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S U M M A R Y  

1. The effect of cholesterol upon the phase transmon occurring in vartous 
mixtures of  synthetic dlsaturated phosphatldylchollnes with fatty acid constituents of 
12, 14, 16, and 18 carbon atoms was measured by differential scanning calortmetry. 

2. Mixtures which differ 2 carbon atoms show cocrystalhsat~on of  the paraffin 
chains. In these mixtures cholesterol interacts randomly with the vartous phosphat~dyl- 
choline species. 

3. Mixtures whtch differ 4 or more carbon atoms show monotectlc behavlour 
(phase separation). In these mixtures chlolesterol interacts preferentmlly with the 
phosphatidylchohne species with the lowest transmon temperature. This results in a 
non-random distribution of  cholesterol at temperatures at which phase separation 
occurs. The lmphcatlons of these findings for cholesterol-containing biological mem- 
branes are discussed. 

I N T R O D U C T I O N  

Cholesterol is a major constituent of  many biological membranes. Although its 
exact function ~s as yet not understood, many studies have indicated that it can affect 
the packing of the paraffin chains of hplds in model and biological membranes (see 
review of  Phllhps [1 ]). The physical chemical state of  the hplds is of  critical Importance 
for the cholesterol-lipid interaction. When the hplds are in the llqmd--crystalhne state 
cholesterol decreases the chain mobility [2, 3] and reduces the mean molecular area 
[4-6]. When the hplds are m the gel state cholesterol increases the chain mobility 
[3, 7, 8] 

As yet there is almost nothing known about whether cholesterol will show a 
preference for any of the phosphohpld species present m membranes composed of  
various molecular species of  lipids. We therefore investigated systematically the effect 
of cholesterol upon the phase transition(s) occurring m various mixtures of  synthetic 
phosphatidylchollnes by differential scanning calorimetry. Mixtures showing co- 
crystalhzation and also mixtures showing monotectlc behaviour (sohd phase immis- 
clblhty) were analysed. It is well known that the interaction of  cholesterol w~th 
hpids m model [9, 12] and biological [10, 13] membranes causes a decrease in the 
energy content of  the phase transmon of these hpids. 



EXPERIMENTAL 

1,2-Ddauryl-sn-glycero-3-phosphorylchohne (12 0/12 0-phosphatldylcho- 
hne), 1,2-dlmyr,stoyl-sn-glycero-3-phosphorylchohne (14 0/14 0-phosphatldyl- 
chohne), 1,2-dlpalmltoyl-sn-glycero-3-phosphorylchohne (16 0/16 0-phosphatl- 
dylchohne) and 1,2-dlstearoyl-sn-glycero-3-phosphorylchohne (18 0/18 0-phos- 
phahdylchohne) were synthesized as described before [14] Cholesterol (Fluka, 
Buchs, Switzerland) was recrystalhsed twice from ethanol All llplds were chromato- 
graphically pure 

Calorimetric experiments were performed on a Perkln-Elmer DSC-2B ap- 
paratus operating at a heating rate of  5 °C/mln at range 0 5 as described previously 
[10, 11] 0 3 ml of a chloroform solutmn containing 7/~moles phosphat,dylchohne 
w~th or w~thout cholesterol was evaporated in a 1-ml test tube to dryness Residual 
solvent was removed by storing the tube overnight under high vacuum 50 Itl water-  
glycol (1"1 ,  v/v) was added The llplds were dispersed by agitating on a vortex 
mixer for 1 mln above the transition temperature of the hplds About 15 ~tl of th~s 
dlspersmn was sealed m an alumlnlum sample pan After the calorimetric scans the 
amount  of  phosphatldylchohne present m the pan was determined by a phosphorus 
determination [15] Each sample was scanned at least 4 t~mes to show the complete 
reversibility of  the transmons Storing the sample at room temperature up to 24 h 
did not stgmficantly influence the temperatures and energy contents of the transitions 
The variation in the transmon temperature between various scans was I C or less 
The maximal variation in the determinatIon of the energy content of the phase tran- 
sition was 10 °/0~ Only heating curves are presented in this study The pre-transmonal 
endotherms which were previously [9, 16, 25] observed m several phosphatldylchohnes 
were not found in this study This might be caused by the presence of glycol m the 
lipid dlspersmn The temperatures and energy contents of the main transmon were not 
affected by the presence of glycol 

RESULTS AND DISCUSSION 

Lipid bllayers composed of eqmmolar amounts of  12 0/12 0-phosphatldyl- 
choline-14 0/14.0-phosphatldylchohne,  14 • 0/14 0-phosphatldylchohne-16 0/ 
16 0-phosphatldylchohne and 16 0/16 0-phosphatldylchohne-18 0/18 0-phos- 
phatldylchohne show cocrystalhzatlon of the paraffin chains [16-18] This is ln- 
dlcated in Fig 1 for the 16 0/16 0-phosphatldylchohne-18 0/18 0-phosphatldyl- 
choline mixture One endothermlc peak is observed at a temperature intermediate 
between the transition temperatures of  the individual phosphatIdylchohnes In- 
creasing amounts of  cholesterol reduce the energy content of  the phase transmon 
(Figs 1 and 2)just as has been reported for bllayers composed of only one phosphohpld 
species [9-11 ] At cholesterol concentrations between 30 and 40 mole~o the transition 
vanished Apparently all phosphatldylchohne molecules are interacting with cho- 
lesterol at these concentrations Previously observed values for the percentage of 
cholesterol ehmlnatlng the phase transition of various phosphahdylchohne species 
also fall in this range [10, 12] Hlnz and Sturtevant [12] suggested that each cholesterol 
molecule added removes 2 molecules of  lipid from the cooperative melting gel phase, 
resulting m a complete disappearance of this phase at 33 3 mole°,/, cholesterol 



0 20 40 60 80~3 

. , CHOL I 

I 

_ X _ _ ~  I 
0 2 0  40  6 0  80°C 

15~ I P r I I_ 

A 

I 
I I 

10 20 30 40 50 

15~- I I I I 

B 

10 
[ 

10 20 30 40 50 
mot *A CHOLESTEROL 

1 5 ~ r  [ i i 

C 

,o', \~ 

5 \ 
i J J \ ~  t 
10 2O 30 4O 5O 

Fig 1 Calorimetric scans of the equlmolar 16 0/16 0-phosphatldylchohne-18 0/18 0-phos- 
phat~dylchohne mixture containing increasing percentages of cholesterol The dotted curves represent 
the phase transitions of pure 16 0/16 0-phosphat]dylchohne and pure 18 0/18 0-phosphatldyl- 
chohne 

F~g 2 Effect of cholesterol upon the energy contents of the phase transmon occurring m the eqmmolar 
mixtures (A)12 0/12,0-phosphatldylchohne-14 0/14 0-phosphatldylchohne (B), 14 0/14 0- 
phosphatldylchollne-16 0/16 0-phosphatldylcholme ( C ) a n d  16 0/16 0-phosphatldylchohne- 
18 0/18 0-phosphatldylchollne. (11) energy content of the phase transmon of the pure phosphatldyl- 
chohnes 

The effect of  cholesterol upon the thermotroplc behawour of  m~xtures of  
various phosphatldylchohnes can gwe us lnformauon as to whether cholesterol 
interacts randomly or preferentially with one of the molecular species of  phosphat]dyl- 
chohne present. I f  the cholesterol m the mixture would interact specifically with one 
species we might expect a shift in the temperature of  the transition to values closer 
to the transltzon of the phosphatldylchohne species which was not or was interacting 
to a lesser extent with cholesterol. On the other hand ]f cholesterol shows no preference 
for mteracUon with one of the species m the mixture the transition temperature of  the 
mixture should not be greatly affected by the incorporation of increasing amounts of  
cholesterol ]n the hpid bllayer. Cholesterol might reduce only a slight reduction 
(1-2 °C) of  the temperature of  the midpoint of  the transition as was noted pre- 
viously for membranes composed of a single phosphatldylchohne species [9-12] 
Fig 1 shows that cholesterol m the 16 : 0/ '16.0-phosphatldylchohne-18 • 0/'18 • 0- 
phosphatldylchohne mixture does not slgmficantly influence the temperature of  the 
transition Cholesterol has also no effect upon the transition temperatures of  the 
mixtures 12 • 0/'12 0-phosphatldylchohne-14 . 0/14 . 0-phosphatldylchohne and 
14:0/'14 • 0-phosphatldylchohne-16:0/16 • 0-phosphatldylchohne (data not shown) 
This observation strongly suggests that cholesterol interacts randomly m a hpld 
bllayer composed of phosphatldylchohne species which show cocrystalhzatlon of the 
paraffin chains. 

Bdayers composed of phosphaUdylchohnes with fatty acid chains differing at 
least 4 carbon atoms, show monotectlc behavlour [16-18]. Figs 3-5 demonstrate 
thin for eqmmolar maxtures of  14 : 0/14 • 0-phosphatldylchohne-18 : 0/18 : 0-phos- 
phat~dylchohne, 12 : 0/12 : 0-phosphatldylchohne-16 : 0/16 • 0-phosphatldylcholine, 
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Fig 3 Calorimetric scans of the eqmmolar 14 0/14 0-phosphatldylchohne-18 0/18 0-phos- 
phaUdylchohne mixture containing increasing percentages of cholesterol The dotted curves re- 
present the phase transltlons ofpure14 0/14 0-phosphatldylchohneand 18 0/18 0-phosphatldyl- 
chohne 

Fig 4 Calorimetric scans of the eqmmolar 12 0/12 0-phosphatldylchohne-16 0/16 0-phos- 
phaUdylchohne m~xlure containing increasing percentages of cholesterol The dotted curves represent 
the phase transRtons of pure 12 0/12 0-phosphatldylchohne and 16 0/16 0-phosphatldylchohne 

12 0/12 0-phosphatldylchohne-18 0/18 0-phosphaUdylchohne Two transltlonsare 
visible in these mixtures which Indicate that phase separation occurs A comparison 
of F~gs 3-5 reveals that when the d~fference m the transition temperatures of the in- 
dividual phosphatidylchohnes increases, the degree of phase separation also becomes 
greater Thus in the 14"0/14 0-phosphatldylchohne-18 0/18 0-phosphatldyl- 
chohne mixture, where the difference in transition temperatures of the two species 1s 
relauvely small (35 °C) the phase separation is not complete. However, in the case of 
12 0/12 0-phosphatldylchohne-18 0/18 0-phosphahdylchohnemlxturewhere the  
d~fference m transmon temperatures ~s 55 °C the two transitions are well separated 
To see whether cholesterol has a preference for one species in these mixtures we in- 
vestigated the effect of  cholesterol upon the thermotroplc behawour of these mixtures 
When cholesterol interacts equally with both species one would observe an identical 
reducuon of both transmons but when cholesterol interacts specifically w~th one of 
the species a selectwe reduction of one transition can be expected In the 14 0/ 
14 0-phosphatldylchohne-18 0/18 0-phosphatldylchohne mixture It is obwous 
that at low concentraUons cholesterol reduces the transition of 14 0/14 0-phos- 
phatldylchohne more than the transition of 18 0/18 0-phosphaudylchohne (F~g 3) 
The mcompletlon of the phase separation makes it difficult to give a quanUtatwe 
descrlpUon of this phenomenon Cholesterol reduces the energy content of the sum 
of the transitions occurring m th~s sample ~dentical to that of the m~xtures which 
show cocrystalhzauon of the paraffin chains (cf. Figs 2 and 6A) At 35 mole"/,, cho- 
lesterol all the phosphatldylchohne molecules are interacting with cholesterol In the 
12 0/12 0-phosphatidylchohne-16 0/16 0-phosphatldylchohne m~xture cholesterol 
shows at low concentrations (20 mole~,,) a preference for 12 0/12 0-phosphatldyl- 
choline, at higher concentrations the transition of 16 0/16 0-phosphatldylchohne 
is more affected (Fig 4) Because m the 12 '0/12 0-phosphaudylchohne-16 0, 
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Fig 5 Calorimetric scans o f  the eqmmol a r  12 0/12 0-phosphat~dylchohne-18 0/18 0-phos-  
phat ldylcbohne m~xture conta in ing increasing percentages of  cholesterol The  dot ted curve represent  
the p h a s e t r a n s ] t l o n s o f p u r e  12 0/12 0 - p h o s p h a t l d y l c h o h n e a n d  18 0/18 0-phosphat~dylchohne.  

F~g 6 E f f e c t ~ f c h ~ e s t e r ~ u p ~ n t h e e n e r g y c ~ n t e n t s ~ f t ~ e p h a s e t r a n s ] t 1 ~ n ~ c c u r r m g m t h e e q m m ~ a r  
mixtures  14 0/14 0-phosphat ldy lchohne-18  0/18 . 0 -phospha ' ldy lchohne  (A), 12 0/12 " 0- 
phospha t ldy lchohne-16  0/16 0-phospha t ldy lchohne  (B), 12 0/12 0 -phospha t ldy lchohne-18  0/ 
18 0-phospha t ldy lchohne  (C) In A and B the energy content  o f  the sum o f  the t r an smons  is gwen 
In C the energy content  o f  the  mdlwdual  t rans]hons  m the mixture  (upper curve 18 0/18 0-phos-  
phat ldylchohne,  lower curve 12 0/12 0-phosphaHdylchohne)  are gwen (11) energy content  o f  the 
phase t r a n s m o n  m the pure phosphatJdylchohnes  

16 0-phosphatidylchohne mixture the phase separation ss also not complete no 
quantitative measurement of this specific mteracUon can be gtven The overall re- 
duction of the energy content of  the transmon ~s comparable with the other m~xtures 
tested (Figs 2 and 6B) Because the phase separaUon is more complete m the 1 2 . 0 /  
12 0-phosphatldylchohne-18 0/18.0-phosphatldylchohne mixture we can measure 
the energy content of  both transluons (Figs 5 and 6C) Up to 20 mole% cholesterol the 
energy content of  only the 12 0/12 0-phosphatldylchohne transmon is reduced, 
such that at 20 mole% all the 12:0/12.0-phosphat ldylchohne have interacted w~th 
cholesterol From 20-40 % cholesterol the energy content of  the 18 0/18 0-phos- 
phatldylchohne transition m reduced*. In a previous paper [11 ] we observed the same 
effect of  cholesterol upon the phase trans]uon occurring in an eqmmolar m~xture of  
18"1c/18 lc-phosphahdylchohne**-18.0/18 0-phosphahdylchohne In thin mix- 
ture where both transluons are also well separated cholesterol interacts first with 
18 lc/18 lc-phosphat~dylchohne and at higher concentrations also with 18 0/ 
18 0-phosphaudylchohne [11 ]. We have to emphasize that the energy contents of  the 
phase trans~tlons of  the mdlwdual phosphat~dylchohne speoes are reduced by cho- 
lesterol m a comparable way [10--12] Our results indicate that cholesterol, at con- 
centraUons up to 20 moleTo, shows a preference for species w~th the lowest tran~Uon 
temperature m phosphatldylchohne m~xtures which show phase separation From thin 
we conclude that under these condlUons cholesterol Js non randomly distributed m the 
hp~d b~layer at temperatures at which phase separation occurs. This non random 
dmtnbut~on ~s maximal in the m~xtures, whzch show complete phase separation 

* In all mixtures  which show phase  separat ion we observed tha t  cholesterol produced a small  
decrease o f  the t ransi t ion temperature  o f  the higher  melt ing speoes  

**  1 2-dloleoyl-sn-glycero-3-phosphorylchohne 



(12 0/12 0-phosphatldylchohne-18 0/18 0-phosphatldylchohne and 18 I c/ 
18 Ic-phosphatldylchohne-18 0/18 0-phosphatldylchohne), decreases when the 
separation becomes less (12 0/12 0-phosphatldylchohne-16 0/16 0-phosphatldyl- 
choline and 14 0/14 0-phosphatldylchohne-18 0/'18 0-phosphat ldylchohne)and 
Is absent when no phase separation occurs (12 0/'12 0-phosphatldylchohne- 
14 0/14 0-phosphatldylchohne, 14 0/14 0-phosphatldylchohne-16 0/16 0- 
phosphatldylchohneand 16 0/16 0-phosphatldylchohne-18 0/18 0-phosphatldyl- 
choline) 

Btologtcal ;mphcatton3 
Membrane of mltochondna [20], nuclei [20], mlcrosomes [20] and cholesterol 

grown Acholeplasma latdlawl: cells [10] contain relatively low (5-16 mole~o) amounts 
of  cholesterol Phase transitions were observed m these membranes [10-24] demon- 
stratmg that cholesterol does not interact with all hplds present This indicates that if 
phase separation occurs in these membranes, cholesterol will be non randomly d,s- 
trlbuted m these membranes at temperatures m the phase transition 

The erythrocyte and myelin membrane are two types of  membranes with a 
high (50 mole°~, [22, 27]) cholesterol concentration, in previous calorimetric studies of  
Ladbrooke et al [26] on the myelin membrane it was noticed that m excess water 
apparently no phase transitions occur m the membrane whereas the total cholesterol 
free hplds and the dehydrated membrane showed endothermlc transitions which were 
attributed to hp~d phase transitions It was furthermore demonstrated that total 
erythrocyte hplds showed no transitions whereas the cholesterol free hplds showed a 
small endothermlc transition [9] Since the lipid composition of these membranes is 
very complex and the phase transition of the intact membrane in excess water ~s very 
difficult to detect calorlmetrlcally no conclusions could be drawn as to whether 
cholesterol interacts at random with the various hplds present in these membranes 
If  all the cholesterol in these membranes is available for interaction with phospho- 
hp~ds this amount of cholesterol is sufficient to interact with all the hpld species present 
However, it ~s not excluded that part of  the cholesterol might be interacting w,th 
membrane proteins. In a recent paper, London et al [19] observed an interaction of 
the Folch-Lees protein from myelin with cholesterol If  we assume that this cholesterol 
can no longer interact with hp~ds then the amount of  cholesterol present in these mem- 
branes which can interact with hpld is less than 50 mole°o Since rather unsaturated 
llplds as well as very saturated hplds, such as the sulfohplds m myelin [21] and 
sphmgomyehn [22] m erythrocytes, are found m these membranes it is possible that 
cholesterol preferentmlly interacts with the most liquid species present The results 
wdl therefore be a non random distribution of cholesterol m these membranes In 
this respect it Is important to recall the X-ray studies of Caspar [23] who concluded 
that cholesterol is asymmetrically distributed m the myelin membrane 
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