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The thermodynamic properties of dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidyl- 
glycerol (DPPG) and dilauroylphosphatidylethanolamine (DLPE) dispersed in water and low molarity 
CaCl, solutions are described. In all cases, the subgel phase was induced to aid further thermodynamic 
comparisons. The interaction of CaZ+ with DPPC is responsible for a reduction in the transition enthalpy 
of the subgel-to-gel bilayer transition with increasing CaCI, concentration, while the presence of a very 
small concentration of CaCI, eliminates the sub and pre-transitions for DPPG bilayers and shifts the 
main transition temperature upward by 40°C. The Ca2+ interaction with DLPE appears to be biphasic. 
Low molarity CaCI, solutions cause the main transition to become less thermodynamically distinct with 
low transition enthalpies. However, in the presence of 50 mM CaCI,, DLPE bilayers underwent two 
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78 J .  PHIRI et al. 

phase transitions, as was observed for DLPE, in water but at different temperatures. Static and real 
time x-ray diffraction experiments are used, in part, in the interpretation of these calorimetry obser- 
vations. 

Keywords: Ca2 + interaciions with phospholipids, d~lauroylphosphatidylethanolamine, 
dipalmitoylphosphatidylglycerol, calorimetry, x-ray diffraction, synchrotron radiation 

INTRODUCTION 

The structure and function of biological membranes and lipid systems are clearly 
dependent on the solvent character in contact with the lipid headgroups. 1-5 Divalent 
ions have been shown to influence the structure and packing of a variety of neu- 
traI6-l1 and chargedI2-l7 phospholipid model membranes. Negatively charged 
phospholipids are of particular interest from the point of view of a possible func- 
tional role for phospholipids in membranes, since both their phase transition char- 
acteristics and bilayer structures are responsive to changes in the ionic environ- 
ment. l 2 - I 7  This provides a potential membrane trigger mechanism initiated by 
changes in the surface pH, or concentration of monovalent or divalent ions. Di- 
valent ions such as Ca2+ have been shown'-9 to bind to phosphatidylcholines, 
thereby imparting a surface charge to the phospholipid headgroup region. This 
interaction may also have physiological importance. Few studies, however, have 
focused on the interaction of these ions with saturated chain phosphatidyletha- 
nolamines.18-20 This is particularly surprising since Ca2+ has been shown to bind 
to phosphatidylcholines at solution concentrations as low as 1 mM.6-9 It has ad- 
ditionally been shown that the dilauroyl derivative of phosphatidylethanolamine 
in water has a variety of metastable and hysteretic phases which depend on the 
thermal equilibration of the sample.21.22 It is relevant therefore to ascertain not 
only whether Ca2+ binds to phosphatidylethanolamine, either modifying the charge 
at the lipid-water interface or the packing structure of the lipids within the bilayer, 
but also to determine the role, if any, that divalent ions have on the stability and 
thermal hysteresis of phosphatidylethanolamine phase structure. 

Phosphatidylglycerol is a negatively charged phospholipid found at high concen- 
trations in the plasma membrane of microorganisms, in the chloroplast membranes 
in plants, and in lung surfactant. The influence of divalent cations, particularly 
Ca2 + , has been examined for a number of synthetic phosphatidylglycerols. 15-17,23-2s 

The structures and phase transitions have been reported in detail, primarily with 
regard to the gel and liquid crystalline bilayer states. Complexation, acyl chain tilt, 
and phase metastability have been described. However, it has recently been shown 
that a subgel phase can be induced for DPPG in water26,27 in a manner similar to 
that observed for DPPC in water. This finding provides a clear starting point for 
characterization studies and an explanation for previously observed metastable 
behavior. 

We have previously reported on the influence of Ca2+ on the DLPE and DMPE 
gel phase structure using x-ray diffraction and Raman spectroscopy.20 There was 
no apparent effect on the gel phase bilayer structure or packing when low CaCl, 
concentrations were used. The influence of Ca2+ on the phases present in the ester 
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INFLUENCE OF Ca2+ ON LIPIDS 79 

fused lipid dihexadecylphosphatidylethanolamine (DHPE) has also been reported. 
At high pH and in the presence of CaC12, DHPE has been shown to form a single 
phase system consisting of the Hrr packing of cyl inder~. '~J~ In this report we ex- 
amine the interaction of low molar solutions of CaC1, on the DLPE and DPPG 
phase transitions using calorimetry. The lipids were chosen because of their complex 
phase behavior in water and their ability to form subgel phases. It is important to 
use a beginning phase which is an equilibrium phase to insure reproducibility 
between experimental groups. The subgel phase may also have biological signifi- 
cance under cryogenic conditions. Some of these systems were also examined 
using static and real time x-ray diffraction techniques. Comparisons are also made 
with our previous studies of the influence of Ca2+ on DPPC phase transition 
phenomena6-'lJ8 and real time x-ray diffraction studies of the phase transitions of 
these lipids in water.29 

MATERIALS AND METHODS 

Phospholipids were obtained from Avanti Polar Lipids (Birmingham, AL) and 
used without further purification. Zero to 50 mM CaCl, solutions in water were 
added to the dry lipid mixture to give 80 wt% (watedlipid + water) for both x- 
ray diffraction and calorimetric examination. The samples were heated above their 
transition temperature for one hour and then stored at 0°C for at least one week. 
The resulting samples visually appeared to be homogeneous lipid-water mixtures 
with no evidence of residual lipid powder. This equilibration technique provided 
more time than usually required for the formation of the subgel phase. It has been 
previously shown8 that structural parameters for similarly prepared samples were 
not influenced by the presence of inferred ion gradients within the lipid multila- 
mellar arrays. Samples for calorimetric examination were hermetically sealed in 
aluminum pans. 

Transition temperatures and enthalpies were measured by a Perkin-Elmer DSC- 
2C. Analyses of the measured thermograms were made with a Perkin-Elmer Ther- 
mal Analysis Data Station (TADS). Enthalpy per unit area was calibrated using 
indium (99.999% pure). At least two samples were examined for each CaCI, con- 
centration and lipid used. Samples were also subjected to the above equilibration 
procedure after initial DSC examination in order to insure reproducibility of the 
results observed during the initial DSC scan. Experimental uncertainties in the 
enthalpy determination were obtained from differences in results obtained for 
different samples as well as the reproducibility of these values for independent 
determinations for each endotherm. The latter calculations vary, to some extent, 
due to differences where one chooses the beginning and end of each endotherm. 
Our estimate of a cu 5% uncertainty is a measure of these factors. However, the 
trends observed in this study were not affected by the use of this uncertainty. It 
should also be noted that the measured transition enthalpies include heats of trans- 
fer for the flow of water and ions into the interbilayer region between bilayers as 
transitions proceed. In each case the disordering of the lipid acyl chains increases 
the area per headgroup at the bilayer interface resulting in a greater hydration 
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80 J. PHIRI et ul. 

requirement. This phenomenon occurs in all lipid solvent systems including pure 
water. Transition temperatures were reproducible to k 1". The heating and cooling 
rates were 2.5"C/min for all samples and calibrations. We found no effect of scan 
rate on the relative effects of ions on the thermodynamic parameters. 

The static x-ray samples were exposed to nickel filtered CuK, (X = 0.154 nm) 
radiation. The x-ray patterns were collected photographically using modified Gui- 
nier Type Cameras. Bragg diffraction was used to measure the bilayer repeat 
distance (d-spacing) and acyl chain packing parameters. Powdered Teflon was used 
as an internal standard in these measurements. The temperature of the sample was 
controlled by a circulating water bath. Typical exposure times were over 24 hours. 

X-ray diffraction patterns were also obtained using the 0.15 nm x-radiation at 
station 7.2/3 of the synchrotron radiation source of the SERC Daresbury (UK) 
Lab~ratory.~-lO A cylindrically bent single crystal of Ge31 and a long float mirror 
were used for monochromatization and horizontal focussing, providing about 2 x 
lo9 photons - s-l down a 0.2 mm collinator at 2.0 GeV and 100 to 200 mA of 
electron beam current. A Keele University flat plate camera was used with a sample 
path of 1 mm. Scattered x-rays were recorded on a linear detector constructed at 
the Daresbury Laboratory. The lead time between data acquisition frames was 50 
ps with a temporal resolution of 2 s for each frame. X-ray scattering has been 
plotted as a function of reciprocal space (S = l/d = 2 sinW2) using Teflon (d = 
0.48 nm) as a calibration ~tandard.~,  All mesophase and subcell spacings were 
calculated using Bragg's Law. Temperature scans were produced by water baths 
connected internally to the sample mount of the x-ray camera. The temperature 
of the sample was monitored internally using a thermocouple placed adjacent to 
the sample in the x-ray sample holder. 

RESULTS AND DISCUSSION 

DPPC 

The interaction between Ca2 + and phosphatidylcholines has been extensively char- 
acterized. Ca2 + binds to the phosphatidylcholine headgroup thereby destroying the 
zwitterionic character of the lipid and producing a charged bilayer ~ u r f a c e . ~ - ~  It 
has been previously shown that fully hydrated DPPC undergoes the L, ( = ) L,  ( = ) 
P, (=)  L, phase sequence during a continuous temperature scan.29 Bilayer phases 
with tilted acyl chains (L,. and Pp.) require further temporal equilibration in order 
to be induced. It has recently been shown2* that this phase sequence was modified 
in the presence of CaCI,. The "pre-transition" calorimetry peak transition involved 
a continuous expansion of the L,  packing structure rather than the transition from 
the gel state (L,) bilayer to the rippled phase (P,  or P,.). In addition, the measured 
enthalpy for the L, + L,  transition in DPPC decreased until it was not measurable 
as the CaCl, concentration increased from 0 to 50 mM CaC1,. There was, however, 
essentially no change in the sub, pre, or main transition temperatures and the pre- 
and main transition enthalpies. These results are summarized in Table I .  
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INFLUENCE OF CaZ+ ON LIPIDS 

50 

81 

.- 309.8 1.1 314.8 8.3 

TABLE I 

Thermodynamic parameters for the initial heating scans of multi-lamellar arrays of 
dipalmitoylphosphatidylcholine in various CaCI, solutions. Transition temperatures and enthalpies 

are subscripted 1 ,  2, or 3 to indicate the first, second, or third endothermic peak observed on 
heating as determined from the calorimeter tracing of the initial heating scans. Typically (see text for 
more details), the first transition is the sub or L, + L, transition, the second is the pre- or L, + P, 
transition, and the third is the main or P, -+ L, transition. All samples were initially equilibrated as 

described in the Materials and Methods. 

DLPE 

The phase characterization of fully hydrated DLPE in water after a variety of 
equilibration schemes has been previously described.21-22 Equilibration of the sys- 
tem at or above room temperature has been shown to induce four different lamellar 
phases designated PI, P2, L, and La. The L, and L, phases are the typical gel and 
liquid crystalline bilayer phases with the L, form induced upon, cooling from the 
L, phase. The PI and P2 phases are crystalline bilayers induced by equilibration 
for extended periods at 26" and 32"C, respectively. However, if the sample is 
equilibrated at 0°C for over one week, then a different crystalline bilayer phase 
designated as L, is formed (Figure 1 and Table 11). The L, phase produces different 
acyl chain x-ray diffraction peaks than the PI and p2 phases indicating that each 
phase (PI, p2 and L,) contains different acyl chain packing subcells. 

Table 111 shows thermodynamic data obtained for DLPE in H 2 0  after the samples 
were equilibrated at 0°C for over one week. DLPE in H,O underwent two en- 
dothermic transitions between the subgel or L, phase and the L, phase as deter- 
mined by calorimetry. Static and real time x-ray diffraction measurements of the 
phase transitions experienced by DLPE in water were used to examine the above 
transitions. In contrast to our calorimetric examination of this system which showed 
two thermal transitions (Table I), only one structural transition was observed using 
real time x-ray diffraction (Figure 1) corresponding to that observed calorimetrically 
at 306 K between the L, and La phases. No structural changes (mesophase or acyl 
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82 J .  PHlRI et al. 

(b) S (n m-9 
FIGURE 1 X-ray diffraction patterns collected for DLPE in water undergoing (a) an initial linear 
heating scan of -7.4"C/min and (b) a linear re-heating scan of -7.2Wmin. Every tenth frame of 2s 
duration of a total data set of 255 frames is shown. Insets. Every twenty-fifth frame of the data set is 
plotted as a function of reciprocal space. 
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INFLUENCE OF Ca2+ ON LIPIDS 83 

TABLE I1 

Thermodynamic parameters for the initial heating scans for multi-lamellar arrays of 
dilauroylphosphatidylethanolamine in various CaCI, solutions. Transition temperatures and 

enthalpies are subcripted 1 or 2 to indicate the first or second endothermic peak observed on heating 
as determined from the calorimeter tracing of the initial heating scans (see text for structural 

interpretations). All samples were equilibrated at -0°C for over one week before examination. 

50 303.7 0.6 306.8 6.9 

chain) were observed in this system at a temperature of 315 K or higher. The L, 
phase was observed to evolve into the L, phase upon initial heating in a two-state 
or first-order process. The subsequent transition at -302 K between the L, and 
L, phases observed during a reheating cycle proceeded similarly via a two state 
process. The DLPE in water L, .+= L, phase transition was observed in static, 
equilibrium experiments (Table IV) to occur in the temperature region near -315°K 
with no structural transitions observed near -306°K. These results are directly 
opposite to those obtained by our real time (non-equilibrium) x-ray diffraction 
study. The combination of the above static and real time x-ray diffraction exper- 
iments can be used to interpret the presence of the two calorimetrically observed 

TABLE I11 

Structural parameters determined from real time x-ray diffraction patterns for the various phase 
states formed by DLPE in H,O. 

Phase Mesophase Spacing A c y l  Chain Peaks 
(nm) (nm) 

3.10 

3.94 

0.381 
0.418 

0.472 

0.445 

0.452 

4.62 0.410 to 0.419 0 
L 
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84 J .  PHIRI ef al. 

TABLE IV 

X-ray structural parameters for dilauroylphosphatidylethanolamine in various CaCI, 
concentrations as a function of temperature during initial heating and cooling. All data 

came from static x-ray patterns. 
tCaCl21 Temperature Mesophase d Acyl chain  

(mM)  OC spacing  (run) repeat  spacing  (nm) 

0 18.5 4.54 0.459 
0.434 
0.418 
0.395 

31.0 4.54 0.464 
0.453 
0.422 
0.413 
0.395 

37.2 

51.9 

37.7 

31.4 

19.9 

4.46 

4.27 

4.60 

4.57 

4.51 

0.468 
0.459 
0.436 
0.416 
0.395 

0.469 
0.458 
0.435 
0.417 
0.396 

0.464 
0.454 
0.430 
0.414 
0.392 

0.469 
0.460 
0.435 
0 -420 
0.397 

10 26.0 4.61 0.456 
0.436 
0.415 
0.393 

47.2 4.17 -- 
26.2 4.57 0.444 

0.399 
0.378 
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INFLUENCE OF Ca" ON LIPIDS 85 

TABLE IV (continued) 
tcaCl21 Temperature Mesophase d A c y l  chain 

(mM) "C spacing (nm) repeat spacing (nmi 

20 26.0 4.51 0.437 
0.414 
0.398 
0.377 

47.2 4.33 -- 
27 .O 4.52 -- 

30 33.0 4.51 0.453 
0.423 
0.402 

51.0 4.39 1 

31.2 4.30 0.416 

40 33.0 4.57 0.436 
0.413 
0.39% 
0.377 

51 .O 4.47 -- 
31.2 4.52 0.443 

0.421 
0.405 
0.384 

50 18.5 4.47 0.436 
0.413 
0.399 
0.377 

31.0 4.44 0.437 
0.397 
0.377 

37.2 4.46 0.434 
0.396 
0.376 

51.2 4.20 - 
37.7 4.51 0.462 

0.438 
0.376 

31.4 4.54 0.399 
0.377 

19.9 4.45 0.398 
0.377 
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86 J. PHIRI et al, 

phase transitions between the L, and L, phases in the system. It can be inferred 
that each calorimetric peak is representative of an L, + L, phase transition with 
the lower temperature transition (at -306°K) due to a sample population which 
can kinetically transform at a faster rate than a sample population, as indicated by 
the -315°K transition, which transforms more slowly. The cause of these different 
sample populations in our calorimetry samples is not clear, although one cannot 
rule out that the lipid directly in contact with the aluminum pan may have different 
kinetic requirements for the L, + L, transition than portions of the sample that 
are not in contact with the aluminum pan. 

Samples of DLPE in 10-50 mM CaCl, solutions were also examined calori- 
metrically (Table 111). The presence of 10-40 mM CaCl,, caused DLPE bilayers 
to undergo a single, typically broad, transition. The DLPE transition temperature 
and enthalpy was essentially constant with CaC1, concentrations varying from 10- 
40 mM. The observed enthalpies were, however, lower than the combined en- 
thalpies for the transitions observed for DLPE in water with that observed for 20 
mM CaC1, being the lowest observed enthalpy. When 50 mM CaCl, was present, 
the DLPE main phase transition temperature was -307"K, the peak became better 
defined and the enthalpy increased to 6.9 Kcal/mole. However, a much smaller 
peak was also observed at -304°K with a transition enthalpy of 0.6 Kcal/mole. 
These results clearly show that Ca2+ interacts with DLPE. This interaction is more 
pronounced thermodynamically than that for phosphatidylcholine in CaCI,. It is 
also clear that DLPE in the subgel phase must be used as the equilibrium starting 
point since similar studies had not previously shown any interaction between DLPE 
and Ca2+ in the L, or L, phases. 

Static x-ray diffraction patterns were also obtained for samples of DLPE in 0- 
50 mM CaCl, solutions as a function of temperature. It was impossible to exactly 
mimic the above calorimetry scans since equilibrating DLPE samples at various 
temperatures has been previously shown2' to form a number of unique metastable 
phases. As discussed previously, the PI and P2 crystalline bilayer phases have been 
formed by DLPE in water when equilibrated for extended periods at 26" and 32°C 
respectively, while the L, crystalline bilayer phase has been formed by equilibrating 
DLPE in water for extended periods at 0°C. Mesophase bilayer repeat spacings 
and acyl chain diffraction peaks for DLPE in water and various CaCl, solutions as 
a function of temperature are shown in Table IV. The DLPE L, phase was observed 
at the lowest temperature studied when water was present. The DLPE PL phase 
was produced when this sample was heated to between 30 and 40°C and subse- 
quently cooled below 40°C during the course of our data collection. The highest 
temperature used to examine this sample was 52°C. However, the acyl chain peaks 
at this temperature were weak, which is consistent with the formation of disordered 
acyl chains or the L, phase. 

Samples of DLPE in various CaC1, concentrations were examined at an initial 
temperature below the calorimetrically determined acyl chain melting phase tran- 
sition temperature (T,), a temperature above T,, and subsequent cooling to an- 
other temperature below T, as determined from data in Table 11. Crystalline bilayer 
phases were formed as a starting point in each sample which were similar in their 
acyl chain diffraction peaks to that produced by the L, phase of DLPE in water. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
17

 1
9 

Fe
br

ua
ry

 2
01

3 



INFLUENCE OF Ca2+ ON LIPIDS 87 

The DLPE high temperature structures can be inferred, as discussed previously, 
to be in the La phase when 10-50 mM CaCl, was present, while a crystalline bilayer 
phase appeared to form on subsequent cooling to a temperature below T,,, when 
10,30, and 40 mM CaCl, were present. The acyl chain packing of the subsequently 
cooled bilayer structure produced in DLPE when 20 mM CaC1, was present could 
not be deduced since the wide angle scattering was weak. This finding is consistent 
with the calorimetric data for DLPE in 20 mM CaC1, shown in Table I1 which 
indicate an L, + La phase transition which has a very low enthalpy. It can be 
hypothesized that the La phase packing may be present on supercooling since there 
is a small L, -+ L, transition enthalpy which is indicative of little difference in the 
thermal energies of the L, and L,  phases. The static x-ray diffraction data (Table 
111) for DLPE in 50 mM CaCl, was consistent with the calorimetric determination 
(Table 11) of two (rather than the one produced when 10-40 mM CaCl, was present) 
phase transitions at -30 and 33°C. 

DPPG 

DPPG bilayers dispersed in water have been examined by calorimetry and x-ray 
diffraction. The initial heating calorimetry scan for DPPG in water shows the 
presence of three endotherms which can be correlated to four phases undergoing 
sub-, pre- and main phase transitions, as deduced from similar scans for DPPG in 
water (Figure 2, Table V). Upon subsequent cooling and re-heating, only the pre- 
and main phase transitions are reversible. These phase transitions have been ex- 
amined in detail using real time x-ray diffraction (Figure 3 and Table VI). To clarify 
the above calorimetry results, an initial DPPG in water subgel phase was verified 
by a static x-ray pattern taken at 0°C. Real time x-ray diffraction done on this 
system with this initial subgel phase clearly indicated the acyl chain transitions 
involved in the sub and main phase transitions. The subgel to gel phase transition 
(Figure 3) involved a second order continuous transition in the acyl chain packing 
from a rectangular subcell into a hexagonal subcell (Table VI). The gel to liquid 
crystalline phase transition proceeded by a first order or two state transition mech- 
anism (Figure 3) between subcells characterized in Table VI. The pre-transition 
was observed (Figure 3) to involve a continuous expansion of the acyl chain packing 
from 0.406 to 0.415 nm. Upon cooling, the subgel phase was again induced in this 
system. Similar acyl chain transitions were observed for sub-, pre- and main phase 
transitions on reheating, as observed in the initial heating (Figure 3). These ob- 
servations (Figure 3) indicated the presence of a sub-transition of low enthalpy on 
reheating which was not apparent in the calorimetry scan (Figure 2). The phase 
transitions for this system can be thus deduced as involving the phase sequence: 
L, (=) L,, (=> L,, (=> L,, where the transition from the gel to subgel phase 
requires long periods of time. 

The phase transitions for DPPG in 0-50 mM CaCl, were examined in the tem- 
perature range 275-360°K (Table V and Figure 2). DPPG in 10 mM CaC1, produced 
a single endotherm at approximately 355°K which is 40" greater than that of the 
main transition observed for DPPG in water. The presence of higher CaCI, con- 
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Cooling 

2nd 
Heating 

J .  PHlRI ef at. 

308.6 0.3 314.0 8.3 

311.8 0.7 314.1 7.8 

J 
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CaCI2 
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2 80 300 320 340 360 
TEMPERATURE (OK) 

I 

360.2 12.5 

FIGURE 2 Differential scanning calorimetry scans for the initial heating of dipalmitoylphosphati- 
dylglycerol in (a) 0 and (b) 10 mM CaCI,. Samples were equilibrated at -273°K (0°C) for approximately 
one week before examination. The temperature scan rate was 2.5 Wmin. The scale for the specific 
heat at constant pressure (C,) is in caYgm/K. Upward changes in the calorimeter tracings are due to 
positive changes in C,. 

TABLE V 

Thermodynamic parameters for multi-lamellar arrays of dipalmitoylphosphatidylglycerol in 0- lOmM 
CaCl,. Transition temperatures and enthalpies are subscripted 1, 2, or 3 to indicate the first, second, 

or third endothermic peak observed on heating as determined from the calorimeter tracings of the 
initial heating scans. (See text for structural interpretations.) All samples were initially equilibrated 

as described in the Materials and Methods. 
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INFLUENCE OF Ca2+ ON LIPIDS 89 

FIGURE 3 X-ray diffraction patterns for DPPG in water undergoing (a) an initial heating scan of 
7.9"C/min and (b) a linear re-heating scan of -7.8"C/min. Every tenth frame of 2s duration of a total 
data set of 255 frames is shown. Insers. Every twenty-fifth frame of the data set is plotted as a function 
of reciprocal space. 

centrations resulted in no observation of a DPPG phase transition in the temper- 
ature range studied. The significant rise in the main transition temperature could 
be explained by the complexation between ions and the DPPG headgroup being 
strong enough to hinder the thermal destabilization of the ordered bilayer acyl 
chain packing. One question arises as to whether this is a general situation induced 
by all salts or a specific influence of Ca2+ . A recent study (W. Tamura-Lis, el al., 
Unpublished observation) has shown that the presence of a fused salt, ethylam- 
monium nitrate, results in a single DPPG transition at approximately 318°K. This 
would seem to indicate that ion-DPPG complexation eliminates the sub- and pre- 
transitions and raises the temperature of the main phase transition. 

CONCLUSIONS 

The influence of Ca2+ on phospholipid thermodynamic properties can be combined 
with x-ray diffraction results to describe structural phenomenon related both to 
Ca2+ binding and phase transition parameters. In all cases, the lipids must be 
initially in the same bilayer packing structure in order to allow for a comparison 
between different systems. It can be deduced on the basis of thermodynamic data 
that the binding of Ca2+ to DPPG and DPPC clearly changed the structural in- 
teractions between lipids within the same bilayer. The increase in the main DPPG 
phase transition upon the addition of CaCl, reflects an increase in the acyl chain 
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FIGURE 3 (continued) 

order within the bilayer. The elimination of the DPPC sub transition endotherm 
with the addition of 50 mM CaCl, indicates a disordering of the bilayer phase. 

Our detailed calorimetric and x-ray diffraction study of the effect of CaCI, on 
the DLPE bilayer phases at different temperatures clearly established a biphasic 
response with increasing CaCl, concentration. The appearance of two transition 
endotherms between the DLPE L, and La phases can be related to different 
populations of lipid in the sample characterized by different tempera1 or thermal 
requirements for the transition to proceed. The presence of 10-40 mM CaC1, results 
in the appearance of only one DLPE transition endotherm with an enthalpy sig- 
nificantly lower than that of the combined transition enthalpies for DLPE in water, 
particularly for DLPE in 20 mM CaC1,. X-ray diffraction data obtained as a function 

TABLE V1 

Structural parameters determined from real time x-ray diffraction patterns for the 
various phase states formed by DPPG in H,O 

Mesophase Spacing Acyl chain Peak(s) 
Phase (nm) (nm) 

Lc 5.61 0.400 
0.422 

5.61 0.406 to 0.415 
6.44 0.434 

L, 
L_ 
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INFLUENCE OF Caz+ ON LIPIDS 91 

of temperature confirmed the unique phase properties of DLPE bilayers in 20 mM 
CaCl, with the observation of a possible supercooled L, phase. Finally, in the 
presence of 50 mM CaCl,, DLPE bilayers underwent two distinct thermal transi- 
tions, at temperatures different from those observed for DLPE in water. These 
data were clear indications of the interaction of Ca2+ with DLPE, and the sub- 
sequent change in the packing within the bilayer as the hydrogen bonding network 
between DLPE molecules was modified by this interaction. 
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