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Model membranes composed of cholesterol plus one of two phosphatidylcholines (PC), each containing a saturated and 
a dienoie acyl chain, have been studied by differential scanning calorimetry. The gel to liquid-crystalline phase transition 
temperature of 1-palmitoyl-2-1inoleoyl PC was - 1 9 . 5 ° C  and that of l-stearoyl-2-1inoleoyl PC was - 1 3 . 7 ° C .  The 
addition of cholesterol to the phnsphatidyleholines in aqueous dispersion resulted in the progressive removal of the 
phase transition as observed by differential scanning calorimetry. Per  mole of sterol in the membrane, cholesterol was 
more effective at reducing the enthalpy change of the phase transitions of these bilayers containing dienoic 
phosphatidylcholines than it is in eliminating the transition of membranes made with other phospholiplds that contain 
more saturated chains. No transitions in membranes made with palmitoyl-Iinoleoyl PC or stearoyl-linoteoyl PC could be 
detected calorimetrically when 17 mol% cholesterol was present. 

Biological membranes contain cholesterol in a wide 
range of concentrat ions (for a review, see for example, 
Ref. 1), and  the study of phospholipid-cholesterol  in- 
teractions in model membranes has received consider- 
able attention. Various physieochemical properties of 
model membranes of all types of phospholipids are 
influenced by cholesterol. While the qualitative aspects 
of  interactions with cholesterol appear  to be similar for 
most  phospholipids,  various studies suggest that  there 
are quantitative differences which depend upon the 
phospholipid headgroup,  the acyl chain-length, the de- 
gree of  saturat ion and  the position of the unsaturated 
chain in heteroacid (mixed-acid) lipids (see, for exam- 
ple, Rets. 2-5) .  Investigations of bilayer systems con- 
raining pure lipids have been done primarily with phos- 
pholipids of  the homoacid  type, that  is, lipids with two 
identical chains. Many  biological membranes,  however, 
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tidylcholine; PLPC, l-palmitoyl-2-1inoleoyl-sn-glycero-3-phospho- 
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gel to liquid-crystalline phase transition temperature; Tin, ~. tempera- 
ture of maximum excess specific heat or maximum heat flow into a 
sample in a calorimetric transition. 
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contain phospholipids that have a saturated chain plus 
an unsaturated chain in which there are two or more 
double bonds. In this report we present findings of the 
DSC behaviour of two such systems. The bilayers con- 
tained cholesterol plus either SLPC or PLPC. The re- 
sults suggest that  the gel to liquid-crystalline phase 
transitions of these lipids are more profoundly in- 
fluenced by cholesterol than are those of monoenoic 
heteroacid or homoacid phosphatidylcholines. 

Materials and Methods 

Two separate lots of SLPC and one of PLPC were 
obtained from Avanti  Polar Lipids, Pelham, AL. They 
were analyzed by thin-layer and  gas-liquid chromatog-  
raphy, and for their ultraviolet spectra in absolute 
ethanol. These lipids were pure PC, containing the 
designated acids, but  they had undergone very slight 
amounts  of oxidation. Cholesterol was obtained from 
Sigma Chemical, St. Louis, MO, and it was recrystal- 
lized twice from 95~ ethanol at 4 ° C .  The PC were 
found to have about  20% of their respective "reversed" 
positional isomers [6], that is, the corresponding PC in 
which the linoleate chain was in the sn-1 position and  
the saturated chain was in the sn-2  position of glycerol. 

Phospholipids and  cholesterol were mixed in CHCI 3, 
dried under  N,_, and  evacuated over PzO s overnight. The 
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dried lipids were dispersed at approx. 30 weight percent 
in deionized, doubly disti l led water (second dis t i l la t ion 
from dilute potassium permanganate  solution) by 
vortexing at room temperature. 

DSC was carried out using a Perkin-Elmer DSC-2 as 
described previously [3] at  scanning rates of  5 C ° / m i n .  
Normal iza t ion of  the observed endotherms for the 
amount  of phosphol ipid  was done as before [3]. After  
calorimetry, the dispersed l ipids were extracted into 10 
ml of  C H C I 3 / C H 3 O H  (1 :1 ,  v / v ) .  The phosphorus 
content  was determined and the extracts were analyzed 
by thin-layer chromatography and for ul traviolet  ab- 
sorpt ion [7]. Some samples were also analyzed by gas- 
l iquid chromatography [7,8]. 
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Fig. 1. Thin-layer chromatograms of the lipids in dispersions after 
DSC. The lanes represent the following: A, F, H, DPPC and lyso PC 
standards: B. the pure PC; C, PC/chol (95 : 5); D, PC/chol (91 : 9); E, 
PC/chol (87:13); G, PC/chol (83:17l. Samples were obtained after 
DSC. Samples were run on different plates at different times after 
calorimetry and the figures are composites. Staining in the region of 
lyso PC in 18:0-18:2 PC lanes D and G and 16:0-18:2 PC lane B most 
likely came from spillover from lyso PC standards applied in adjacent 
lanes. This is concluded on the basis of the appearance of the original 
plates and the non-symmetric distribution of these spots in the 

experimental lanes. 

Some PLPC was purif ied by column chromatography 
on CM-52 cellulose (Whatman,  Clif ton,  N J) [6,9] us ing 
solvents which had been purged with argon pr ior  to 
mixing. Purified PLPC was analyzed by thin-layer and 
gas chromatography,  and by ul t raviolet  spectroscopy. 
Fa t ty  acid composi t ions  were determined,  after trans- 
methylation,  [7,8] on a 0.25 m m  × 30 m column coated 
with SP330 (Supelco, Bellefonte, PA) in a Perkin-Elmer 
8310 chromatograph.  The oven temperature  was 180 n C, 
and the temperature of the injection por t  and the f lame 
ionization detector oven were main ta ined  at  2 3 0 ° C .  
Fat ty  acid composi t ions  were calculated using the da ta  
handl ing  components  of the chromatograph.  

Results  

DSC studies of  the first series of  membranes  made 
with SLPC plus cholesterol yielded the unexpected f ind- 
ing that  an endotherm associated with a gel to 

l iquid-crystall ine t ransi t ion could not  be discerned in 
mixtures conta in ing  17 real%, or more, cholesterol.  Be- 
cat~s¢ this f inding could have some impact  on the cur- 

rent concepts of  the influence of  cholesterol on l ip id  

TABLE I 

Calorimetric and ultraviolet data for lipid mixtures 

Each entry line represents a separate lipid dispersion. Samples o f  

SLPC Ill were made with a different synthetic sample than samples I 
and 11. n.d., Not detected. 233 270 Emc 4 and Emo I, extinctions per mole lipid 
phosphorus for I cm path at 233 and 270 nm, respectively. 

Lipid PC/choles- A H Tm.x Emo1233 Emo1270 
terol (kcal. ( ° C) 
(tool: reel) reel -I ) 

PLPC 100 : 0 1 2.6 -- 19.2 273 67 
I I  3 . 2  - -  19.7 589 126 

95:5 1 1.6 --20.2 322 161 
11 1.9 --16.7 3120 523 

91:9 1 0.9 --18.9 313 77 
II 0.7 -- 16.6 2680 392 

87 : 13 1 0.4 -- 16.9 239 69 
!I 0.4 --16.6 2930 510 

83:17 1 n.d. n.d. 355 115 
II n.d. n.d. 2680 385 

SLPC 100:0 1 4.8 -14.5 566 127 
I1 4.5 -14.5 514 171 
Ill 4.5 -12.2 303 83 

95:5 I 2.5 -13.2 349 125 
I1 1.9 - 14.0 1125 500 
I11 2.4 -14.2 327 172 

91:9 1 1.3 -13.4 676 132 
It 2.2 -- 13.9 722 164 
I11 1.8 -- 14.0 800 200 

87:13 l 1.0 --13.1 805 1229 
II 0.9 --13.1 58 39 
Ill 0.4 - 11.7 987 395 

83:17 1 n.d. n.d. 5150 1170 
n n.d. n.d. 529 74 
I11 n.d. n.d. 675 183 
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Fig. 2. Normalized DSC endothenns for dispersions containing PLPC or SLPC in the presence of cholesterol. The bars represent 6OO and 
mcal.deg-t mol-i PC for SLPC and PLPC. respectively. At the high sensitivity employed, the original DSC-2 traces had considerable curvature 
over the range 200-270 K in wl~ch the transitions occurred. While it may have been possible to construct baselines which would have showed a 
very small transition in the presence of 17 mot% cholesterol, our judgement was that there were essentially no observable transitions in these 

samples. 

transitions, we wished to ensure ourselves that  the ob-  
servat ion,  though repeatable  with that  par t icular  sample  
o f  SLPC, was  not  due  to some unknown  con taminan t  in 
that  SLPC. Therefore ,  measuremen t s  were  repeated 
using l iposomes m a d e  o f  cholesterol plus three separate  
lots of  heteroacid phosphatidyicholines,  two different  
lots of  SLPC and  one  of  PLPC. 

Invest igat ion of  all the DSC samples  after  calor ime- 
t ry  by  thin-layer ch roma tog raphy  (Fig. 1), ul traviolet  
analysis  (Table  l), and  fat ty acid analysis in some cases, 
showed that  little oxidat ion o r  hydrolyt ic  b reakdown 
had  occurred in the samples  dur ing  DSC analysis. In 
Fig. 1, two lanes of  samples  of  SLPC (lanes D and  G )  
and  one  of  PLPC (lane B) show traces of  mater ia l  in the 
lyso PC region. W e  feel that  these most ly come  f rom 
spillover f rom large amoun t s  of  s tandards  appl ied in 
adjacent  lanes. 

Fig. 2 shows normal ized  endo the rms  f rom scans of  
m e m b r a n e s  m a d e  with one  ba tch  each of  SLPC and  
P L P C  af ter  co lumn chromatography .  DSC analysis of  
dispersions m a d e  o f  the second sample  of  SLPC and  the 
P L P C  before  ch roma tog raphy  gave  traces similar to 
those presented.  T h e  SLPC showed a Tma x near  - 14 ° C, 
and  a shoulder  on  the h igh- tempera ture  por t ion of  the 
endotherm.  These  findings are  consistent  with observa-  

tions on dispersions of  pure  SLPC studied previously 
[10]. The  normal ized endo the rms  of  pure  PLPC (con- 
taining no  cholesterol) also were asymmetr ic .  They  were 
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Fig. 3. Effect of cholesterol on the enthalpy change of the gel to 
liquid.cryslalhne phase transition of various PC. I I - - t  SLPC: 
e - - O ,  PLPC: D - - D ,  l-stvaroyb2-oleoyl PC, 0 - - o o  
1,2-dioleoyl PC; z~ A, 1,2-distearoyl PC. The enthalpy change is 
given as a percentage of the change for the transition of the dispersion 
of the pure lipid. Data for l-stearoyl-2-oleoyl PC. distearoyl PC and 

dioleoyl PC were taken from Ref. 4. 
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skewed to temperatures higher than Tin, ~, but the 
shoulders were not as pronounced as those seen with 
SLPC. SLPC showed a greater excess enthalpy at Tin, x 
than did PLPC. Dispersions of PLPC alone had T,.~x at 
a mean value of - 19.5 o C, whereas those of SLPC were 
at an  average of - 1 3 . 7  ° C  (Table I). The average values 
for the enthalpy changes associated with the gel to 
liquid-crystalline transitions of the individual lipids were 
2.9 and 4.6 kca l -mol -1  for PLPC and SLPC, respec- 
tively. 

The data in Fig. 3 and Table I indicate that  there was 
a progressive reduction of the detectable enthalpy 
change of the transitions as the cholesterol content of 
the liposomes was increased. Some of the endotherms 
showed a shape which might be resolvable into two 
components.  We have not carried out deconvolutlons 
(for example, as in Ref. 4) to obtain enthalpy changes 
associated with the components  because the PC alone 
also displayed asymmetric endotherms. There were es- 
sentially no scans where, under  our experimental condi- 
tions, an enthalpy change above the baseline could be 
reliably detected for membranes that contained either 
PLPC or SLPC plus 17 mol% cholesterol. 

To try to ensure that this observation was not due to 
the fact that thc membrane transitions were taking 
place in the plesence of ice, we examined a sample of 
PLPC/choles terol  (83:17)  in ethylene g lyco l /wa te r  
(1 : I, v /v) .  There was no obvious endotherm, al though 
there was a possibility that  a low-enthalpy, broad  tran- 
sition may have occurred which was superimposed on a 
curving baseline that was itself a consequence of the 
very high operat ing sensitivity. It is noted that  inclusion 
of ethylene glycol in aqueous dispersions of phospho-  
lipid can influence the calorimetric and 2H-nuclear 
magnetic resonance properties, so interpretation of da ta  
in its presence must be approached with caution (see, 
for example, Refs. 11-14]. Consistent with this, the 
endotherm of pure PLPC was altered somewhat by the 
presence of e~hylene glycol. It is unlikely that the pres- 
ence of ice caused the disappearance of the transition at  
17 mol% cholesterol since the transition of dioleoyl PC 
plus up to 50 tool% PC was observable in the presence 
of ice [4]. 

Discussion 

Cholesterol is known for its ability to modulate the 
fluidity or order and motion of the acyl chains of 
biological and model membranes. It broadens the tem- 
perature range of the gel to liquld-crystalline phase 
transition and removes the discernable enthalpy change 
of that transition (for example, Ref. 15). Cholesterol 
also condenses the packing of some phospholipids in 
monolayers, especially if the lipids are above their re- 
spective bulk phase transition temperatures and  in the 
liquld-expanded state in the monolayer (see, for exam- 

pie, Refs. 16 and 17). Cholesterol increases the micro- 
viscosity of membranes containing unsaturated lipids 
when they are above T~ (see, for example, Ref. 18). 
There is a reduction in the acyl chain motion and  an 
increase in the order of the chains in the presence of 
cholesterol (see, for example, Ref. 19). Given that  a high 
proport ion of membranes which contain cholesterol also 
have lipids of varying degrees of unsaturat ion,  it is 
important  to know to what  extent the different kinds of 
lipids arc influenced by the same amount  of cholesterol. 
This study was concerned with the effect of cholesterol 
on the calorimetrically observable gel to liquid-crystal 
transition of model membranes.  The observed da ta  are 
due to changes between gel and  liquid crystal, and  thus 
a interpretation of observed differences between sys- 
tems could be ascribed to different molecular interac- 
tions in the gel, in the liquid-crystal, or  in both s:ates 
for any  l ipid/cholesterol  system of interest. 

The findings of this s tudy were in general accord 
with those in other systems containing less saturated 
phospholipids (for example, Refs. 4, 5 and  19); that  is, 
it was found that cholesterol removed the observable gel 
to liquid-crystalline phase transition. This observat ion 
implies that  cholesterol interacts with PLPC and  SLPC 
in a similar fashion to the way it does with other  PCs. 
Presumably, it interferes with regular packing of the 
acyl chains of the lipids when they are in the gel state, 
and it restricts the motion of the chain in the 
liquid-crystalline state, as has been suggested for other  
l ipid/cholesterol  systems. It is remarkable  how little 
cholesterol was necessary to remove the transit ion of 
PLPC and  SLPC. This suggests that  cholesterol has a 
large per turbing effect on the gel state of these lipids, or 
that  it exerts a strong restriction on the motion of  the 
chains in the liquid-crystalline state, or  both.  

It has been observed that  cholesterol condenses 
monolayers of PLPC and  SLPC [17,20,21]. In mono-  
layers the condensat ions of PLPC and  SLPC cholesterol 
were of similar magnitudes to those that  cholesterol 
induced in palmitoyl-oleoyl PC or stearoyl-oleoyl PC 
when either phospholipid was a state where its chains 
were 'melted" corresponding to the liquid-crystalline 
state of a bilayer [17,20,21]. Using steady-state fluo- 
rescence polarization measurements of 1,6-diphenyl- 
1,3,5-hexatriene in liposomes of pure lipids in the 
liquid-crystal state at 2 5 ° C ,  it has been observed that  
palmitoyl-oleoyl PC is more susceptible to ordering by 
cholesterol than is PLPC [22]. These observations sug- 
gest that  increased restriction of the motion of  the 
chains of the dienoic lipid relative to those of the 
monoenoic lipid in the liquid crystal is not a facile 
explanation for the greater effect of cholesterol on the 
phase transition of the dienoic lipids. 

In Fig. 3 the relative influence of cholesterol on z lH 
of the transition of a number  of different PCs is plotted. 
Since each of the pure lipids has a different value of A H  



for its gel to liquid-crystalline transition, the values have 
been normalized to 100% of the A H  of the transition of  
the pure  lipid in each case. All lipids in the group 
distearoyl PC, dioleoyl PC, 1-stearoyl-2-oleoyl PC and 
1-stearoyl-2-1inoleoyl PC have the same length for both 
aeyl chains, but  the degree of  unsaturat ion and un- 
saturated chain location varies in each. 

The  a m o u n t  of  cholesterol necessary to remove  the 
calorimetrically observable  transition f rom distearoyl-,  
stearoyl-oleoyl and stearoyl-linoleoyl PC decreases with 
increasing unsatura t ion in the sn-2 chain. The  A H  of 
the transit ion of  the pure  compounds  also decreases 
with increasing unsaturat ion [4,13,23]. Assuming  that 
there is no free energy change in these transitions, the 
energy,  in this case AH,  required for each transition is 
then reflected in AS. The  transition tempera tures  are 
258 K for SLPC, 279 K for stearoyl-oleoyl PC and 329 
K for distearoyl PC [3.13,23], the highest being 28% 
above  the lowest. The  corresponding A H  values (4.6, 
5.4 and  9.2 kca l .  tool - ] ,  respectively) increase by  100%. 
Thus,  a progressively decreasing DS is associated with 
the phase  transit ion as the degree of  unsatura t ion in the 
sn-2-chain increases. I f  cholesterol causes addit ional  
disrupt ion to the gel packing (above  that  caused by the 
presence of  double  bonds),  and it restricts mot ion  of  the 
chains  in the liquid crystal,  then it is possible to com-  
p rehend  that  less cholesterol would  be required to re- 
m o v e  the gel to liquid-crystalline transition for the more  
unsa tura ted  lipid. Some da t a  [22] suggest that  this at-  
t ract ive explanat ion m a y  not be  sufficient, and  more  
in format ion  about  l ipid-cholesterol  interactions in both 
the gel and  liquid-crystal states of  each of  the phospho-  
lipid types will be necessary to fully unders tand  the role 
of  cholesterol in m e m b r a n e s  conta ining phospholipids 
like those studied here. 

T h e  transit ion o f  dioleoyl PC, which also contains  
two double  bonds  but  one  in each chain,  is not  com-  
pletely r emoved  even by 50 mol% cholesterol (Fig. 3 
and  Ref. 4). The  difference be tween the influence of  
cholesterol on  dioleoyl PC and SLPC indicates that  the 
distr ibutions of  double  bonds  a m o n g  chains has  as 
m u c h  effect, if not  greater,  on  l ipid-cholesterol  interac- 
tions as does the total n u m b e r  of  double  bonds  in one 
chain.  The  da t a  suggest that  cholesterol interacts  differ- 
ent ly with homoac id  (one  type of  chain)  unsa tura ted  
iipids than  with homoac id  saturated PC or  heteroacid 
PC. 

I f  some or  all of  the dissimilarities seen in the 
calor imetr ic  scans o f  these var ious lipid-cholesterol sys- 
tems were associated with distinctions be tween-choles -  
terol interactions when  the lipids are  in the liquid-crystal 
state, the state existing in biological m e m b r a n e s  for the 
mos t  part ,  the differences seen could have  consequences 
for l ipid-cholesterol  interactions in membranes .  In a 
m e m b r a n e  with a higher  n u m b e r  of  unsa tura ted  chains,  
o r  with great  extent  of  unsa tura t ion  in individual chains,  
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a smaller  amoun t  of  cholesterol may  cause the same 
change in order  and mot ion  as would a larger a m o u n t  
of  cholesterol in a more  saturated membrane .  This  view 
is in keeping with the idea that the cholesterol content  
of  a given m e m b r a n e  is influenced by, if not  perhaps  
dictated by, the molecular  species of  phospholipids pre-  
sent in the m e m b r a n e  (see, for example,  Ref. 22). 

In summary ,  the da ta  indicate that PC-choles terol  
interactions, as measured  by DSC scans of  gel to 
liquid-crystal transitions, vary  with the na ture  and loca- 
tion of  acyl chains on the PC. Caut ion  is advised in 
extrapolat ing da ta  from one type of  l ip id /choles terol  
system to another.  Quant i ta t ive  aspects of  phosphoti- 
p id-choles terol  interactions may  have  to be established 
with the individual phospholipid of  interest. 
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