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Mixtures of cholesterol -,vith dipalmitoylphosphatidylserine or phosphatidic acid were investigated by differential 
scanning calorimetry. As in mixtures of natural phosphatidylserine with ,:h~,lesterol (Bach, D. (1984) Chem. Phys. 
Lipids 35, 385-392), also here phase separation of cholesterol at molar r~.tr,,s of 2: I (phospholipid:cholesterol) and 
below is observed. The limited solubility of cholesterol in negatively charged phospholipids is found to be independent of 
the nature of the acyl chain residues, and independent of whether the negative charge resides on both COO-  and P O -  
groups (as in phosphatidylserine) or on PO - only (as in phosphatidie acid). The separate cholesterol phase is also seen 
by DSC in mixtures of natural phosphatidylserine or phosphatidic acid with cholesterol in the presence of Ca2+; and in 
phosphatidylserine/cholesterol mixtures in the presence of Li +, by DSC and X-ray diffraction. 

Introduction 

Cholesterol and negatively charged phospholipids are 
major constituents of biological membranes. Despite 
this fact. the thermodynamic and structural properties 
of mixtures of these lipids have not been thoroughly 
investigated. Recently we have studied mixtures of nat- 
ural PS with cholesterol, employing DSC and X-ray 
diffraction [1,2]. Unlike zwitterionic phosphatidylcho- 
lines, where phase separation is not observed until 
about 1 : 1 molar ratio is reached [3-6], we found that at 
about 2:1 molar ratio of PS:cholesterol and below, 
separation into a crystalline cholesterol phase and a 
PS/cholesterol phase takes place. It was also reported 
that the PS-cholesterol phase at initial molar ratio 1 : 1 
still undergoes melting, indicating that the cholesterol 
has only a small effect on the cooperativity of melting 
of the phospholipid. Such complex thermotropic behav- 
ior requires an explanation in terms of the stereochem- 

Abbreviations: PS, phosphatidylserine (natural); DPPS, dipalmitoyl- 
phosphatidylserine; PA, egg phosphatidie acid; DPPA. dipalmitoyl- 
phosphatidie acid; PE, phosphatidylethanolamine; DSC. differential 
scanning calorimetry. 
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ical and electrostatic properties of the anionic phos- 
pholipids and their interaction with the sterol. 

In the present work we attempt to determine whether 
the limited solubility of cholesterol in the negatively 
charged bilayers is influenced by three structural fea- 
tures of the phospholipids: (1) the type of the acyl 
chains; (2) the type of the charged headgroup; and (3) 
the binding of certain cations (Li ÷ and Ca" ÷). Ca" ÷ has 
been found to participate in many biological processes 
and Li + is used as a therapeutic agent in mental dis- 
orders [7]. The binding of Ca -'+ or Li + has been found 
to result in chain crystallization of natural and synthetic 
negatively charged phospholipids, inducing an isother- 
mal phase transition [8-11]. Cholesterol interacting with 
zwitterionic phospholipids lowers the cohesive forces 
between hydrocarbon chains, preventing their crystalli- 
zation and increasing the fluidity of the gel phase. It 
therefore appears that cholesterol, on the one hand, and 
Ca -'+ or Li + on the other, have opposing effects on the 
structure of phospholipids. With regard to (1), we have 
examined mixtures of cholesterol with DPPS, a syn- 
thetic, disaturated phospholipid; and with regard to (2) 
and (3), mixtures of cholesterol with PS or PA in the 
presence (or absence) of varying amounts of Ca ~+ or 
Li +. In PA, the charge is contributed by PO- only, 
whereas in PS (at neutral pH) the negative charge is due 
tQ. PO- and C O 0 -  groups and the positive one to 
-NH 3, resulting in one negative charge. 
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Materials and Methods 

L-a-Phosphatidic acid dipalmitoyl sodium salt and 
L-a-phosphatidic acid from egg yolk (sodium salt) were 
purchased from Sigma (St. Louis, MO). Dipalmitoyl- 
phosphatidylserine (acid form) was purchased from R. 
Bertchold Lab (Bern, Switzerland). The phospholipid 
was converted to the sodium salt by shaking in chloro- 
form/ methanol/sodium borate buffer (pH 9). The lipid 
was recrystallized from acetone and lyophilized [12]. PS 
from bovine spinal cord Grade 1 monosodium salt (in 
2:1 chloroform/methanol)was purchased from Lipid 
Products (South Nutfield, U.K.). Cholesterol extra pure 
was from Merck (Darmstadt, F.R.G.); it was recrystal- 
lized twice from ethanol and stored in the dark at 4°C. 
A single spot on TLC plates was obtained. All other 
reagents were of analytical grade. The lipids were dis- 
solved in chloroform/methanol (2:1) and the interac- 
tion products were prepared by mixing the solutions of 
the phospholipids with appropriate volumes of the 
cholesterol solution. The solvents were driven off by a 
stream of nitrogen and the samples were kept under 
high vacuum for 3 h. Subsequently, the dry lipids or 
lipid mixtures were treated in two ways: 

(1) The dry lipids or lipid mixtures (0.5-1.5 mg) 
were weighed directly into the aluminum pans of the 
instrument either on a Cahn Balance (Cahn Ventron, 
Paramount, CA) or on a Mettler Balance (Mettler, 
Switzerland) and an excess (5-15-fold) of a solution of 
1.5.10 -~ M NaCI in 2.10 -2 M Tris-HCl buffer (pH 
7.5) was added. In the experiments with Li ÷ or Ca 2+ the 
salt solution contained 1.5 • 10- l M NaCI in buffer plus 
the appropriate concentration of LiCI or CaCI 2. In 
some experiments only the concentration of NaCI was 
varied. All the samples were shaken on a ,,ortex mixer 
and incubated for 1 h at (°C): 75 (DPPS) or 90 (DPPS 
in the presence of Li+), 80 (DPPA), 70 (PS) and 45 (egg 
PA). These temperatures of incubation were used to 
assure that under the experimental conditions the lipid 
is about 15°C above the phase-transition temperature. 

(2) Dry phospholipids or phospholipid/cholesterol 
mixtures were dispersed in appropriate salt solutions at 
a concentration of 4-10 mg/ml and incubated for 
0.5-1 h at 80°C with frequent vortexing. In several 
experiments with Na + and Li ÷, and in all experiments 
with Ca 2+, the incubation was followed b3' three cycles 
of freezing-thawing. The results were similar in the two 
treatments. To ensure equilibration and binding of Ca 2 +, 
Ca 2+ solutions at various concentrations in 1.5 • 10 -~ M 
NaCI in 2.10 -2 M Tris-HC1 buffer were added to dry 
phospholipid (approx. 4 mg PS) or to phospholipid/ 
cholesterol mixtures. After the incubation the mixtures 
were centrifuged in an Eppendorf centrifuge for 10 rain 
and tile wet pellets were weighed into the aluminum 
pans of the instrument. After completion of the experi- 
ments the pans were punched, dried at approx. 90°C to 

constant weight, and the weight of the phospholipid was 
calculated. 

In the second method of preparation, higher ratios of 
ion-to-phospholipid were obtained; however, at the same 
molar ratios of ions-to-phospholipid the results were 
similar, indicating that equilibration with ions and water 
was achieved in both methods of preparation. 

DSC experiments were performed on a Du Pont 990 
calorimeter equipped with cell base I1. Scanning rate 
was usually 5 C ° / m i n  and the sensitivities employed 
are indicated in legends to figures. 

For checking the purity of the phosphatidylserines 
and to verify that the treatments do not cause degrada- 
tion, TLC of the phospholipids was performed. 40 #g of 
the phospholipids in chloroform:methanol were ap- 
plied to the TLC plate. The TLC was performed on PS 
and DPPS (stock solutions); on PS and DPPS that had 
been incubated for 70-80°C for 1 h; and on PS and 
DPPS after DSC experiments. In the last two cases the 
aqueous solutions were evaporated with N 2 and the dry 
lipid redissolved in chloroform/methanol (2:1) at ap- 
propriate concentrations. The plate was developed in 
chloroform/methanol/ammonia (65:25:5) and the 
spots were detected after ninhydrin spraying. PS (natu- 
ral) before and after the treatment gave only one single 
spot, whereas DPPS without and with treatment gave a 
major spot and a second, very faint one. These results 
indicate that the treatments do not induce degradation. 

Low-angle X-ray diffraction experiments were per- 
formed on a Philips sealed-tube fine-focus generator 
operated at 40 kV and 34 try\ producing copper radia- 
tion. Monochromatization was provided by a nickel 
filter and one Franks mirror and the beam was col- 
limated to 4 mm height and 35b/tm width in the plane 
of the specimen. The specimen to detector distance was 
460 nm. The diffraction patten, was recorded by a 
linear position-sensitive electronic detector of the 
delay-line type [113]. Exposure tilnes were generally 
10-15 rain. During acquisition, the data were 
histogrammed into 256 channels and stored in a Z-80 
based microprocessor unit. Following completion of the 
experiment the data were transferred to an IBM 3081 
computer for further analysis. The temperature of the 
specimen was controlled by coolant flo ~¢ing through the 
brass block capilla~'y support. Approx. 5 min equilibra- 
tion time was allowed at each temperatare. 

Results and Discussion 

Interaction of cholesterol with DPPS 
Mixtures of cholcstcr,~l and nat'ural P5 (from spinal 

cord) were investigated previously by DSC [ll. At high 
PS:cholesterol ratios, only one peak wa,~: seen in the 
thermograms. At a ratio of about 2 : 1, another peak, at 
around 38°C, appeared, which is due to the transition 
of the almost pure cholesterol phase. Anhydrous 



cholesterol undergoes a polymorphic crystalline transi- 
tion at approx. 38°C with an enthalpy change of 0.81 +_ 
0.21 kcal/mol [14,1]. Based on X-ray powder diffrac- 
tion studies, it has been concluded that the crystal 
structures of the two polymorphic forms are similar 
[14]. No evidence for increased disorder in the high 
temperature polymorph is indicated. Thus, a cholesterol 
phase and a PS/cholesterol phase coexist at this and 
lower ratios. The composition of the PS/cholesterol 
phase is not constant. It is a function of the molar 
fraction of cholesterol added, as revealed by the con- 
tinuous decrease of the enthalpy of melting of the 
phospholipid. However, even at about 0.6:1 (initial 
PS:cholesterol) ratio, the melting peak of PS is still 
seen in the thermograms, indicating that the effect of 
cholesterol on the cooperativity of melting of PS chains 
is quite weak. 

The spinal cord PS [1] is a natural product, heteroge- 
neous with respect to the acyl residues. To ascertain 
whether the nature of acyl residues of PS contribute to 
the complex thermotropic behavior, mixtures of syn- 
thetic disaturated PS-DPPS with cholesterol were in- 
vestigated. 

Fig. IA presents thermograms of DPPS (sodium salt) 
alone and in the presence of increasing concentrations 
of cholesterol. The thermotropie properties of the pure 
phospholipid are similar to those reported by Cevc et al. 
[11]. In some batches of DPPS, a very small pretransi- 
tion (detected only at the highest sensitivity) at around 
40°C was seen and this small peak disappeared upon 
addition of cholesterol. As seen from the figure, interac- 
tion with cholesterol causes a downward shift of 7~, of 
DPPS of about 4 C ° (at X~h,, I = 0.2). However, further 
addition of cholesterol hardly influenced the T m to 
within experimental error. At around X~l,, I = 0.3, a sec- 
ond peak in the thermograms is seen; this peak stems 
from the transition of an almost pure cholesterol phase, 
as its T,~ is similar to that at X~hot = 1 (Fig. IA, IC and 
Ref. 14). With increase of Xeh,, I further incorporation of 
cholesterol into the DPPS phase takes place as the 
enthalpy of melting of the phospholipid decreases with 
increase of the cholesterol content (Fig. 1B). But even at 
X~h,, 1 = 0.57, a melting peak of DPPS is still discerned, 
its enthalpy amount to about 15% of the initial value. 

The results reported here are similar to those ob- 
tained previously for natural PS/cholesterol mixtures 
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[1], the only difference being that in the case of 
DPPS/cholesterol mixtures the transition of cholesterol 
precedes the melting of the phospholipid. 

Interaction of cholesterol with PA 
At neutral pH, PS has one negative charge [12] and 

the bilayer is stabilized by intermolecular hydrogen 
bonds [15]. To investigate whether the type of negative 
charge influences the miscibility properties of cholesterol 
in phospholipids, the thermotropic properties of 
PA/cholesterol mixtures were studied. 

Fig. 2 presents thermograms of egg PA alone and 
with increasing concentrations of cholesterol. Phase sep- 
aration at about X~hol = 0.3 is seen, similar to results in 
PS/cholesterol mixtures. However, the downward shift 
of T m of PA caused by addition of cholesterol is larger 
than in the case of PS/cholesterol mixtures. PA and PS 
are stabilized by intermolecular hydrogen bonds, as 
expressed by their high temperatures of melting. Inter- 
action with cholesterol causes partial rupture of these 
bonds, resulting in lowering of T m. A similar effect of 
cholesterol on T m of PE bilayers, which are also stabi- 
lized by hydrogen bonds, was reported by Blume [16]. 
The enthalpy of melting of PA is not presented, since 
part of the peak is shifted under the ice melting peak, 
preventing exact calculation. However, it seems that 
cholesterol causes a significant decrease in the enthalpy 
of melting of PA. Phase separation of cholesterol was 
detected also in mixtures of DPPA with cholesterol 
(data not shown). In this case, the cholesterol transition 
precedes that of the phospholipid, similar to the case of 
DPPS/cholesterol mixtures. The fact that the cholesterol 
transition does not depend on whether the phospholipid 
is the higher or lower melting component proves that 
the limited miscibility of cholesterol in these mixtures is 
independent of the state of the phospholipid, i.e., gel or 

liquid crystalline, as was also shown by X-ray diffrac- 
tion [2]. 

The results presented here and in Ref. 1 suggest that 
the presence of negative charge: C O 0 -  and PO-  (as in 
PS) or PO-  (as in PA), as well as the additional effect of 
hydrogen bonding, might determine the limited solu- 
bility of cholesterol in negatively charged bilayers. In- 
deed, it was reported by Browning and Seelig [17] that 
PS has a more rigid headgroup than that of phosphati- 
dylcholine or PE. In the case of the interaction of 
cholesterol with zwitterionic phosphatidylcholines it was 
suggested that the fl-OH of cholesterol resides at the 
polar interface, whereas the steroid ring and aliphatic 
chain are embedded in the hydrophobic core of  the 
bilayer. Based on theoretical considerations it was pro- 
posed that the hydroxyl group of  cholesterol forms a 
hydrogen bond with the carboxyl oxygen of the phos- 
pholipids [18]. However, some more recent studies on 
the influcuce of  esterified cholesterol on phosphati- 
dylcholine bilayers have shown that the hydrogen bond- 
ing is not a prerequisite for the interaction. The pres- 
ence of  a polar group in cholesterol is required only for 
anchoring the molecule at the polar region of  the bilayer 
[19]. The high rigidity of  the headgroup of  PS and 
probably also of  PA might create unfavorable steric 
conditions for the accomodation of  the polar cholesterol 
moiety, resulting in limited solubility of  cholesterol in 
these bilayers. 

Interaction of Ca: + with PA /cholesterol mixtures 
The effect of Ca a+ on the thermotropic properties of 

PA/cholesterol mixtures was investigated. The experi- 
ments were performed at Xeh,, I = 0.33 and Xchol = 0.40 
and in an excess of Ca 2+ (10-fold molar ratio). The 
results are presented in Fig. 2B. As seen from the figure, 
phase separation of cholesterol from Caa+-PA is also 
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obtained. The peak of melting of PA/cholesteroI-Ca 2+ 
is shifted upwards to about 70°C.  

Interaction of PS / cholesterol mixtures with cations 
It is known that cholesterol 'fluidizes' zwitterionic 

phosphohpid bilayers in the gel state [201. This is also 
true for cholesteroI-PS mixtures (Ref. 1 and Fig. 1B) as 
judged by the decrease of the enthalpy of melting of the 
phospholipids. This effect of cholesterol has been ex- 
plained by its intercalation between the acyl chains of 
phospholipids preventing their crystallization. It was 
also shown that the polar moiety of cholesterol is re- 
quired for the interaction [19]. On the other hand, 
biologically important ions such as Ca 2÷, Li + bind to 
PS headgroups, inducing isothermal chain crsytalliza- 
tion [8-11]. Since cholesterol is a major constituent of 
biological membranes, it was of interest to investigate 
the effect of these ions on the thermotropic properties 
of PS/cholesterol mixtures. 

Effect of Li + on PS and on PS / cholesterol mixtures 
The effect of Li + has been investigated only in 

synthetic-disaturated phosphatidylserines [9-11]. As no 
data on the effect of Li ÷ on natural PS have been 
published, we present these thermograms first. Fig. 3 
shows the thermograms of PS dispersed in 1.5 • 10 -~ M 
NaCI in 2 .10  -2 M Tris-HCl buffer alone and with 
increasing concentrations of LiC1 added (indicated in 
the legends to figures). In the absence of Li +, the Tm of 
PS is 13.5°C and its enthalpy of melting is about 5 
mca l /mg  (part of the peak is unaccounted for as the 
melting begins below 0 ° C). Addition of low concentra- 
tions of Li + causes a small upward shift of T,, of about 
7 C ° and the enthalpy of melting stays constant within 
experimental error (Fig. 3, trace 1). This shift .of T m is 
larger than the one obtained by addition of similar 
concentrations of Na + (Ref. 12 and Bach, D., unpub- 
lished results). A similar small shift of T m was observed 
when Li + interacts with synthetic phosphatidylserines 
[111. At higher concentrations of LiCI (0.7 M or higher) 
a larger upward shift of T m of about 45 C o is seen, and 
the enthalpy of melting increases to 10 mcal /mg.  If the 
samples at high concentrations of Li + are cooled quickly 
after the first scan and rescanned immediately at 5 
C ° / m i n  the profiles have a different shape (Fig. 3, 
traces 4, 6). Three peaks in the thermograms are seen: 
an endothermic peak at 25°C, an exothermic one at 
about 30°C and a second endothermic peak at the 
same temperature as in the first scan (60 o C). When the 
sample is rescanned at a lower scan rate (2 C ° / m i n ) ,  
the T m of the first endothermic peak shifts downward, 
its size and that of the exothermic peak decrease, whereas 
the T m of the second endothermic peak stays almost the 
same. If the sample is left overnight at 4°C,  the first 
endothermic and the exothermic peaks disappear com- 
pletely, giving the same picture as in the initial scan. 

lb A 3'0 ~'o sb 6'o 7b 80 
temp( 'C)  

Fig, 3. Thermograms of  PS in the presence of Li +. O, PS only;  I ,  tO-  i 
M Li + (molar  ratio L i  + : PS = 7): 2, 3- ]0 - i M Li + (L i  + : PS = 25); 3, 
7.10 -t M Li + (Li + :PS= 54) first scan; 4. second scan of 3; 5, 1 M 
Li + (Li + :PS=94) first scan; 6, second scan of 5. Sensitivities 

(mcal/s per inch): 0.04 (1.2); 0.02 (3); 0.1 (4, 5, 6). 

Such behavior indicates that the Li-PS complex exists in 
two gel states: a stable one obtained only after slow 
cooling and a metastable one. The metastable form 
transforms into a stable one as expressed by an ex- 
othermic peak and this crystalline form undergoes the 
gel-to-liquid transition (i.e., melting of the hydrocarbon 
chains) at about 60 o C. X-ray diffraction data suggested 
that Li + binding to synthetic PS causes dehydration of 
the phospholipid [11,21] and that Li+-dihexadecyI-PS 
complexes exist in two crystalline forms, but no ex- 
othermic peaks in DSC measurements were reported 
[11]. Metastable behavior was seen previously in the 
case of dimyristoylphosphatidylglycerol interacting with 
Mg 2+ [22] and in the phase transitions of cerebrosides 
[23,24]. 

PS / cholesterol mixtures in the presence of Li + 
The effect of Li + on PS/cholesterol mixtures was 

studied at three molar fractions of cholesterol: 0.2, 0,33 
and 0.4, Fig. 4 presents the thermograms of the mix- 
tures at X~,,, 1 = 0.33 with various concentrations of Li + 
added. The main features of the thermograms are: (i) 
the cholesterol peak (38°C) is seen at low concentra- 
tions of Li *; (ii) a small upward shift of the T,. of the 
PS melting peak at low Li + concentrations, and a shift 
of about 45 C ° at concentrations of Li ÷ 0.7 M and 
higher; (iii) appearance of an exothermic peak in the 
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Fig. 4. Thermograms of PS/cholesterol mixtures (X~h,, I = 0.33) in the 
presence of Li +. 1, PS/cholesterol mixture only; 2. 10 -I M Li + 
(molar ratio Li+:PS = 9); 3, 3.10-' M Li + (Li+ :PS = 25); 4, 1 M 
Li + (Li*:PS=I07) first scan; 5, second scan of 4. Sensitivities 

(mcal/s per inch): 0.02 (l, 2. 3); 0.04 (4, 5). 

second scan of mixtures with Li + at concentrations of 
0.7 M and higher. Similar results were obtained for 
Xchol : 0.4. 

The upward shift of T m is similar to the one induced 
by Li + in the absence of cholesterol; however, the 
absolute values of temperatures are lower than those 
found in the absence of cholesterol (Fig. 3), indicat ing 
that the small downward shift of T m caused by addit ion 
of cholesterol (Ref. 1 and Fig. 1) is seen here also. The 
presence of the cholesterol transition indicates that phase 

separation takes place at low Li + concentrations. At 
concentrations of Li + of at  least 0.7 M the cholesterol 
transition is not visible, as it is probably masked by the 
main peak, which is very broad. The enthalpy of melt- 
ing increases from approx. 1.6 m e a l / m e  at 1 0 - '  Li + 
(part of the peak is unaccounted for, due to the inter- 
ference of water) up to 5 m c a l / m g  at 1 M LiCI. Also 
here the exothermic peak is seen in the second scan - 
indicat ing that eholester,~!/PS mixtures exist in two 
crystalline forms aw high concentrations of Li +, similar 
to pure PS. 

Since at concentrat ions of Li + higher than 0.7 M a 
transition peak of cholesterol would be masked by the 
main peak of PS, we measured the low-angle X-ray 
diffraction from PS/cholesterol  mixtures in the pres- 
ence of 0.7 and 1.0 M LiCI. If a fraction of the 
cholesterol molecules were sequestered in a crystalline 
phase, then characteristic cholesterol reflections would 
be observed. Fig. 5 shows typical low-angle X-ray dif- 
fraction patterns for natural  PS in 0.15 M NaCI /1 .0  M 
LiCI, in the absence of (A) and in the presence of 
cholesterol, X~ho, = 0.34 (B). Diffraction peaks at 34 ,~ 
and 17 .~, typical of cholesterol crystals, are observed 
for the cholesterol-containing specimen, in addit ion to 
the three orders of the phospholipid bilayer spacing (d 
spacings) [21. The value of d for the first-order reflec- 
tion gives the thickness of the bilayer plus the thickness 
of the interbilayer water. The temperature dependence 
of the d spacings of these reflections is presented in Fig. 
6A, B. Only lamellar  phases were observed at all the 
temperatures investigated, in spite of the fact that in the 
Li+-dihexadecyl-PS complex at high Li + concentration 
in the liquid crystall ine state most of the lipids were in 
the H a form [11]. PS in 1.0 M LiCI obviously forms 
ordered hilayer structures with interbilayer distance ap- 
prox. 60 ,~ in the L# phase, approx. 10 A smaller than 
that observed for PS in 0.5 M NaCI [2]. The presence of 
Li + shifts the midpoint  of the hydrocarbon chain melt- 
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the bilayer spacing are noted and C marks the theoretical positions of the first two reflections of crystalline cholesterol. 

ing transition upward markedly from 19°C (in the 
presence of Na + only) to 56 ° C. Addition of cholesterol 
reduces the cooperativity of the transition ( L a ~  L, 
phase) as seen from the X-ray data, rendering the 
determination of the transition temperature very dif- 
ficult. Nevertheless, a downward shift is clearly ob- 
served. This is in agreement with the DSC results al- 
ready presented, where the transition is also very broad. 
Above the transition region, the bilayer spacing in the 
presence of cholesterol is several angstroms larger than 
in its absence. Diffraction peaks due to the separate 
crystalline phase persist until close to 400C. Then they 
become very difficult to detect, for reasons which are 
not yet clear. Such a weakening of the intensity of the 
cholesterol reflections with temperature was not ob- 
served in PS/cholesterol mixtures in 0.5 M NaCI [21. In 
that case, the cholesterol reflections were of similar 
intensity in both the gel and liquid crystalline states up 
to 40°C, the highest temperature investigated. Similar 
results were obtained for natural PS in 0.7 M LiCI/0.15 
M NaCI, at X~h,, I = 0.34. Attempts to observe phase 
separation of cholesterol for Xehot = 0.15 in the presence 
of 1.0 M LiCI were unsuccessful. 

Preliminary DSC experiments were also performed 
on the effect of Li + on DPPS/cholesterol mixtures at 
low concentrations of Li +. The results are similar to 
those of PS/cholesterol mixtures (not shown). 

The experimental findings presented in this section 
show that when cholesterol and Li + are present to- 
gether, the effects of both are seen. This may indicate 
that the interaction of PS with cholesterol is weak and 
the cholesterol molecules, acting as spacers for the 
headgroups, do not interfere with Li + binding. 

Interaction of Ca" + with PS in the presettce and absence 
of cholesterol 

The effect of Ca" + on the thermotropic properties of 
phosphatidylserines has been investigated extensively 
(e.g., Ref. 8). It was claimed that Ca -'+ binding to PS 

induces an isothermal phase transition, shifting the 
transition peak of the phospholipid to temperatures 
higher than 80 °C at molar ratios of 1 : 1. 

Recently it was reported by Dluhy et al. [25] that in 
infrared measurements on a Ca-PS complex (in an 
excess of Ca 2÷) structural changes taking place in the 
30-40 °C temperature range were detected. This transi- 
tion was described as a solid-solid phase transition 
similar to the one occurring in alkanes or fatty acids. In 
the p-esent work we have investigated the possibility of 
phase separation of cholesterol in the presence of Ca" +. 
As a prerequisite to this investigation, thermograms of 
pure PS as a function of Ca 2+ were recorded. Samples 
were prepared as described in Materials and Methods. 
The highest sensitivities of the DSC instrument (0.02 or 
0.01 mcal/s per inch) were employed. The effect of 
Ca .'+ on pure PS was investigated in a range of molar 
ratios Ca 2÷ : PS 0.2-15. Thermograms of PS as a func- 
tion of [Ca 2+] are presented in Fig. 7A. Trace 1 pre- 
sents the melting profile of PS alone. 7;,,, is 13°C and 
AH = 4.5 mcal/mg. Addition of 10 -3 M CaCI 2 to the 
phospholipid (molar ratio Ca2+:PS =0.2) causes an 
appearance of a second peak with T,, of approx. 42.5 °C 
and AH - 1.1 mcal/mg and a decrease of the enthalpy 
of melting of the lower temperature peak to about 2.3 
mcal/mg (trace 2). At a molar ratio Ca -'+ : PS --- 1, the 
lower temperature peak disappears, but the second peak 
is still seen. This peak is seen at all the ratios of Ca -'÷ 
investigated, even in large excess of Ca 2+ at molar ratio 
Ca -'+ : PS = 15, showing that it stems from the transi- 
tion of the Ca2~-PS complex, Up to 80°C, no other 
peaks due to melting of the hydrocarbon chains of the 
phospholipid are discerned. These results agree with the 
findings of Dluhy et al. [25], which indicate that the 
43°C transition is due to a gel-gel transition from a 
more ordered to a less ordered form. Probably, in the 
early DSC experiments of PS in the presence of Ca '+, 
the concentrations used were too low, so that no small 
broad peak at around 43°C was seen. Such a transition 
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Fig. 7. Thermograms of PS in the presence of Ca 2 +. (A) PS only. Traces: 1, without Ca-'*; 2,10 - 3 M CaCI 2 ( Ca2 + : PS = 0.2); 3, 5.10-'l M CaCI.~ 
(Ca 2. : PS = 1.2); 4,10 -2 M CaCI 2 (Ca 2÷ : PS = 2.2); 5, 6.6.10 -2 M CaCI 2 (Ca 2+ : PS = 15.1). (B) PS/cholesterol mixtures. 1, X~h.i = 0.33; 10 -2 
M CaCI2 (Ca 2+ : PS = 2); 2. X,h,,i = 0.33; 6.6.10- 2 M CaCI 2 (Ca 2+ : PS = 13); 3. Xeh,,I = 0.4; 10 -2 M C a C I  2 (Ca 2÷ : PS = 2); 4, Xeh,, I = 0,4; 

7.10 -2 M CaCI z (Ca 2+ : PS = 10). 

is not  seen in PA-Ca 2+ mixtures, where the only melt ing 
peak of the phospholipid is above 70 ° C. 

The effect of Ca 2+ on the thermotropic properties of 
PS-cholesterol mixtures at Xehol = 0.33 and 0.4 v.,as 
studied. The experiments were performed in an excess 
of Ca 2÷ (2 and = 10-fold molar  ratio) and the results 
are presented in Fig. 7B. As seen from the figure, phase 
separation of cholesterol takes place from the Ca2+-ps 
complex, as indicated by a shoulder at  3 8 ° C  on the 
PS-Ca 2+ melt ing peak. The shoulder becomes more 
pronounced as the cholesterol content  increases (traces 
3 and 4), where Xchot = 0.4. This behavior is similar  to 
that  observed for PA/choles terol  mixtures in the pres- 
ence of Ca 2+ (Fig. 2B). 

It is known that Ca z+ induces phase separat ion of PS 
in mixtures with zwitterionic phospholipids.  Based on 
our  findings here we may speculate that  addit ion of 
Ca 2+ to biological membranes might produce PS-rich, 
PS/cholesterol  and cholesterol patches that  undergo 
transitions at temperatures encompassing the physio- 
logical range of temperature. Recently it has been re- 
ported that Ca-PS patches in the presence and absence 
of cholesterol were seen in erythrocyte membranes [26]. 

Conclusions 

In the present paper, we have extended earlier inves- 
tigations [1,2], in which it was shown that in mixtures of 
negatively charged phospholipids with cholesterol, phase 
separation of the cholesterol takes place at  molar  ratios 
of phospholipid : cholesterol of approx. 2 : 1 and below. 

This l imited solubili ty of cholesterol is now observed to 
be a property of natural  PS, DPPS, DPPA and natural  
PA. It is not  found for the zwitterionic phosphati-  
dylcholines and is therefore probably determined by the 
negatively charged hcadgronps and possibly by inter- 
molecular hydrogen bonding. From studies on zwit- 
terionic phospholipids,  it is known that a prerequisite 
for interaction of cholesterol with phospholipids is the 
presence of the polar  group in cholesterol ( / /-OH, either 
free or esterificd). This group is needed for anchoring 
the cholesterol at the polar  interface. The rigid 
headgroup of negatively charged phospholipids may 
prevent the a t tachment  of the polar  group of cholesterol 
to the interface, resulting in limited solubility and the 
resulting cholesterol phase separation. Addit ion of Li + 
or Ca 2+, which bind to the headgroup, probably stiffen 
it further, thereby mainta ining the phase separation. In 
the presence of Ca 2+, PS is found to organize in a 
second gel phase which is observed around 43°C.  Its 
presence near physiological temperatures may be sig- 
nificant for the functioning of Ca 2 + on biological mem- 
branes. 
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