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SUMMARY 

The following phosphatidylethanolamines were studied by differential scanning 
calorimetry: 1,2-dipalmitoleoyl-, 1,2-dioleoyl-, 1,2-dilauroyl-, t,2-dielaidyl-, 1,2-di- 
myristoyl- and 1,2-dipalmitoyl-sn-glycero-3-phosphoryt-ethanolamine. 

The saturated and trans-unsaturated species underwent thermotropic phase 
transitions at temperatures about 20-30 °C higher than the corresponding phosphati- 
dylcholines but the enthalpy changes were nearly identical. The transition temperatures 
for the cis-unsaturated species were about the same as those of the corresponding 
phosphatidylcholines but here the enthalpy change was markedly decreased as 
compared with the phosphatidylcholines. Freeze-fracture electron microscopy re- 
vealed phase changes from a lamellar to a hexagonal phase for 1,2-dipalmitoleoyl- 
and 1,2-dioleoyl-sn-glycero-phosphorylethanolamine at 20 and 0 °C respectively. 
At these temperatures no transitions were apparent in the calorimeter scan. 

Incorporation of increasing amounts of cholesterol into phosphatidylethanol- 
amine bilayers gradually decreased the enthalpy changes of the phase transition in the 
same manner as was demonstrated before for phosphatidylcholine/cholesterol mix- 
tures. This was studied both for 1,2-dipalmitoleoyl- and 1,2-dimyristoyl-sn-glycero- 
phosphorylethanolamine. 

In an equimolar mixture of 1,2-dioleoyl- and 1,2-dipalmitoylphosphoryl- 
ethanolamine, which showed phase separation, cholesterol preferentially decreased 
the transition of the lowest melting component. 

In equimolar mixtures of phosphatidylethanolamines and phosphatidyl- 
cholines, which showed phase separation, cholesterol preferentially abolished the 
transition of the phosphatidylcholine component present. This occurred both in 
experiments where the phosphatidylcholine was the lowest melting and where it was 
the highest melting component present in the mixture. These experiments strongly 
suggest that in phosphatidylcholine-phosphatidylethanolamine mixtures at tempera- 
tures where both components are in the liquid-crystalline state cholesterol is pre- 
ferently associated with the phosphatidylcholine component in the mixture. 
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INTROD UCTION 

Aqueous dispersions of lamellar lipid bilayers (liposomes) provide simplified 
models for the investigation of biochemical and biophysical properties of membrane 
lipids, yielding information which can be extrapolated to the understanding of the 
architecture and function of complex biomembranes. Using such models, it was 
shown that cholesterol in phosphatidylcholine bilayers gradually abolishes the co- 
operative gel to liquid-crystalline phase transition, with the magnitude of the effect 
being proportional to the amount of cholesterol added [1-3]. Differential scanning 
calorimetry measurements showed that the cooperative gel to liquid crystalline phase 
transition was no longer apparent at a molar ratio cholesterol to phospholipid of 
l : 2 [2, 3]. In mixtures of synthetic phosphatidylcholines which show cocrystalliza- 
tion it could be demonstrated that cholesterol did not show a preference for one of 
the components present. The transition was abolished in the same way as in single 
phosphatidylcholine systems. In mixtures of phosphatidylcholines which showed 
phase separation cholesterol preferentially interacted with the lower melting compo- 
nent and was frozen out of the gel phase patches where the highest melting component 
is concentrated. In these cases cholesterol is heterogeneously distributed in the plane 
of the membrane at temperatures where phase separation occurs. These calorimetric 
experiments [4, 5] were recently confirmed by fluorescence studies [6]. 

Many biological membranes contain in addition to cholesterol a variety of 
phospholipids with different polar head groups. To understand the lateral distribution 
of cholesterol in membranes the effect of cholesterol upon the thermotropic properties 
of bilayers composed at different phospholipids has to be studied systematically. 

In this study therefore the effect of cholesterol in bilayers composed of syn- 
thetic phosphatidylcholines and phosphatidylethanolamines was investigated by 
differential scanning calorimetry. 

MATERIALS AND METHODS 

The following synthetic phosphatidylcholines were synthesized as described 
before [7]: 1,2-dipalmitoleoyl-sn-glycero-3-phosphorylcholine (16:lc/16 : lc-phos- 
phatidylcholine), 1,2-dioleoyl-sn-glycero-3-phosphorylcholine (18 : 1¢/18 : l~-phos- 
phatidylcholine), 1,2-dilauroyl-sn-glycero-3-phosphorylcholine (12 : 0/12 : 0-phos- 
phatidylcholine), 1,2-dielaidoyl-sn-glycero-3-phosphorylcholine (18 : I tr/18 : 1 ~r-phos- 
phatidylcholine) 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (14 : C/14 : 0-phos- 
phatidylcholine) and 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine (16 : 0/16 : 0- 
phosphatidylcholine). 

The synthetic phosphatidylethanolamines: 1,2-dipalmitoleoyl-sn-glycero-3- 
phosphorylethanolamine (16 : lc/16 : lc-phosphatidylethanolamine), 1,2-dioleoyl-sn- 
glycero-3-phosphorylethanolamine (18 : I J l 8  : lc-phosphatidylethanolamine),l,2- 
dielaidoyl-sn-3-phosphorylethanolamine (i 8 : I tr/18 : ltr-phosphatidylethanolamine}, 
1,2-dilauroyl-sn-glycero-3-phosphorylethanolamine (I 2 : 0/12 : 0-phosphatidyl-ethan- 
otamine) and 1,2-dimyristoyl-sn-glycero-3-phosphorylethanolamine (14 : 0/14 : 0- 
phosphatidylethanolamine) were synthesized as described by Cullis and de Kruijff 
[8]. 1,2-Dipalmitoyl-sn-glycero-3-phosphorylethanolamine (16 : 0/16 : 0-phosphati- 
dylethanolamine) was obtained by hydrogenation of 16: I J16 :  lc-phosphatidyl- 
ethanolamine. 

Differential scanning calorimetry experiments were performed as described 
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before [5], with the following modifications in the sample preparation.The phospho- 
lipids and cholesterol were mixed in chloroform and then concentrated under a stream 
of nitrogen. The concentrated solution was transferred to a sample pan. Chloroform 
was totally removed by a nitrogen stream followed by overnight high vacuum storage. 
The samples were hydrated by adding about 15/~1 of a 4 0 m m  Tris-acetate/ 
ethyleneglycol ( l : l ,  v/v), buffer, pH7.0,  containing 100ram NaCl. A control 
experiment demonstrated no effects of ethyleneglycol on the transition temperature 
and energy content of the transition of 14:0/14:0-phosphatidylethanolamine.  
The sample pan was sealed and equilibrated above the transition temperature. 
Both heating and cooling scans were taken at 5 °C/rain scanning speed. No equilibra- 
tion times were taken between a heating and cooling scan and vice versa. Energy 
contents (AH) were calculated by relating the peak area to known calibration areas. 
The amount of lipid sealed in a pan was determined as follows. Sample pans were 
opened with forceps and sonicated in a chloroform/methanol solution in a bath 
sonicator until pan and cover were completely separated. Aliquots were taken from 
this chloroform/methanol solution and a phosphorus determination was done ac- 
cording to Fiske-Subbarow after perchloric acid destruction as described by Bartlett 
[9]. 

In heating curves of mixtures sometimes exo- and/or endothermic transitions 
of unknown origin were present. In pure phosphatidylethanolamine dispersions 
these transitions were not observed. Possibly they reflect a metastabile phase behaviour. 
Metastable transitions have also been reported for synthetic phosphatidylglycerols 
[10, 11 ]. When, in mixtures which show phase separation, these kinds of transitions 
occurred in the region of the transition of the lower melting component they could be 
eliminated by undercooling but when they occurred near the transition temperature of 
the upper melting component this was not possible. In cooling curves these phenome- 
na did not occur. Therefore the cooling curves were taken for the calculation of AH 
values. Since heating curves give a more accurate determination of the transition 
temperatures, heating curves will be presented when necessary. In these curves the 
anomalous transitions were absent. 

The lipid phase transition temperature (To) is defined as the temperature where 
the slope of the descending arm of the main peak intersects the baseline. 

The error in the determination of the AH of single components and mixtures 
was estimated as 5 and 10 ~ respectively. The error in the determination of the 
transition temperature (T c) was estimated as 0.5 °C. Freeze-fracturing electron micros- 
copy was done as described before [12]. 

RESULTS 

Since the knowledge of the thermotropic behaviour of synthetic phosphatidyl- 
ethanolamines is still very limited we first compared the transition temperatures and 
the enthalpy changes involved in the transitions of the synthetic phosphatidylcholines 
with the corresponding synthetic phosphatidylethanolamines (Fig. 1). In agreement 
with other reports [13-16], saturated phosphatidylethanolamines ( 1 2 : 0 / 1 2 : 0 - ,  
14 : 0/14 : 0-, and 16 : 0/16 : 0-phosphatidylethanolamines) undergo a lipid phase 
transition some 20-30 °C higher than the corresponding phosphatidylcholines and 
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Fig. 1. A comparison between the thermotropic properties of some synthetic phosphatidylcholines and 
phosphatidylethanolamines. Heating scans were made as described in Materials and Methods. (A) 
16 : Id16 : l~-phosphatidylcholine: Tc -- 36 °C, AI-[ 9.1 kcal/mol; (B) 18 : 1J18 : lc-phosphatidyl- 
choline: Tc --14 °C, zlH 11.2 kcal/mol; (C) 12 : 0/12 : 0-phosphatidylcholine: Tc 0 °C, zlH 4.3 kcal/ 
mol; (D) 18 : ltr/18 : ltr-phosphatidylcholine: T~ 9.5 °C, AH 7.3 kcal/mol; (E) 14 : 0/14 : 0-phos- 
phatidylcholine: Tc 23 ~C, AH 6.8 kcal/mol; (F) 16 : 0/16 : 0-phosphatidylcholine: T~ 41.5 °C, zlH 8.6 
kcal/mol; (G) 16 : Id16 : lc-phosphatidyletbanolamine: Tc --33.5 °C, /JH 4.3 kcal/mol; (H) 18 : l J  
18 : lc-phosphatidylethanolamine: T~ --16 °C, AH 4.5 kcal/mol; (I) 12 : 0/12 : 0-phosphatidyl- 
ethanolamine: Tc 29 °C, / IH 4.0 kcal/mol; (J) 18 : ltr/18 : ltr-phosphatidylethanolamine: T~ 35 °C, 
,JH 7.0 kcal/mol; (K) 14:0/14 : 0-phosphatidylethanolamine: T¢ 47.5 °C, ~iH 6.4 kcal/mol; (L) 
16 : 0/16 : 0-pbosphatidylethanolamine: T~ 60 "C, ,IH 8.5 kcal/mol. 

wi th  a A H  va lue  tha t  is a l m o s t  the  same.  1 8 : l t r / 1 8  : l t r - p h o s p h a t i d y l e t h a n o l a m i n e  

a lso  behaves  in this way. T h e  u n s a t u r a t e d  18 : 1c/18 : I c - a n d  16 : I j I  6 : l o -phospha t i -  
d y l e t h a n o l a m i n e ,  fo r  wh ich  no  t r ans i t ion  t e m p e r a t u r e s  were  r e p o r t e d  be fo re  u n d e r g o  

a t r ans i t i on  at  a p p r o x i m a t e l y  the  same  t e m p e r a t u r e  as do  the c o r r e s p o n d i n g  p h o s p h a -  

t idy lcho l ines  bu t  the  A H  values  are  s t rong ly  dec reased  as c o m p a r e d  to the  p h o s p h a t i -  
dy lchol ines .  O t h e r  t han  the t r ans i t ion  at  - -  16 °C and  - -33 .5  °C for  18 : 1¢/18 : ic- and  
16 : I J I 6  : l ¢ - p h o s p h a t i d y l e t h a n o l a m i n e  respec t ive ly  (Fig.  I)  no  o t h e r  t r ans i t i ons  
were  obse rved  be tween  - - 5 0  °C and  + 7 0  °C. H o w e v e r ,  w h e n  we s tud ied  these cis- 
u n s a t u r a t e d  p h o s p h a t i d y l e t h a n o l a m i n e s  by f r eeze - f rac tu re  e l ec t ron  m i c r o s c o p y  qui te  
d i s t inc t  changes  in m o r p h o l o g y  at  o t h e r  t e m p e r a t u r e s  than  the c a l o r i m e t r i c  t r a n s i t i o n  
t e m p e r a t u r e s  cou ld  be observed .  In  18 : 1J18  : I ~ - p h o s p h a t i d y l e t h a n o l a m i n e  a con-  
ve r s ion  f r o m  a l ame l l a r  to  a h e x a g o n a l  phase  (Fig.  2) cou ld  be obse rved  when  the 
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Fig. 2. Freeze-fracture electron micrograph of a hexagonal structure observed in a 18 : It/18 : I~- 
phosphatidylethanolamine. The sample was quenches from 20 ~'C. Magnification 100 000 ×. 

temperature was raised to about 20 °C. In 16 : 1¢/16 : lc-phosphatidylethanolamine 
this change in structure was observed around 0 °C. These changes are in agreement 
with 31P-NMR data obtained on these lipids [8], where a similar phase change was 
observed. Hexagonal phases in naturally occurring phosphatidylethanolamines were 
reported before in X-ray studies [17]. Thus, gross structural alterations appear to 
occur in phosphatidylethanolamine-water systems at temperatures where calorimetry 
could not detect a transition. 

Before studying the effect of cholesterol in mixtures of phosphatidylethanol- 
amines and phosphatidylcholines it is necessary to know whether there are differences 
between the phosphatidylethanolamine/cholesterol and the phosphatidylcholine/ 
cholesterol interactions. In Fig. 3 it can be seen that both in a saturated and in an 
unsaturated phosphatidylethanolamine introduction of cholesterol gradually abolishes 
the transition peak. Another observation is that the transition peak both for the 
16 : 1¢/16 : 1¢- and the 14 : 0/14 : 0-phosphatidylethanolamine is shifted to lower 
temperatures by cholesterol, this shift is more pronounced than with synthetic 
phosphatidylcholines [1-3]. When the enthalpy changes of the transition were plotted 
against the ratio of cholesterol to phospholipid straight lines could be obtained 
intersecting the abcissa at a ratio of about 0.5. This result demonstrates that for 
phosphatidylethanolamine/cholesterol and for phosphatidylcholine/cholesterol mix- 
tures a similar calorimetric behaviour is observed. 

Binary mixtures of phosphotipids can exist in two distinct forms, those who 
show cocrystallization and those which show monotectic behaviour (phase separa- 
tion). In mixtures, showing cocrystallization a possible specificity of cholesterol is 
deduced from a change in the temperature of the midpoint of the transition after 
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Fig. 3. The influence of increasing amounts of cholesterol on the lipid phase transition of a saturated 
and an unsaturated phosphatidylethanolamine (PE). Heating scans are shown. A. 16 : I¢/16 : I~- 
phosphatidylethanolamine. Molar ratios of cholesterol to phospholipid (1) 0.000 (2) 0.078 (3) 
0.155 (4) 0.232 (5) 0.387. B. 14 : 0/14 : 0-phosphatidylethanolamine. Molar ratios of cholesterol to 
phospholipid: {1) 0.00 (2) 0.10 (3) 0.15 (4) 0.20 (5) 0.33 (6) 0.50. C and D. Plots of the J H  values 
calculated from the thermograms in A and B respectively versus the molar ratio of cholesterol to 
phospholipid. 

addi t ion o f  cholesterol [5]. Because cholesterol  already considerably shifts the phase 
t ransi t ion temperature  of  pure phosphat idyle thanolamines  a clear interpreta t ion of  
such data  would  be very difficult. Therefore  only mixtures showing phase separat ion 
were studied; in these cases interact ion of  cholesterol can be deduced f rom the AH 
value o f  the lipid phase transitions. It has been shown [4, 5] that  in monotec t ic  mix- 
tures of  phosphat idylcholines,  cholesterol  up to 20 m o l ~  preferentially reduced the 
transi t ion peak  of  the phosphat idylchol ine with the lowest t ransi t ion tempera ture ,  
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Fig. 4. The influence o f  cholesterol on the thermotropic behaviour o f  an equimolar  mixture o f  
18 : ld18 : 1~- and 16 : 0/16 : 0-phosphatidylethanolamine (PE). Cooling scans are shown. J H  
values without cholesterol 4.6 and 8.7 kcal/mol and in the presence of 16.5 mol~ of cholesterol 0.7 
and 8.4 kcal/mol for the transitions of 18 : 1J18 : lc- and 16:0/16 : 0-phosphatidylethanolamine 
respectively. 

which implies that cholesterol is frozen out  o f  the gel phase patches in the bilayer 
where the upper component  is concentrated [5]. How does cholesterol behave in 
monotect ic  mixtures o f  phosphatidylethanolamines? To investigate this we prepared 
an equimolar mixture of  18 : IU18 : lc- and 16 : 0/16 : 0-phosphatidylethanolamine.  
In Fig. 4 the cooling scan of  this mixture is shown. Two well resolved transitions can 
be seen with AH values o f  4.6 and 8.7 kcal/mol for the 18 : 1J18 : lc- and 16 : 0 /16 :0-  
phosphatidylethanolamine peaks respectively. In t roduct ion o f  16.5 m o l ~  of  choles- 
terol led to a broadening of  the lower transition and a decrease in the enthalpy change 
f rom 4.6 to 0.7 kcal/mol. The upper transition was somewhat  shifted to lower temper- 
atures but the AH value was not affected (8.4 kcal/mol). This shift of  the upper transi- 
t ion was also noted in monotect ic  mixtures of  phosphatidylcholines [4, 5]. F r o m  the 
above experiment it can be concluded that  also in monotect ic  mixtures of  phosphati-  
dylethanolamines cholesterol preferentially interacts with the component  with the 
lowest transition temperature. 

In Fig. 5 two typical examples o f  monotect ic  phosphatidytcholine/phosphati-  
dylethanolamine mixtures are shown in which levels o f  cholesterol lower than 33 
m o l ~  were introduced. In a mixture o f18  : lU18 : l~-phosphatidylcholine and 14 : 0/ 
14 :0-phosphat idy le thanolamine  (Fig. 5A) the phosphat idylethanolamine peak is 
shifted to a higher temperature than that  o f  the pure component .  At  the moment  this 
is not  unders tood because normally the transition o f  the higher melting compound  is 
shifted to lower temperatures due to the presence o f  the liquid-crystalline lower 
melting compound.  F r o m  the broadening of  the two peaks and the shift it can be 
deduced that  both phospholipids are present in the same bilayers and do  not  form 
separate structures. In t roduct ion o f  8.3 m o l ~  of  cholesterol led to  a decrease o f  the 
heat o f  the transition of  the phosphatidylcholine peak whereas no decrease was appa- 
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Fig. 5. The influence of  cholesterol on the thermotropic behaviour of  mixtures of  lecithin and 
phosphatidylethanolamine.  A. (1) Heat ing  scan of  a mixture of  2.26 ffmol of  18 : lc/18 : l~-phos- 
phatidylcholine and 2.02 ffmol of  14 : 0/14 : 0-phosphatidylethanolamine.  (2) Cool ing scan of  the 
same mixture. A H  values 10.5 and 6.3 kcal /mol  for the transition of  18 : 1J18 : lc-phosphatidyl- 
choline and 1 4 : 0 / 1 4  : 0-phosphatidylethanolamine respectively. (3) Heat ing scan for a mixture o f  
1.75 ffmol of  18 : 1c/18 : lc-phosphatidylcholine and 1.56 ffmol o f  14 : 0/14 : 0-phosphatidylethanol-  
amine in the presence of  8.3 m o l ~  cholesterol.  (4) Cool ing  scan of  the mixture. ,JH values 6.0 and 
5.8 kcal /mol  for the transitions o f  18 : 1c/18 : l¢-phosphatidylcholine and 14 : 0/14 : 0-phosphatidyl-  
ethanolamine respectively. B. (1) Heating scan of  a mixture of  1.80 #mol  of  18 : 1 ~/18 : 1 ¢-phospatidyl 
ethanolamine and 2.03 ffmol o f  16 : 0/16 : 0-phosphatidylcholine.  (2) Cool ing scan of  the mixture. 
z lH  values 4.5 and 8.4 kcal /mol  for the transitions of  18 : I g l  8 : I¢-phosphatidylethanolamine and 
1 6 : 0 / 1 6 : 0 - p h o s p h a t i d y l c h o l i n e  respectively. (3) Heat ing scan of  a mixture of  2.10 ffmol o f  
18 : I¢/18 : I c-phosphatidylethanolamine and 2.37 ffmol of  16 : 0/16 : 0-phosphatidylcholine in the 
presence of  21.4 m o l ~  o f  cholesterol.  (4) Cool ing scan of  the mixture. JI-[ values 4.4 and 2.1 kcal /mol  
for the transitions of  18 : 1¢/18 : Ic-phosphatidylethanolamine and 16 : 0/16 : 0-phosphatidyl-  
choline respectively. 
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TABLE I 

THE EFFECT OF CHOLESTEROL ON THE HEAT CONTENTS OF THE TRANSITIONS 
OCCURRING IN DIFFERENT MONOTECTIC PHOSPHOLIPID MIXTURES 

Mixture Molar-ratio Cholesterol 
(mol/mol) content 

{tool%) 

18 : 1c/18 : I¢-PE/16 : 0/16 : 0-PE 
18 : 1c/18 : Ic-PE/16 : 0/16 : 0-PE 

16 : I J l 6  : I~-PC/14 : 0/14 : 0-PE 
16 : IJ16 : I~-PC/14 : 0/14 : 0-PE 
18 : 1c/18 : lc-PC/14 : 0/14 : 0-PE 
18 : I J18 : 1¢-PC/14 : 0/14 : 0-PE 

16 : lc/16 : I¢-PE/14 : 0/14 : 0-PC 
16 : 1¢/16 : I¢-PE/14 : 0/14 : 0-PC 
16 : 1~/16 : Ic-PE/16 : 0/16 : 0-PC 
16 : Ic/16 : I¢-PE/16 : 0/16 : 0-PC 
18 : I J I8  : I¢-PE/14 : 0/14 : 0-PC 
18 : I j18  : Ic-PE/14 : 0/14 : 0-PC 
18 : I j I 8  : I~-PE/16 : 0/16 : 0-PC 
18 : Ic/18 : Ic -PE/16:0 /16 :0-PC 

,IH lower 1H higher 
melting corn- melting com- 
ponent in the ponent in the 
mixture mixture 
(kcal/mol) (kcal/mol) 

50 : 50 0.0 4.6 ::0.5 8.7 !:0.9 
50 : 50 16.5 0.7 !:0.2 8.4 ~40.8 

51 : 49 0.0 8.8 ! 0.9 6.7 !:0.7 
51 : 49 16.1 0.0 6,1 40.5 
48 : 52 0.0 10.5 = 0.8 6.3 ~0.6 
48 : 52 8.4 6.0 ! 0.5 5.8+0.6 

50 : 50 0.0 3.8 ~0.4 7.0 ::0.6 
5 0 : 5 0  13.1 3.8 ,~0.3 2.0 ! 0.2 
5 2 : 4 8  0.0 4.1 ; 0.4 8.1 !0.8 
52 : 48 14.4 4.0 ~0.3 4.6~0.4 
51 : 49 0.0 4.5* 6.8* 
5 1 : 4 9  13.9 5.1 i:0.5 1.7 ~0.2 
47 : 53 0.0 4.2 ! 0.3 8.4 i 0.7 
4 7 : 5 3  21.1 4.4- 0.4 2.1 !0.2 

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine. 
* . IH values of the pure components because in the mixture no complete phase separation is 

found. 

r e n t  in the  t r a n s i t i o n  o f  t he  p h o s p h a t i d y l e t h a n o l a m i n e .  In  c o n t r a s t ,  in a m i x t u r e  o f  

1 8  : I t /18  • l c - p h o s p h a t i d y l e t h a n o l a m i n e  a n d  16 : 0 /16  • 0 - p h o s p h a t i d y l c h o l i n e  (Fig .  

5) i n t r o d u c t i o n  o f  21.1 m o l %  c h o l e s t e r o l  d i d  n o t  af fec t  t he  A H  o f  the  l o w e r  m e l t i n g  

c o m p o n e n t ,  t he  p h o s p h a t i d y l e t h a n o l a m i n e ,  b u t  led to  a dec rea se  in t he  e n t h a l p y  

c h a n g e  o f  t he  t r a n s i t i o n  o f  the  h i g h e r  m e l t i n g  c o m p o n e n t ,  t he  p h o s p h a t i d y l c h o l i n e .  

F r o m  all  o t h e r  m i x t u r e s  w h i c h  were  s t ud i ed ,  b o t h  in cases  w h e r e  t he  p h o s p h a t i d y l -  

c h o l i n e  was  the  l owes t  a n d  w h e r e  i t  was  the  h i g h e s t  m e l t i n g  c o m p o n e n t ,  c o m p a r a b l e  

d a t a  c o u l d  be  o b t a i n e d  w h i c h  a re  s u m m a r i z e d  in T a b l e  I. 

A m o r e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  the  c h o l e s t e r o l  p r e f e r e n c e  is s h o w n  in 

Fig.  6. In  m i x t u r e s  o f  18"  I J I B "  l c - p h o s p h a t i d y l e t h a n o l a m i n e  a n d  1 6 : 0 / 1 6 " 0 -  
p h o s p h a t i d y l c h o l i n e  i n c r e a s i n g  a m o u n t s  o f  c h o l e s t e r o l  were  i n t r o d u c e d .  C o o l i n g  
c u r v e s  a re  s h o w n  in  the  u p p e r  p a r t  o f  Fig.  6. F o r  e a c h  o f  the  p e a k s  the  A H  v a l u e  was  

c a l c u l a t e d  a n d  p l o t t e d  ve r sus  the  m o l a r  r a t i o  o f  c h o l e s t e r o l  a n d  the  t o t a l  p h o s p h o l i p i d  

c o n t e n t  ( l ower  p a r t s  o f  Fig. 6). T h e  p lo t s  s h o w  t h a t  u p  t o  a 0.2 m o l a r  r a t i o  t h e r e  

is a g r a d u a l  d e c r e a s e  in  the  e n e r g y  c o n t e n t  o f  the  p h a s e  t r a n s i t i o n  o f  t he  p h o s p h a t i d y l -  

cho l ine ,  w h i c h  is t h e  u p p e r  m e l t i n g  c o m p o n e n t ,  w h e r e a s  t he  A H  o f  t he  p h o s p h a t i d y l -  

e t h a n o l a m i n e  is n o t  d e c r e a s i n g .  A b o v e  a 0.3 m o l a r  r a t i o  the  p h o s p h a t i d y l e t h a n o l -  

a m i n e  is a l so  af fec ted .  I n  th i s  r e g i o n  t he  A H  o f  the  p h o s p h a t i d y l c h o l i n e  is st i l l  n o t  
ze ro ;  i t  keeps  d e c r e a s i n g  un t i l ,  a t  n e a r  the  0.5 r a t i o  (33 m o l %  o f  t he  c h o l e s t e r o l ) ,  

b o t h  t r a n s i t i o n s  a re  a b o l i s h e d  c o m p l e t e l y .  
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Fig. 6. The influence of increasing amounts of cholesterol on the lipid phase transitions in an equi- 
molar mixture of 18 : 1¢/18 : lc-phosphatidylethanolamine (PE) and 16 : 0/16 : 0-phosphatidyl- 
choline (PC). In the upper part of the figure cooling scans are shown. Cholesterol to phos- 
pholipid ratios in the mixtures 1-9. (1) 0.000 (2) 0.053 (3) 0.107 (4) 0.160 (5) 0.214 (6) 0.267 
(7) 0.340 (8) 0.340 (9) 0.535. in the lower part of the figure the ,JI-[ values of the two lipid transitions 
calculated from the scans in the upper part of the figure are plotted versus the cholesterol to phospho- 
lipid ratio. 

DISCUSSION 

Saturated or t rans-unsaturated phosphat idyle thanolamines  undergo a lipid 
phase t ransi t ion some 20-30 °C higher than the corresponding phosphat idylchol ine.  
It is known that  phosphat idyle thanolamines ,  compared  to phosphat idylchol ines,  
have a small polar  head group which is thought  to be oriented tangential  to the plane 
of  the bilayer [18]. This small head group allows a very close packing of  the phospha-  
t idyle thanolamine molecules.  There is also less water penetra t ion into the polar  head 
region [20]. The  difference in molecular  packing is reflected in the elevated transi t ion 
tempera ture  of  these phosphat idyle thanolamines  compared  to the phosphat idyl -  
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cholines. However, the transition temperatures of cis-unsaturated phosphatidyl- 
ethanolamines fall in the same temperature region as the corresponding phosphati- 
dylcholines but the A H values of the former are markedly reduced. This indicates that 
the presence of cis-double bonds in both chains may not allow that close molecular 
packing that can be achieved in the saturated species. It was noted before [19] that 
bound water determinations of unsaturated phosphatidylethanolamines led to higher 
values than with saturated phosphatidylethanolamines which is in agreement with a 
more loose packing of  the unsaturated phosphatidylethanolamine molecules. 

The results of this study show that with the use of differential scanning calori- 
metry, no differences can be found in the interactions of phosphatidylethanolamines 
with cholesterol compared to those of phosphatidylcholines with cholesterol, at least 
in the pure systems. Also in monotectic mixtures of phosphatidylethanolamines no 
differences were seen compared to the findings in phosphatidylcholine mixtures. 
Here cholesterol also preferentially reduces the cooperative phase transition of the 
lowest melting component in the mixture which indicates that cholesterol, at tempera- 
tures where phase separation occurs, is excluded from the gel phase patches in the 
bilayer, where the lipid with the highest transition temperature in the mixture is 
concentrated. 

In monotectic mixtures of phosphatidylethanolamines and phosphatidylcho- 
lines, regardless of what is the lowest melting component, cholesterol is preferentially 
associated with the phosphatidylcholine molecules present in the mixture. This 
strongly suggests that this preference of cholesterol for the phosphatidylcholine mole- 
cules has to exist also at temperatures where both phospholipid components are in the 
liquid-crystalline state. As most mammalian plasma membranes contain both phos- 
phatidylcholine and phosphatidylethanolamine as well as cholesterol this preference 
of  phosphatidylcholine over phosphatidylethanolamine may have a biological signi- 
ficance. 

The phospholipid components of the different biomembranes have been shown 
to be asymmetrically distributed over the two sides of the membrane [21, 22]. Phos- 
phatidylcholine and sphingomyelin are major phospholipids present at the outer 
monolayer whereas phosphatidylethanolamine and phosphatidylserine are predomi- 
nantly found at the inner leaflet of the membrane. From recent experiments on the 
human red cell membrane it was suggested that more cholesterol is found in the outer 
than in the inner layer of the membrane [23]. 

Preferential interactions of cholesterol with certain phospholipid classes as 
described in this study for phosphatidylcholine and phosphatidylethanolamine may 
be a mechanism leading to such an asymmetric distribution of cholesterol. This 
possibility has to be considered as welll as that of a difference in unsaturation of both 
sides as was suggested before [22, 24]. 

More definite conclusions in this respect have to await further studies with 
other phospholipid combinations. 
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