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The phase belmviour of l-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) was studied by differential 
scanning calorimetry and 3tp-NMR spectroscopy. Modulation o| the phase behaviour of POPE by 
l-palmitoyl-2-oleoylphosphafidylserine (POPS), l-palmitoyl.2-oleoylphosphafidylcholine (POPC), 1,2-di- 
olein (DOG), C~.C12, MgG v aml combinations of these substances was studied. The bilayer-forming lipids, 
POPS and PO1~7., raise the bilayer-to-hexagonal phase-transition temperature of POPE. The POPC has 
~eater effect [[tan POPS, probably because th= former lipid is more miscible with POPE. Addition of 10 
mM CaCi 2 has little effect on the phase-transitions of POPE/POPe  mixtures, but it greatly decreases the 
4fffectiveness of POPS in raising the bilayer-to-hexagonal phase-transition temperature of POPE. The 
effectiveness ¢| DOG in lowering the phase-transition temperature of POPE is also greatly reduced in the 
~esenee of 10 mM CaC! v This phenomenon may play a role in the negative feedback regulation of prote|n 
?~inase C. 

Introduction 

There has been considerable interest in 0e. 
termining the phase behaviour of lipid mixture~ in 
order to obtain information about the mixing of 
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1,4-piperazinediethanesulphonic aci6; TLC, thin-layer chro- 
r~atography; NMR, nuclear magnetic resonance; FID, free 
induction decay; POPS, 1-palmitoyl-2-oleoylphosphati- 
dylserine; POPC, 1-palmito3,1.2.oleoylphosphatidylcholine. 
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the components in these systems. It is possible 
that biological membranes contain domains which 
are enriched in particular lipids. This lateral phase 
separation of lipids probably affects membrane 
function. One of the properties which is thought 
to affect membrane function is the variation of 
lipid composition, which regulates the ability of 
the membrane to undergo morphological re- 
arrangements, such as formation of the hexagonal 
phase [1]. Although the hexagonal phase is prob- 
ably never a prominent feature of biological mem- 
branes, changes in the propensity to form the 
hexagonal phase can often be correlated with 
changes in membrane propertie~. For example, 
t:onditions which favour hexagonal phase forma- 
tion would make the membrane more prone to 
fusion [2,3], and would also result in the activation 
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of protein kinase C [4,5]. Protein kinase C is an 
enzyme involved in signal transduction [6]. Both 
Ca ~÷ and phosphatidylserine are required for the 
activity of this enzyme and the activity is en- 
hanced by diacylglycerols [7]. Substances such as 
dolichols [8l and diacylglycerols [9], are potent 
promoters of the hexagonal phase in pure phos- 
phatidylethanolamines. Uncharged substances 
which induce hexagonal phase formation are 
activators of protein kinase C [4,5]. It was there- 
fore of interest to extend earlier studies on the 
propensity for hexagonal phase formation ifi lipid 
mixtures [10-12] by using wdl..defined synthetic 
lipid components with both saturated and 
unsaturated acyl chains, and including those com- 
ponents required for protein kinase C activation. 
Phosphatidylserine is the most effective stimulator 
of protein kinase C activity [13]. The presence of 
phosphatidylethanolamine enhances the activity of 
this enzyme further in the presence of phosphati- 
dylserine [14]. Calcium ions are also required for 
protein kinase C activity. Lower concentrations of 
Ca z+ are required when the enzyme is activated by 
diacylglycerois in the presence of phosphati- 
dyiserine and phosphatidylethanolamine [15]. 
Lil~id w;~tu:cs containing high mole fractions of 
unsaturated phosphatidylethanolamine can be 
used to study the bilayer to hexagonal phase tran- 
sition. Earlier results on phosphatidylserine/ 
phosphatidylethanolamine mixtures were obtained 
with dielaidoyl [16], or with dioleoyl, or dilinoleoyl 
[17] lipid species. It was shown that calcium ion. 
induced lipid phase separation was strongly 
dependent on the nature of the acyl side-chains 
[171. In the present work, 1-palmitoyl, 2-oleoyl 
lipids were studied, which are closer to structures 
found in mammalian membranes. We have not 
only looked at the phase behaviour of these lipids, 
but also at the effects of DOG, Ca 2+, Mg 2+ and 
phosphatidylcholine on lipid phase properties. 

Experimental procedures 

Materials 
All phospholipids used were obtained from 

Avanti Polar Lipids, Birmingham, AL, in the 1- 
palmitoyl-2-oleoyl form. Their purity was con. 
firmed by their phase behaviour and by TLC 
using chloroform/methanol/water (16: 7:1) as 

the developing solvent. DOG was purchased from 
Sigma Chemical Co., St. Louis, Me, and from Nu 
Check Prep. Inc., Elysian, MN. 

Sample preparation 
The phospholipids, with or without DOG, were 

dissolved together in a solution of chloroform and 
methanol (2:1, v/v). The solvent was evaporated 
with a stream of dry nitrogen in order to deposit 
the lipid as a film on the walls of a glass test tube. 
Last traces of sol~,ent were removed into a liquid 
nitrogen trap by placing the samples in a vacuum 
oven at 40°C. The apparatus was maintained 
under high vacuum for at least 90 rain. The lipid 
film was then suspended in a buffer of 20 mM 
Pipes/150 mM NaCI/0.02 mg/ml NaN 3 (pH 7.4). 
The buffer also contained either I mM EDTA, 10 
mM MgCI 2, or up to 10 mM CaCI 2. The tube was 
warmed to about 45°C and vortexed vigorously 
for about 30 s. The final concenh-ation of POPE 
was 5 mg/ml with varying amounts of other lipids 
admixed. All lipid compositions given in this paper 
are in mol~ and not woight~. The buffer and 
lipid suspensions were degassed under vacuum 
before being loaded into the calorimeter. 

Differential scanning calorimetry (DSC) 
Lipid suspension or buffer were loaded into the 

sample or reference cell, respectively, of an MC-2 
high-sensitivity scanning calorimeter (Microcal 
Co., Amherst, MA). A scan rate of 39 K/h was 
generally employed. The data were collected 
through an IBM-PC fitted with a Data Transla- 
tion DT2801 board. Data were analyzed using 
software provided by the Microcal Co. The 
calorimeter was calibrated electrically. The amount 
of lipid transferred to the calorimeter cell was 
estimated, based on the cell size and the initial 
lipid concentration. Because of the non-homoge- 
neous nature of POPE or POPS/Ca 2+ suspen- 
sions, thc.~c, enthalpy values are only precise to + 
20%. Second heating scans on the same sample 
were very similar to the first scan. This susgests 
that calcium equilibrates with all of the lipid, 
despite its impermeability. This occurs because the 
calcium is added to the lipid as a dry film, and 
neither POPE nor POPS/Ca 2+ form well-sealed 
vesicles. Because of the high lipid concentration 
required to allow observation of the bilayer to 
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hexagonal phase transition, the calorinJeter over- 
shoots after ~he gel-to-liquid crystalline transition 
giving rise to an apparent exotherm. Partial phase 
diagrams were constructed using the onset- and 
completion-temperature for each transition. With 
transitions followed by an apparent exotherm, the 
completion temperature was taken as the point of 
intersection between ~he transition and a baseline 
extrapolated from the linear region following the 
exotherm. 

JIP.NMR 
NMg-spectra were recorded on a Bruker AM- 

500 sF:ctrometer operating at 202.45 MHz. The 
probe temperature was maintained to within 
4-I°C by a Bruker B-VT 1000 variable tempera- 
ture unit. Temperatures were checked by thermo- 
couple measurements. A 10 mm broad band probe 
was used. A 30 kI-Iz sweep width was employed 
with an acquisition time of 0.28 s, and a relaxation 
delay of 0.3 s (16K data points). The 90 ° pulse 
width was 16.6/ts witk composite pulse proton 
decoupling. FID's were processed using exponen- 
tial multip!icadon (line broadening 15.0 Hz). 
Chemical shifts were expressed in ppm from an 
external reference of 85% phosphoric acid in 2HzO. 

Resdts 

A few representative DSC scans of the gel-to- 
liquid crystalline transition of POPE, in the pres- 
ence and absence of va:fious additives, are shown 
in Fig. 1. The presence of 10 mM CaCI 2 causes a 
small lowering of the transition tempegatur¢, with 
no d, ange in the transition enthalpy (Fig. 1, curve 
B vs. A). Pure POPS has a transition temperature 
of 11.2°C and a transition enthalpy of 6.0 
kcal/mol (Fig. 1, curve C). Calcium ions are 
known to induce the formation of crystalline 
cochleate structures in phosphatidylserine [18]. In 
the presence of 10 mM CaCI2, no transition below 
100*C is observable for POPS (not shown), A 
transition, corresponding to a phase highly 
enriched in POPS, is not observed ,.'a mixtures of 
this lipid with 91% POPE i a the presence or 
absence of Ca z+ (Fig. 1, curves D and E). How- 
ever, at high mole fractions of POPS (3870) in the 
presence of C.~CI:, a second, lower mc, lting com- 
ponent is observed in the DSC curve (Fig. 1, curve 

Temperoture ('C) 

Fig. i. Representative DSC scans of the gel-to-liquid crystal- 
line phase transition. Heating scan rate 0.65 K/rain. Buffer, 20 
mM Pipes/0.15 M NaCl/0.02 mg/ml NaN 3 (pH 7AO) with 
either l taM EDTA, or 10 mM CaCI 2, when indicated. POPE 
concentration 5 mg/ml. {A) POPE; (B) POPE-Can+; (C) POPS; 
(D) 91% POPE, 9% POPS; (E) 91% POPE, 9% POPS and 
Ca2¢; (F) 62% POPE, 3g~ POPS and Ca 2., with an expanded 
version given as inset (curve f/; (G) 91% POPE, 9~ POPC; (H) 
91% POPE, 9% POPC and Ca2+; (l) 84% POPE, t6+ POP(; 
and Ca 2+. Each division on the vertical axis represents 

increment in apparent heat e2pacity of 1.5 keal/mol per K. 

F, see also the expanded inset, curve f). The 
magnitude of this lower melting component 
increases with increasing mole fraction of POPS, 
and is probably a result of the formation of do- 
mains in the membrane. This behaviour is not 
observed in the absence of CaCI 2, even at high 
mole fractions of POPS (not shown). Pure POPC 
has a phase-transition Iemperature at about - 2° C 
[19]. The presence of POPC iJl preparations of 
POPE causes a lou,ering of the phase-transition 
temperature (Fig. ], curves G, H and I) more 
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marked than does POPS. In the presence of CaCI2, 
a very small, but reproducible, feature in the DSC 
curves appears at about 14°C (Fig. 1, curve H). 
As this component does not change in a sys- 
tematic manner with increasing concentrations of 
POPC, we are uncertain about its significance. 

The enthalpy of the re'fin transition of pure 
POPE is 4.5 kcal/mol. This transition enthalpy is 
not altered by the addition of POPS, or DOG 
and/or 10 mM CaCI 2 to POPE. In the case of 
POPC, the enthalpy is constant for different 
POPE/POPC mixtures in the absence of CaCl 2, 
but shows a trend toward increasing values as the 
mole fraction of POPC increases. At 16~ POPC 
and 84~ POPE in the presence of 10 mM CaC12, 
the entbalpy is 5.5 kcal/mol. This change is within 
the experimental error of +0.5 kcal/mol. This is 
also within the error of the enthalpy of 
POPE/POPS mixtures in the absence of CaCI2. 
The error in enthalpy determinations for the other 
systems is + I kcal/mol. This large uncertainq," 
arises because of the aggregated nature of the lipid 
samples with either high POPE or POPS/Ca 2+ 
content. 

Representative scans of the bilayer-to-hexago- 
nat phase transition are shown in Fig. 2. As previ- 
ously no~:ed [9], this transition is more sensitive to 
the presence of additives than is the gel-to-liquid 
crystalline transition. For example, the addition of 
10 mM CaCI 2 reduces the temperature nf the 
transition to the hexagonal phase (Fig. 2, curv,: B 
vs. A) to a greater extent than it reduces the 
temperature of the gel-to-liquid crystalline transi- 
tion (Fig. 1, curve B vs. A). DOG markedly lowers 
and broadens the bilayer-to-hexagonal phase tran- 
sition of POPE, both in the presence (Fig. 2, curve 
D) and in the absence (Fig. 2, curve C) of 10 mM 
CaCI2. POPS has a more marked effect in increas- 
ing the temperature of this transition in the ab- 
sence (Fig. 2, curve E) than in the presence (Fig. 2, 
curve F) of 10 mM CaCI2. DOG also lowers the 
transition temperature of POPE/POPS mixtures. 
The effect of DOG is greater in the absence (Fig. 
2, curve G) than in the presence (Fig. 2, curve H) 
of 10 mM CaCI 2. 

The enthalpy of the bilayer-to-hexagonal phase 
transition of POPE is 400 cat/tool. In addition to 
the aggregation of the lipid and the difficulty of 
introducing a uniform sample to the calorimeter, 

C 

Temperature (°C) 

Fig. 2. Representative DSC-scans of the bilayer-to-hexagonal 
phase transition. Conditions as for Fig. L (A) POPE; (B) 
POPE.Ca2+; (C) 9970 POPE, 1.2570 DOG; (D) 9970 POPE, 
1.257o DOG and Ca2+; (E) 9170 POPE, 970 POPS; (F) 9170 
POPE, 9% POPS tuld Ca2+; (G) 9070 POPE, 970 POPS, 1,15¢~ 
DOG; (H) 907o POPE, 97o POPS, 1.15~ DOG and Ca 2+, Each 
division on the vertical axis represents an increment in ap- 

parent heat capacity of 0.1 kcaJ/ntol per K, 

the enthalpy of the bilayer-to-hexagonal phase 
transition is susceptible to considerable error, be- 
cause of its low magnitude and because of the 
broadness of the transition in the presence of 
additives. Addition of DOG to POPE, with or 
without CaCl2, or the addition of POPS to POPE 
in the absence of CaC12, had no consistent effect 
on the transition ent ~alpy. However, in the pres. 
ence of 10 mM CaGe, the POPS/POPE samples 
exhibited a marked ret:uction in the enthalpy of 
the hexagonal phase transition, particularly over 
the range of 15-20~ POPS. Above 20~ POPS, the 
enthalpy gradually decreased from a value of 100 
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Fig. 3. The gel-to-liquid crystalline phase-transition tempera- 
ture of POPE as a function of the percentage of POPS (ll),  
POPS plus 10 mM CaCi 2 (e), POPC (El), or POPC plas 10 

mM CaCI 2 (o) added to the membrane. 

_+ 50 cal/mol and finally approached zero ~ -  
thalpy at about 40% POPS with 10 mM CaCI 2. 
This is probably a result of the transition becom- 
ing less cooperative and therefore broader. As a 
result, the full transition is not discernible above 
the baseline. In the case of POPC/POPE mix- 
tures, the enthalpy was independent of the pres- 
ence of CaC! 2, but increased in proportion to the 
fraction of POPC added, reaching a value of 800 
cal/me! =t 10% POPC, having had a value of 400 
cal/mol for pure POPE. 

The DSC transitions were fitted to a single van 
't Haft component. In the case of the gel.to-liquid 
crystalline transition, POPS raised the transition 
temperature of POPE in the presence of CaCi 2, 
but lowered it in the absence of this salt (Fig. 3). 
The direction of the change is in accord with the 
addition of a higher melting component 
(Ca2+/POPS, T~> 100°C), or a lower melting 
componer: (POPS, T~- l l °C) .  The gel-to-liquid 
crystallh,,~ :=ansition of POPE was more greatly 
perturbed [ ' :  FOFC (Fig. 3) than by POPS. in the 
latter case, however, the presence or absence of 
CaCI 2 made no difference. 

The bilayer-to-hexagonal phase-transition tem- 
perature of POPE was raised by the presence of 
the bilayer-forming POPS, both in the presence 
and in the absence of CaC12 (Fig. 4). The effect of 
POPS in the absence of CaCl 2 was greater than in 
its presence. The addition of 10 mM MgCI:: also 
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Mole Fract ion POPS 

Fig. 4, The effect of POPS on the bilayer-to-hexagonal phase- 
transition temperature of POPE (ll), and with the addition of 

l0 mM CaCI 2 (e), or 10 mM MgCI 2 (A). 

lowered the effectiveness of POPS in raising the 
hexagonal phase-transition temperature of POPE 
but not to such a great extent as did CaC] 2 (Fig. 
4). In the case of the bilayer-forming POPC, the 
hexagonal phase.transition temperature of POPE 
was also raised, but in this case, CaCI2 and MgCI2 
had little effect (Fig. 5). ~ e  effect of POPC on 
the hexagonal phase transition of POPE was simi- 
lar to that previously observed for the effect of 
dielaidoylphosphatidylcholine on the hexagonal 
phase transition of dielaidoylphosphatidyl- 
¢thanolamine [13]. In contrast to these bilayer- 
stabilizing phospholipids, DOG promoted farina. 
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6O 
e.oo o.o~ o.Io o.15 o.~o 

.Mole Fraction POPC 
Fig. 5. The effect of POP(; on the bilaycr-to-hexagonal phase- 
transition temperature of POPE (m), ;~d with the addition of 

10 mM CaCI 2 (0), or | 0  mM MgC] 2 (&). 
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Fig. 6. The effect of DOG on the bilayer-to-hexagonal phase- 
transition temperature of POPE (I), and with the addition of 

10 mM CaCI 2 (O). 

tion of the hexagonal phase. This effect was greater 
in the absence than in the presence of CaCI 2 (Fig. 
6). Calcium ions have a particularly marked effect 
in promoting hexagonal phase formation in pure 
POPE/POPS mixtures, or those comaining low 
molar fractionts of DOG (Fig, 7). The sensitivity of 
this system to the molar ratio of CaCl 2 to POPS 
was measured both in the presence and absence of 
DOG (Fig. g). The slopes of the plots of the 
bilayer-to-hexagonal phase-transition temperature 
vs. mole fraction of additive are summarized in 
Table I. 
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Fig. 7. The effect of DOG on the bilayer-to-hexagonal phase- 
transition temperature of a mixture of 917o POPE, 95 POPS 

(1), and with the addition of 10 mM CaCI 2 (@). 
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Fig. 8. The effect of Ca2÷/POPS molar ratio on the bilayer- 
to-hexagonal phase-transltion temperature of a 91fo POPE/g¢$ 
POPS lipid mixture (B), and in the presence of l.l mol~ DOG 
(O). ]'he lipid concentration was 8 mM and the concentration 

of CaCI 2 was adjusted to give the indicated molar ratio. 

The DSC results give accurate information 
about the transition temperature and the transi- 
tion enth~lpy, and hence can be used to describe 
the phase changes. However, calorimetry cannot 
give information about the morpholosy or molecu- 
lar arrangements within each phase. We therefore 
investigat,.~d the phase behaviour of these lipid 
systems by 3tP-NMR spectroscopy. Pure POPE 
exhibits a 31p-NMR spectrum typical of a bilayer 
phase at 66 o C, and typical of the hexagonal phase 
arrangement at 74°C (Fig. 9A). The temperature 
at which the shape of the spectra change is slightly 

TABLE ! 

SENSITIVITY OF THE BILAYER TO HEXAGONAL 
PHASE TRANSITION TEMPERATURE OF POPE TO THE 
PRESENCE OF VARIOUS ADDITIVES 

Lipid Lipid [Ca 2÷ ] Slope 
maintained additive (raM) (K/mole 
constant fraction) 

POPE POPS. 0 118¢e 7 
POPE POPS 10 33+ 3 

POPE POPC 0 168:1:10 
POPE POPC 10 168+ 5 

POPE DOG 0 - 870 4-100 
POPE DOG 10 -515+ 50 

91~ POPE/9~ POPS DOG 0 -7304- 20 
91~ POPE/9~ POPS DOG 10 -396+ 25 
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lower than the transition temperatures defined 
more accurately by DSC. Addition of 10 mM 
Ca 2+ lowers the temperature at which the bilayer 
is converted to the hexagonal phase (Fig. 9B). 
Somewhat higher concentrations of POPS (15~) 
were used for the 3tP-NMR studies, since we were 
not limited by the broadness of the transition to 
exan~ine the apparent morphology. In the pres- 
ence of POPS, the shape of the bilayer spectrum is 
altere(~, with the upfield shoulder being less prom- 
inent (Fig. 9C, 66°C). This may result from the 
formation of smaller vesicles. However, the most 
marked alteration is in the higher-temperature 
spectra, which are characteristic of isotropic mo- 
tion of the phosphate group (Fig. 9C, 82 ° C). This 
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property is markedly altered in the presence of 
Ca z+, which causes the high-temperature spectra 
of POPE/POPS mixtures to revert to those typical 
of a hexagonal phase arrangement (Fig. 9D). These 
spectra are quite similar to those of POPE alone, 
suggesting that Ca2+/POPS may be for~ming a 
separate phase. A similar situation arose upon 
addition of 1.5~ DOG to the POPE/POPS mix- 
tures, either with or without 10 mM CaCI 2 (Fig. 
9E and F). The temperature at which the phase 
change occurs is about 4 K lower in the presence 
of DOG, compared with the same lipid mixture in 
the absence of DOG (Fig, 9C and D). 

The result5 of the calorimetric studies are sum- 
marized as partial-phase diagrams (Figs. 10-13) 
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Fi 8.11. Phase diagram for POPE/POPS, ia the presence of l0 Fig. 13. Phase diagram for POPE/POPC, in the preseace of 10 
mM C.aCI 2. mM CaCI 2 . 
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For the purpose of these figures, we do not dif- 
ferentiate between non-bilayer phases which give 
rise to alp powder patterns characteristic of the 
hexagonal phase and those patterns arising from 
isotropie motion. 

Discussion 

In this work, we are primarily concerned with 
the temperature range over which lipid mixtures 
which are in the bilayer phase are destabilized and 
undergo a morphological change. These tempera- 
tures can be accurately measured with DSC. In 
the case of pure POPE, it was established that the 
lipid is in a lamellar phase at 40°C, and converts 
to a hexagonal phase arrangement by 80 ° C [11,20]. 
In some fipid mixtures such as POPE with POPS 
(Fig. 9C), or with POPC [21], a narrow linewidth 
3~P-NMR spectrum is Obtained at high tempera- 
tures. Cubic-phase lipid, inverted micelles, lipidic 
particles or small hexagonal phase aggregates can 
give rise to such spectra through motional averag- 
ing of the chemical shift anisotropy. Addition of 
bilayer-forming lipids to phosphatidylethanola- 
mine will decrease the intrinsic curvature and lead 
to the formation of a hexagonal phase containing 
cylinders of a larger diameter [22]. As these hexag- 
onal phase cylinders become larger, a point will he 
reached where neither the bilayer nor the hexago- 
nal phase is stable, and hence intermediate struc- 
tares such as inverted micelles and cubic phases 
are formed, giving rise to an isotropi¢ 31P-NMR 
signal. However, the temperature and enthaipy of 
the phase transition appear to be independent of 
the morphology of the high-temperature phase, 
i.e., whether the morphology type gives rise to an 
isotropic or hexagonal phase 31p-NMg powder 
pattern. This is shown by the hct that there is no 
abrupt change in the slope of a plot of the transi- 
tion temperature or the transition enthalpy vs. 
mole fraction of bilayer lipid. Therefore, the equi- 
librium between the brayer and the non-bilayer 
phase is relatively independent of the raorphology 
of thc non-bilayer phase. 

The bRayer-to-hexagonal phase equilibrium is 
determined by the intrinsic curvature of a lipid 
monolayer, hydration, and the constraints of hy- 
drocarbon packing [23]. Bilayer-forming lipids, 
such as POPS and POPC, with low intrinsic curva- 

ture and high hydration tend to raise the bilayer- 
to-hexagonal phase-transition temperature, while 
more hydrophohic substances, such as DOG, 
which can relieve hydrocarbon packing con- 
straints, lower this transition temperature. In con- 
trast, the gel-to-liquid crystalline transition is 
shifted according to whether the additive is a 
lower- or higher.melting component. For example, 
POPS lowers the gel-to-liquid c~ystalline-transi. 
tion temperature of POPE, but raises that of the 
bilayer4o-hexagonal phase transition of this lipid. 
In comparison, CaZ÷/POPS raises the tempera. 
ture of both transitions. Thus, the factors affecting 
each of these transitions are quite different. 

Comparing the effects of POPS and POPC on 
POPE in the absence of Ca :+, we find that POPC 
has the greater effect on the main transition, tem- 
perature (Fig. 3), as well as on the hexagonal 
phase4ransition temperature. This occurs despite 
the fact that POPS has a larger head group than 
POPC, and because of its charge it is more hy- 
drated and undergoes dectrostatic repulsion, fur- 
ther expanding the head-group region. An ex- 
planation for the unexpectedly greater effect of 
POPC on the bUayer-to-hcxagonal phase-transi- 
tion temperature of POPE is that POPC mixes 
with POPE to a greater extent than does POPS. 
This is indicated by the more h.nr;!onta] liq):idos 
line for the conversion of POPS/POPE mixtures 
to the fiquid crystalline phase (Fig. 10) compared 
with POPC/POPE (Fig. 12) and because of the 
greater effect of POPC (Fig. 12), compared with 
POPS (Fig. 10), on the cooperativity of the bi- 
layer-to-hexagonal phase transition. When these 
phospholipids contain elaidoic acid as the aeyl 
group, then phosphatidylserine appears to mix 
better with phosphatidylethanolamine tha,"., does 
phosphatidylcholine [12]. It is not clear what the 
basis of this difference is, but the lipids used in 
the present work are closer to those found in 
biological membranes. 

The effects of Ca 2+ in inducing lateral-phase 
separa'.ion of phosphatidylserine/phosphatidyl- 
ethanolamine membranes also appears to be de- 
pendent on the acyl chain composition [17]. 
Calcium ions can induce the phase separation of 
the dioleoyl forms of phosphatidylserine and 
pbosphatidylethanolamine [17l, except at low mole 
fractions of one of the fipids [16]. However, mix- 
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tures of the dilinoleoyl forms of these lipids are 
not phase-separated by Ca 2+ [17]. We find that 
POPS and POPE are more phase.separated than 
POPC and POPE, even in the absence of Ca 2+ at 
low temperatures. This is indicated by the fact 
that both the temperature and cooperativity of the 
gel-to-liquid crystalline transition of POPE remain 
almost constant with the addition of POPS (Fig. 
10). However, the phase separation is not com- 
plete because a POPS transition is not observed in 
the DSC scans of these mixtures, and there is 
some change in the main-phase transition temper- 
ature with increasing mole fraction of POPS (Fig. 
3). Addition of 10 mM CaCI 2 leads to a marked 
reduction in the effect of POPS on the bilayer-to- 
hexagonal phase-transition temperature of POPE 
(Figs. 10 and 11, Table I). This can be explained 
by Ca 2+ inducing increased lateral-phase sep- 
aration, even at high temperatures, by forming 
stable Ca2+/POPS domains. Thus, the small 
amount of mixing of POPS and POPE which 
occurs in the absence of Ca 2+ is reduced even 
further in the presence of this ion. 

Diacylglycerols are potent hexagonal-phase 
promoters [9,24]. In the present study, we have 
demonstrated that although Ca 2+ itself lowers the 
bilayer-to-hexagnnal phase.transition temperature 
of POPE (Fig. 6) or POPE/POPS (Fig. 7), it also 
markedly reduces the effectiveness of DOG in 
lowering the hilayer-to-hexagonal phase-transition 
temperature of POPE and POPE/POPS mixtures 
(Figs. 6 and 7, Table I). Calcium ions also lower 
the effectiveness of POPS in raising the hexagonal 
phase-transition temperature of POPE (Table I). 
This can be interpreted, as discussed above, as 
being a result of calcium ion-induced increased 
lateral-phase separation of POPS. Calcium ions do 
not affect the ability of POPC to raise the phase- 
transition temperature of POPE (Table I). There- 
fore, C~ 2+ does not interact strongly with the 
zwitterionic POPC, and its interaction with POPE 
is not sufficient to alter the effects of POPC The 
mechanism by which Ca 2+ can stabilize POPE 
against tile effect of DOG more than against the 
effect of POPC remains to he elucidated. 

We would like to suggest some biological im- 
plications of our results. The lipids we have cho- 
sen are those required for protein kinase C activa- 
tion. The activity of this enzyme is enhanced by 

agents which induce formation of the hexagonal 
phase [4,5]. However, extensive hexagonal phase 
formation is unlikely in biological membranes and 
similar effects of lipids can be studied in Triton. 
solubilized rnicelles. Therefore, it is not the forma- 
tion of the hexagonal phase per se which is required 
for enzyme activation, but rather ch.~?~ in mem- 
brane surface properties, which can be affected by 
agents that also promote formation of the hexago- 
nal phase. In addition to this qualification, it 
should also be recognized that the mdel lipid 
system cannot mimic the specific interactions 
which may exist between lipids and the enzyme; 
nor is the lipid composition and ionic envi~vn- 
ment as complex as the one which would exist in a 
biological system. Nevertheless, there are proper- 
ties of these fipid mixtures which probably are 
relevant for protein kinase C activation. Binding 
of protein kinase C to membranes is usually, hut 
not necessarily, accompanied by enzyme activa- 
tion [25]. The conformational dynamics of the 
protein are probably modulated by the lipid 
environment. The micromolar concentrations of 
Ca 2+ required for activation of this e~yme are 
probably required for binding to specific sites on 
the protein. In addition to this, however, high 
concentrations of Ca 2+ can down-regulate a di- 
acylglycerol signal, since Ca 2÷ reduces the ef- 
fectiveness of DOG in promoting hexagonal phase 
formation (Table I). This may explain why the 
calcium ionophore, ionomycin, inhibits the trans- 
location of protein kinase C to cell membranes 
[26]. It would also suggest that the extracellular 
side of the plasma membrane, as well as the inner 
side of Ca2+containing intracellular organdies, is 
less responsive to diacylglycerol signals. 

Acknowledgements 

The authors wish to thank Dr. Donald W. 
Hughes for making the 31P-NMR measurements. 
This investigation was supported by the Medical 
Research Council of Canada (Grant MT-7654). 

Reference_ 

I De Kmijff, B. (1987) Nature 329, 587-588. 
2 Siegel, D.P. (1987) in Cell Fusion (Sowers, A,E,, ¢d,), pp, 

181-207, Plenum Press, New York. 



154 

3 Van Duijn, G,, Valtersson, C,, Chojnacki, T,, VerHelj, A J,, 
Dalln©r, G, and De ~jff, B, (1986) Biochim, Biophys, 
AclaI61,211-223, 

4 Epand, R.l,i, {1987)Chl~ Biol, Inleract, 63, 239-247. 
5 Epand, l~M,, Stafford, A,P,,, Chatham, J3., Bott~ R, 

~d B~ E,H, (19gg) Biosci. R ~  8, 49-54, 
6 ~nidge, M,J. (198~ Anna, Rev, liochem, 56,159.193, 
7 Nishizuh, Y, (1986) Sci~ 233, 305-312, 
8 hlte~n, C,, Van D~l~ G,, Ver~eaj, A J,, Chojnacki, T,, 
De ~jff, B. and D~r, G, (1985)J. Biol, Chem, 260, 
2742.2751, 

9 Epa~d, R,M, {1985)Bi~chemis~ 24, %7095, 
10 Cullis, P,R, and De ~jff, B, (19791 Biochim. Biophys, 

Acta 559, 399-420, 
I1 Del~er, C J., Geur',s van K~i, W,~M,, Kl~,mp, J,P.G,, 

Piet~ J. and De Kruijff, B, (1983)Chem. Phys, Lipids 33, 
93-106, 

12 SHeik, J,R. (19~6)Bi~, Biophp, Acta 857, 217-228, 
13 Ku, Y., Kishimoto, A., T~i, Y., O~aw~ Y,, Kimura, S, 

and Nishizuka, Y. (1981)J. Immunol. 127,1375-1379. 
14 Kaibuc~i, K,, T~ai, Y, and Ni~a, Y, (198])i. Biol, 
Chem, 2~6,$6-7149. 

15 I~w~ U., T~ai, Y,, Minafichi, ~,., lnohara, S. and 
Nis~a, Y.(1982)J. Biol, Cb,,'o~,~7,1334i-'.3348. 

16 SHvius, J,R, and Gagn6, J. (1984)Biochemistry 23, 
3232.3240, 

17 Til~ C,P,S,, Bdly, M,B,, F~en, S,B,, Cullis, P,R, and 
~n~, S,M, (19M)Biochemis1~ 23, 2696-2703, 

18 Pap~jopoulos, D,, V~, W,J,, Ja~bson, K, and Poste, 
G, (i975)Bi~him, Biophys, Acta 394, 483.491, 

19 Davis, P,J,, Fl~g, B,D,, Coolbear, K,P, and Keough, 
K.M,W, (1981)Biochemist~ 20, 3633-3636. 

20 Til~k, C,P,S,, Cullis, P,R. and Gruner, S,M. (1986)Chem, 
Phys, Lipids 40, 47-56, 

21 Boni, L,T, and Hui, S,W. (1983)Biochim, Biophys, Acta 
731,177-185, 

22 Tale, M,W. and Gruner, S,M, (1987)Biochemis~ 26, 
231-236, 

23 Gruner, S,M, (1985) Proc, Nail. Acad, Sci, USA 82, 
3665-3~9, 

24 Das, S, and ~d, R,P, (1984)Biochem, Biophys, Res, 
Commuq. 124, 491-496, 

25 B~, M,D, and Ne~tuen, G,L, (1987)Biochemistry 26, 
115-122, 

26 F~on, C,W, and %hiian, ~,H, !e (!0f71 ;, 3;~I, Cii~m, 
262, 9515-9520, 


