, (b) 22, and (c) 75°C. 

for these two molecules, at this value of the C-H 
ratio, since the C-C stretching region of the spec- 
tra yields identical gauche-trans ratios. The pack- 
ing of the chains must, then, be similar. Therefore, 
we assign the phase of DPPA at 22°C to a 
'ripple-like' phase with hexagonal packing. 

The relative intensity of the 2935 c m - t  asym- 
metric CH 3 stretch mode increases with chain 
randomization [11]. By plotting the peak height 
ratio of the 2935 and 2885 cm t bands we 
accentuate the phase changes for the hydrocarbon 
chains. The intensity ratio 12935/12885 is plotted 
against temperature in Fig. 3 for samples of DPPA 
with varying degrees of Ca 2+ binding. 

Fig. 3a represents the temperature-induced hy- 
drocarbon chain randomization for DPPA with no 
Ca 2+ present. Two transitions appear in the 
diagram, a small transition at 18°C and the main 
transition at about 60°C. We refer to the tempera- 
tures of these transitions as Tp and T c, respec- 
tively. 

The transition at Tp probably consists of a 
packing change, perhaps similar to the pre-transi- 
tion observed in DPPC [12,13]. A band at about 
2865 cm -1, which is most likely due to the CH 3 
symmetric stretch, is present in the spectrum of 
DPPA below Tp (Fig. 2a); but is absent above Tp 
(Fig. 2b). A similar 2865 cm 1 band was observed 
below, but not above, the pre-transition for DPPC 
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Fig. 3. Temperature dependence of 12935/12885 for aqueous 
dispersions of DPPA with bound Ca 2÷ for DPPA molar ratios 
of (a) 0, (b) 0.18, (c) 0.60 and (d) 1.0. The data points below 
60°C, in the equimolar mixture, exhibit the same behavior as 
that seen for the 0.60 molar ratio. The S.D. for each point 
is + 0.02. 

[13]. However, as discussed above, the 12885//12845 
intensity ratios suggest that DPPA transition in- 
volves a change from a more crystal-like phase to 
the hexagonal phase. This may explain the large 
temperature difference between the two DPPA 
transitions. 

Effect of Ca 2 + binding on transition temperature 
The molar ratios of bound Ca 2+ to total DPPA 

at pH 7.0 measured for the Raman samples are 0 
(Fig. 3a), 0.18 (Fig. 3b), 0.60 (Fig. 3c) and 1.0 
(Fig. 3d). The total Ca 2+ concentrations (bound 
and free) are 0, 1.5, 6, and 200 mM, respectively. 
We observe (Fig. 3) that bound Ca 2+ increases 
both Tp, the packing transition temperature, and 
T c, the hydrocarbon chain melting temperature. A 
broad post-melting region is observed above T~ in 
DPPA with no Ca 2÷ present. Some asymmetry in 
the melting curve for DPPA has also been ob- 
served by DSC [14]. The broad post-melting re- 
gion is not apparent with addition of Ca 2+. How- 
ever, symmetric broadening of the transition and 
loss of cooperativity is evident from the Raman 
melting curves for DPPA with Ca 2+ binding. 

The phase transition curves show that Ca 2+ 
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TABLE I 

TRANSITION PROPERTIES FOR DPPA DISPERSIONS 
WITH VARYING DEGREES OF Ca 2+ BINDING SATU- 
RATION 

Total Ca 2 + Free bulk mol bound Tp ( o C) Tc ( o C) 
(mmol/ l )  [Ca 2+ ] Ca 2+ per 

(nM) tool total 
DPPA 

0 0 0 18 57 
1.5 0.47 0.18 26 66 
6.0 4.09 0.60 30 69 

causes the temperatures Tp and T~ to shift by 6-12 
Cdeg at pH 7. Approximate midpoint tempera- 
tures for Tp and T c were determined from van't 
Hoff  plots of In K vs. l / T ,  where values for 
ordered and disordered population ratio were 
estimated from the 12935//12885 intensity ratios. The 
results are presented in Table I. With the binding 
of 0.18 calcium ions per DPPA molecule, Tp in- 
creases from 18 to 26°C and Tc increases from 57 
to 66°C. With the binding of 0.60 Ca2+//DPPA, 
Tp increases to 30°C and T~ increases to 69°C. 
We note that (1) the increase in Tp and T~ with 
increased Ca 2+ binding falls off as the Ca 2+ 
binding increases, and (2) that the temperature 
interval between Tp and T~ remains fairly constant 
at about 40°C. These results suggest that the 
dominant mechanisms in both transitions are 
probably very similar and probably involve head- 
group interactions. 

Effect of  Ca 2 +-binding on structure abooe T C 
The relative change in the peak height ratio 

12935/12885 provides a measure of the extent of 
hydrocarbon chain ordering which occurs as a 
function of the degree of Ca 2+ binding. The peak 
height ratios 12935/12885 are slightly depressed by 
Ca 2+ at temperatures, below the main transition, 
indicating some ordering of the gel state at tem- 
peratures both below Tp and between Tp and T m. 
The ordering affect of Ca 2+ is most evident above 
T c. Each increase in the molar ratio of bound 
Ca 2+ to DPPA further depresses the value of 
12935/12885 above T~. Increased Ca 2+ binding con- 
tinues to broaden the main transition and to re- 
duce the extent of chain disordering melting at the 
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Fig. 4. The change in the ratio 12935/12885 above T c as a 
function of the fraction DPPA bound to Ca 2+. 

transition throughout the entire range of bound 
Ca2+/total  DPPA. We observe a broadened, re- 
duced transition around 70°C, even for Ca 2+- 
saturated DPPA, although this transition was not 
observed by DSC for Ca2+-DPPA mixtures of 
molar ratio greater than 0.3 [15]. Apparently, this 
is because the Raman technique is also sensitive to 
conformational changes which may lack a high 
degree of cooperativity. 

The depression of 12935/12885 for the disordered 
state above T c is proportional to the fraction 
DPPA bound to Ca 2+. This is clearly demon- 
strated in Fig. 4, where the Ca 2+ induced intensity 
ratio change (R 0 - R ) is plotted against mol Ca 2 + 
bound per mol DPPA (fb)" The four values of 
R 0 - R are co-linear, showing that 

R o - R = f b ( R 0 -  R I . o )  

where: 

R = 12,~3s/12~85 for the state above T, 

R o = R for the case with no Ca 2+ bound, 

R~o = R for the case with 1.0 mol Ca 2+ bound per DPPA. 

The change in extent of bilayer ordering is there- 
fore proportional to the molar ratio of bound 
Ca 2+ to total DPPA. This result indicates that at 
pH 7 the stoichiometry of the major calcium ion 
phosphatidic acid complex is 1 : 1 at all fractions 
of Ca 2+ binding saturation above 0.18 and, there- 
fore, that the fraction of DPPA population bound 

is equal to the molar ratio bound Ca2+-to-DPPA, 
fb" The combined Raman and atomic emission 
spectroscopy results are best interpreted by assum- 
ing a binary structure in which a population of 
free phosphatidic acid and a population of the 
1 : 1 CaZ+-phosphatidic acid complex co-exist. 

C o n c l u s i o n  

Binding ratio of the Ca" +-phosphatidic acid com- 
plex 

The binding of Ca 2+ to phosphatidic acid has 
been frequently compared to CaZ+-phosphati - 
dylserine binding, and it has been suggested that 
phosphatic acid molecules may also be bridged by 
Ca +2 in a 2 :1  molar ratio bound phosphatidic 
acid to bound Ca 2+ at physiological concentra- 
tions [7]. The molar ratio of phosphatidylserine 
(PS) to bound Ca 2+ has been observed to increase 
to 2 at 1 mM Ca 2+ concentration [16,17], where- 
upon extensive bilayer reorganization is reported 
to take place [15]. Surface radioactivity measure- 
ments yielded an absorption isotherm indicating 
the ratio of PS /Ca  2+ in the complex is 2 at Ca 2+ 
concentrations below 0.1 mM and approaches 1 at 
Ca 2+ concentration of 1 mM. For DPPA, the 
results of the binding curve (Fig. 1) indicate that 
the Ca2+-DPPA binding ratio is 1 : 1 at saturation, 
in agreement with earlier observations by calorim- 
etry and small angle x-ray scattering [19]. The 
linear dependence of Ca 2+ hydrocarbon chain 
ordering above T~ (evidenced by the intensity ratio 
12935/12885 ) demonstrates that DPPA and Ca 2+ 
form a complex with a 1 : 1 stoichiometric ratio at 
pH 7.0, even when Ca z+ binding is as low as 0.18 
of saturation. It is likely that the net charge of the 
complex is zero, since Ca 2+ is able to replace 
hydrogen ion on the phosphate group, requiring 
readjustment of the pH. 

The effect of temperature upon the binding of 
Ca 2+ is expected to be minimal, because the inter- 
action is expected to be electrostatic, which, based 
upon the Gouy-Chapman theory, is not strongly 
temperature-dependent [22] over the relatively 
narrow temperature range studied. 

Clustering of the Ca2+-DPPA complex in the 
liquid-crystalline phase 

A phase transition with a low degree of cooper- 



ativity is observed at saturation of the bilayer with 
Ca 2+, although the calorimetric data of Liao and 
Prestegard [19] seem to indicate non-cooperative 
behavior without a definite phase transition when 
saturation occurs. A cooperative phase transition 
with a broadened post-melting region is observed 
for DPPA with no Ca 2+ present. The kinetics of 
the gel-liquid-crystal phase transition have been 
measured for phosphatidic acid using an ion-jump 
technique in which Ca 2+ or H + was used to make 
the bilayer more solid [20]. The mechanism for 
rigidifying the bilayer was determined to be 
nucleation with a half-life of the order 10 to 100 
ms. The usual kinetics of mechanisms involved in 
the main transition of phospholipids are much 
slower than the lifetime of the Raman effect (10-13 
to 10-t5 s). Therefore, both states in a mixed state 
system with 0 < f b  < 1 are observed, rather than 
an average for the two states. We might expect to 
observe two main transitions, one for free DPPA 
and one for Ca2+-bound DPPA. In the samples 
studied, it appears that broadening and loss of 
cooperativity obscure the relatively small Ca 2+- 
induced difference in the transition temperature of 
the bound and free DPPA populations, so that 
two separate transitions are not observed in the 
melting curves for samples with f b = 0 . 1 8  and 
0.60. 

The broadened post-melting region above T~, 
where the 12935/12885 ratio continues to increase 
slowly by a relatively small amount, gives an 
asymmetric shape to the melting curve produced 
at T c by the Raman intensity ratios. In the post- 
melting region the intensity ratio increases to val- 
ues corresponding to those observed for melted 
liposome bilayers. Therefore, it appears that upon 
melting, DPPA at pH 7 retains a liposome struc- 
ture. Binding of Ca 2÷ at pH 7 appears to stabilize 
the bilayers of the larger aggregates (liposomes) by 
rigidifying the hydrocarbon chains. In contrast, 
addition of Ca 2+ to unsaturated phosphatidic acid 
at pH values below 5 helps promote formation of 
inverted micelles (or intermediate structures), 
which are also induced at low pH without ad- 
dition of Ca 2+ [7]. Miner and Prestegard [21] have 
also demonstrated the presence of hexagonal II 
phases above T~ for Ca2+-phosphatidic acid com- 
plexes of shorter-chain saturated (C12) and 
longer-chain unsaturated phosphatidic acids. 
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Therefore, the nature of the effect of Ca 2+ on the 
aggregate structure depends on pH a n d / o r  chain 
saturation. 

These two observations - (1) Ca 2+ stabilizes a 
rigid lamellar ultrastructure above T c and (2) the 
chain ordering is linearly proportional to the molar 
ratio bound Ca 2+ to DPPA - suggest that lateral 
separation of DPPA into a Ca2+-bound DPPA 
population and a Ca 2+-free DPPA population ex- 
ists above T~. 

The Ca 2÷ induced clustering of DPPA into 
separate domains above Tc does not occur by 
Ca 2+ bridging, because the binding stoichiometry 
ratio is 1:1,  even for 0.18 saturation. Nor is it 
driven directly by electrostatic forces, because the 
repulsive forces of interacting free phosphatidate 
ions would be mitigated by intervening Ca 2+- 
DPPA complexes. Because the bound Ca: + greatly 
reduces the fluidity of DPPA in the liquid-crystal 
state above T c, we propose that the Ca2+-DPPA 
complex and free DPPA are separated because of 
the large difference in rigidity of the hydrocarbon 
chains for the two populations. Thus, favorable 
hydrocarbon chain interactions are achieved for 
the Ca2+-DPPA complex above T c by clustering 
of the neutral Ca2÷-DPPA complex. Increased 
favorable interactions between bilayers may also 
occur at the sites of clustering. 
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