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Cholesterol does not remove the gel-liquid crystalline phase
transition of phosphatidylcholines containing two polyenoic
acyl chains
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Homoacid (single-acid) phosphatidylcholines containing two linoleate (18:2), arachidonate (20:4), or docosahexaenoate
(22:6) chains were dispersed in water to form multilamellar vesicles. The influence of cholesterol on the gel to liquid
phase transitions was studied by differential scanning calorimetry (DSC). The pure dipolyenoic phosphatidylcholines
exhibited very broad endothermic transitions (widths of 28 to 38 C° at scanning rates of 5 C° /min) in the temperature
range of about —80°C to —30°C. The mixing of cholesterol into the phospholipids in proportions up to 50 mel% had
little efiect on the temperatures, widiiis i enilialpy changes asseciated with the nhase transitions. The data suggest that
cholestero! does not interfere with the packing of these lipids in the gel state, possibly because the packing is already

irregular or because the solubility of cholesterol in these lipids is low, ar both.

Introduction

Cholesterol is a major constituent of biological mem-
branes, its proportion being especially high in the surface
miembranes of mammalian cells [1]. Studies of the in-
fluence of cholesterol on the physicochemical properties
of membranes have indicated that cholesterol modifies
the packing of phospholipids in membranes. In the gel
state cholesterol disrupts the regular packing of chains
of phospholipids. In the liquid crystal the sterol restricts
the motion of the normally mobile azyl chains resulting
in an increase in membrane viscosity. Since most lipids
in most natural membranes are in the liquid crystalline
state, cholesterol is generally considered to restrict mo-
tion in biological membranes.

Previous studies have indicated that the quantitative
effect of cholesterol on physicochemical parameters in
model membranes depends upon the structure of the

Abbreviations: DSC, differential scanning calorimetry (ic); PC, phos-
phatidyicholine; 18:2-18:2 PC, 1,2-dilinoleayl-sn-glycero-3-phospho-
choline; 20:4-20:4 PC, 12-diarachidonoyl-sn-glycero-3-phospho-
choline; 22:6-22:6 PC, 1,2-didocosahexaenoyl-sn-glycero-3-phospho-
choline.

Correspondence: K.M.W. Keough, Department of Biochemistry, Me-
morial University of Newfoundland, St. John's, Canada, A1B 3X9.

phospholipid that is in association with the sterol (e.g.,
Refs. 2, 3). Not all membranes are likely to be affected
to the same extent by a given proportion of cholesterol.
It is necessary to study examples of cholesterol inter-
acting with phospholipids of different acyl chain distsi-
bution in order to obtain a complete quantitative under-
standing of lipid-cholesterol interactions in mem-
branes.

Certain transformed and cancer cells have been found
to display altered microviscosities, or cholesterol con-
tents, or both [4-6]. In some of these cells, especially in
solid tumors, a partial loss of the usual positional
specificity in the phospholipids has been observed. There
are higher than normal proportions of phospholipids
containing two unsaturated acyl chains, including some
lipids with two polyenoic chains. Dipolyenoic lipids
have also been found in some normal tissues (e.g., Refs.
7--10), and they are in particularly high amounts in
retinal rod membranes {9,10).

Previous studies on lipid-cholesterol interactions in
model membranes containing diunsaturated phospho-
lipids have, to our knowledge, included only phospho-
lipids with two oleate chains. Because dipolyun-
saturated phospholipids have unusual physicochemical
charactestics of themselves [11], we have investigated
the influence of cholesterol on the gel to liquid-crystal-
line phase transition of a series of dipolyunsaturated
PC, 18:2-18:2 PC, 20:4-20:4 PC and 22:6-22: 6 PC.



Materials

Lipids were obtained from Avanti Polar Lipids (Bir-
mingham, AL) and silica gel G (Kieselgel 60G, Merck)
was obtained from British Drug Houses (Toronto,
Canada). Other chemicals and solvents were reagent
grade or better and were purchased from Sigma (St.
Louis, MO), Fisher Chemical (Dartmouth, Canada) and
GSW Consolidated Alcohols {(Toronto, Canada).
Solvents were distilled in glass before use. Water was
deionized and distilled twice in glass. the second time
from dilute potassium permanganate solution. Choles-
terol (Sigma) was recrystallized from 95% ethanol,
vacuum-dried over P,O; for 16 h, and stored at —20°C.

Prior 1o calorimetric analyses the lipids were analyzed
for purity by thin-layer chromatography, gas chro-
matography and uliraviolet spectroscopy. Each phos-
pholipid contained exclusively the expected fatty acid.
18:2-18:2 PC showed essentially no oxidative break-
down on thin-layer and ultraviolet analyses. 20:4-20:4
PC and 22:6-22:6 PC had molar extinction coefficients
of 1550 and 1850, respectively This was consistent with
a slight amount of oxidation having taken place in these
samples [12]. Thin-layer chromatography of these lipids
howed some traces of material which could be
associated with oxidation products [12,13). Since, in our
hands, attempts to purify lipids with such a small
amount of oxidation have been uniformly unsuccessful
on scales required for this work. these lipids were used
without further purification.
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Methods

Ultraviolet spectra. Samples of 100 pl of the lipid
extract of the DSC sample were dried under argon, and
the residues were redissolved in 1.0 ml of absolute
ethanol. Absorbance was read from 330 to 200 nm with
absolute ethanol as a reference using a Beckman DU-30
spectrophotometer.

Fatty acid analysis. Samples containing 100-250 pg
lipid were transmethylated for 3 h at 60-65°C in 6%
H,80, in 99.9 mol% methanol which contained a small
amount of recrystallized (from ethanol} hydroquinone.
After extraction of the methyl esters and their dissolu-
tion in CS, [14}, the samples were analyzed on 10%
SP2330 (Supelco, Bellefonte, PA) in a 30 m glass
capillary column at 180°C in a Perkin-Elmer 8310 gas
chromatograph with a flame ionization detector.

Phosphorus was determined and thin-layer chro-
matography was performed as described previously [11].
Cholesterol was measured by the method of Rudel and
Morris [15].

Differential scanning calorimetry. Lipids were mixed
in chloroform and the solvent was removed under a
stream of Ar followed by evacuation overnight in the
dark over P,0;. Just prior to DSC analysis, the lipids
were dispersed at 33% by weight in argon-saturated,
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doubly-distilled waier at room temperature. DSC was
performed with a Perkin-Elmer DSC-2. All samples
were heated and cooled over the range — 125 to 27°C to
ensure that excess water was present and that transi-
tions were reproducible. Water was used in the refer-
ence pans. High sensitivities (0.5 or 1 mcal/s) were
employed. Scanning rates will be given where ap-
propriate in Results. Experimental thermograms were
normalized per mel of lipid phosphorus as previously
described {2].

After DSC analysis, the DSC pans were opened and
the contents extracted with CHCI,/CH,OH (1: 1. v/v)
and made up to a final volume of 10 mL. The extract
was analyzed for phosphorus, and studied by thin-layer
chromatography and ultraviolet spectroscopy.

Sepharose 2B and 4B (Pharmacia) were washed with
N,-purged water to remove all traces of the phosphate
buffer in which the materials were suspended by the
supplier. Liposomes in water were eluted from columns
of Sepharose of dimensions 15 cm length X 0.9 cm
diameter. Samples containing 18:2-18:2 PC and
cholesterol in 1:1 molar ratio were prepared by the
method described above. They were either applied di-
rectly to the column after vortexing or they were soni-
cated. Sonication was done using a Branson sonifier
with a microtip using setting 6. The suspensions were
held in an ice bath. There were 15 cycles of 30 s of
sontication followed by 15 s of cooling. Sonicated sam-
ples were centrifuged for 2 min in an Eppendorf Micro-
fuge to remove large particles. The supernatants con-
taining smaller particles were applied to the columns.
The columns were eluted with water and fractions of 0.5
ml {0.05 bed volumes) were collected. Dispersions made
by vortexing did not pass through the columns.

Results

Analyses of the lipids (Fig. 1 and Table I) indicated
that little oxidative or lytic degradation occurred during
calorimetric analysis. In some samples there was a trace
of lyso PC. In our previous work, we have observed that
such small amounts of breakdown occur randomly in
samples undergoing calorimetric study, even when the
phospholipids have contained only saturated chains. In
some samples there was a slight increase in oxidation,
and these samples also occurred randomly.

Initial heating endotherms were carried out at 5 C°
per min. Our ability to discern heating endotherms was
improved by scanning at 20 C” per min and increasing
the speed of the chart recorder. In this work (Fig. 2 and
Tabie I) and in a previous study [11}, it was observed
that the salient features of the very broad endotherms
associated with the transitions of dipolyenoic lipids
alone were not influenced significantly by scanning
rates. Similarly, no substantial effect of scanning rate
on the endotherm shapes, characteristic temperatures or
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TABLE 1

Calorimetric and analytical data on lipid mixtures

Lipid Differential sc-nning calorimetry Analytical data
5C*° per min* 20C° per min® ultraviolet thin-layer chromatography
T.." range® AHY T, range® AHY ERNC EDYC %PCT %lysoPC' Fother!
° ° kcal ° ° keal
(°C) (€ o) O (9] el
18:2-18:2 PC
prior to DSC 2050 450 100 0 0
mol% cholesterol 0 =570 278 14 1950 600 100 ¢ 0
5 —632 280 0.8 -620 329 13 2200 400  ~100 0 trace
9 -642 301 1.0 ~630 46.6 18 950 300 9.6 06 25
13 -650 298 0.8 -632 434 19 1200 400 932 04 04
17 —-664 336 0.6 -640 41.8 1.1 600 200 938 08 0.5
23 -6717 328 0.6 -650 406 1.0 750 150 9.6 11 24
3 -6717 332 038 -642 399 1.0 400 200 982 03 14
50 —640 337 0.7 -632 411 10 1600 450 980 08 11
20:4-20:4 PC
prior to DSC 1550 760 944 13 44
mol% cholesterol 0 -692 380 0.6 —-69.0 46.0 08 1300 900 931 05 6.4
5 =722 396 0.8 -71.0 449 0.9 2250 1150 917 10 73
9 -697 385 0.7 -7.7 466 09 1550 1o 97.8  trace 22
13 -707 385 0.6 -68.7 476 11 1450 1100 918 14 6.8
0 -742 08 -70.7 523 10 1850 1050 892 33 7.5
40 -730 384 09 ~700 381 0.7 1750 1150 914 18 6.7
50 -69.7 382 09 -69.0 400 0.7 2600 1200 @7 1 57
22:6.22:6 PC
prior to DSC 1850 1100 926 19 5.5
mol% cholesterol 0 -684 349 0.5 -664 375 0.8 2200 1450 863 34 103
5 -682 342 0.6 -662 403 09 2300 1800 91.6 02 8.3
9 -694 351 0.6 -674 418 10 3100 2050 93.8 08 5.6
13 -662 3438 05 ~64.2 440 0.8 3550 2000 9.2 12 9.0
30 -617 336 05 ~-654 406 0.7 2650 1550 874 12 115
50 -662 321 0.6 -632 350 1.1 3250 1850 913 15 72

& .
Scanning rate.

b . . . .
Temperature of maximum heat flow into saraple, as determined from normalized curves.

“ Width of exotherm in degrees,
¢ Change in enthalpy associated with the gel to liquid-crystal transition.

¢ Molar extinction coefficients taken at maxima at or near 230 and 270 nm.

f Phosphorus content measured in thin-layer chromatography spots.

enthalpies was observed for these lipids in the presence
of cholesterol (Figs. 2 and 3),

With 18:2-18:2 PC, increasing concentrations of
cholesterol caused the endotherms to become bimodal
where a higher-temperature component became visible
(maximum at 13 mol%) and then disappeared (not
visible by 30 mol%). The presence of the secondary
peak did not significantly change the T, of the princi-
ple, lower-temperature endotherm (—64.9°C at 5
C?/min, —62.6°C at 20 C°/min) nor did it signifi-
cantly alter the tctal AH or the endotherm (Table I).

The change in enthalpy associated with the observed
cndotherms of 18:2-18:2 PC essentially did not vary
with cholesterol content, but all appeared to be a bit
less than that observed for the pure lipid dispersed in
water. Measurements of enthalpy change are influenced
by the selcation of the baseline. In the studies con-

ducted here the baselines were generally curved, and so
the baselines were subject to some potential observer
bias. These curved baselines are unavoidable under the
conditions necessary to see these transitions (see Ref.
11). Given our experience with differential scanning
calorimetry of these lipids, we believe that our selection
of baselines were reasonable ones which neither exag-
gerate nor underestimate the total AH of the transi-
tions,

The addition of cholesterol to dispersions of 20:4-
20:4 PC and 22:6-22:6 PC appeared to have no effect
of either T, or AH (Figs. 2 and 3 and Table 1), Small,
high-temperature components of endotherms were noted
with 20:4-26:4 PC and somewhat larger ones were
seen with 22:6-22:6 PC (Figs. 2 and 3). For these
highly unsaturated lipids, the relative magnitude of the
high and low temperature components, were not in-
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Fig. 1. Thin-layer chromatography of DSC samples. The figure is a
composite of lanes from chromatograms run under slightly different
conditions of humidity and plate activation. The mzjor spot of each
sample had a mobility of PC as judged from the mobility of a PC
standard in an adjacent lane. A, dipalmitoyl PC standard: B. lipid
prior to DSC analysis: C-J, lipids following DSC: C, 0 mol%
cholesterol, D, 5 mol% cholesterol, E. 9 mol% cholesterol: ©. 13 mol%
cholesterol, G. 17 mol% cholesterol. H. 23 mol% cholesterol: I, 30
mol% cholesterol: }, 50 mol% cholesterol: K. lyso stearoyl PC stan-
dard.

fluenced by the cholesterol content as they were from
18:2-18:2 PC.

For al! three lipids cholesterol had very littie in-
fluence on the overall transition widiks.

13

With the exception of the bimodality of the endo-
therms induced in 18:2-18:2 PC, the lack of any
substantial influence of the cholesterol on other aspects
of the transitions of these lipids suggested that
cholesterol may not have mixed with the lipids. We
endeavoured to determine if cholesterol was being ex-
cluded in some way into separate liposomes or regions
of liposomes. We have scanned a dispersion of 18:2-
18:2 PC pius 50 mol% cholesterol upto 90°C and failed
to find evidence of an endothzrmic transition near 40°C
that could be attributed to cholesterol itself [16.17]. In
another preliminary experiment, we saw some evidence
for the presence of small amounts of crystal structures
which were birefringent when a dispersion of 18:2-18:2
PC plus cholesterol was viewed with crossed polarizers
in a light microscope. Were these crystals to be choles-
terol. then some or all of the cholesterol might have
been excluded from the bilayers. The appearance of this
dispersion was somewhat like that of a dispersion of
dipalmitoyl PC-cholesterol 1:2. but different from dis-
persions of dipalmitoyl PC-cholesterol 2:1 or dipal-
mitoyl PC alone above and below the phase transition.

000 A

18:2-18-.2PC

20°4-20:4 PC

22:6-22:6 PC

ghantil SR SV A
-80 -60 - 40 -80 -4a0
TEMPERATURE (*C)
Fig. 2 Exumples of endotherms from the DSC scans. Scans are
presented as they were obtained from the DSC and are not normal-
ized for phosphorus content. Scanning rates were 5 C° per min (A, C.
E)and 20 C° per min (B. D. F). The number next to cach endotherm
indicates the molar proportion of cholesterol present.
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Fig. 3. Normalized endotherms for the gel to liquid-crystal transitions observed at a scanning rate of 20 C° per min. The endotherms are
normalized per mol of lipid phosphorus. The number next to each endotherm indicates the molar propostion of cholesterol present. The bar
indicates 0.1 kcal-mol~'-{C°)~".

In Fig. 4 we show the elution profile of a suspension
of 18:2-18:2 PC-cholesterol iiposomes, prepared by
bath sonication as described above, from columns of
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Fig, 4. Elution profile of dispersions containing equimolar mixtures of
18:2-18:2 PC and cholesterol from columns of Sepharose 2B and
4B, The sample preparation and elution conditions were described in
Methods. © 0, total phosphorus; & ®, cholesterol.

Sephaiose 2B and 4B. The phospholipid and cholesterol
coeluted. This suggests that the two components were in
the sarac liposomes. Control suspensions of 18:2-18:2
PC liposomes eluted at the same volumes as did the
mixed cholesterol-PC suspensions. We were unsuccess-
ful in running proper cholesterol controls due to the
crystalline nature of the material in the suspensions.

Discussion

The results of the study indicate that there is a small
influence of chelesterol on the gel to liquid-crystalline
transition of 18:2-18:2 PC, and little or no influence
on the transitions and endotherms of the other two
more highly unsaturated lipids. The small effect on the
enthalpy change of the transitions of the unsaturated
lipids is in marked contrast to the influence of
cholesterol on other lipid systems containing lecithins
either with two saturated chains, two monoenoic chains,
a saturated chain plus a monoenoic chain, or a saturated
chain plus a dienoic chain [2,3,18]. The phase transi-
tions of all of these latter types of lipids were progres-
sively reduced in magnitude by the presence of
cholesterol. Sufficient cholesterol results in the abolition
of the detectable phase transition in all but one of these
types of PC, dimonoenoic PC.

Cholesterol appears to be progressively less effective
at reraoving the transitions with increasing chain un-
saturation when it is combined with the series of lipids,
18:0-18:0 PC, 18:1-18:1 PC and 18:2-18:2 PC.
Cholesterol at 5¢ mol% abolished the phase transition
of 18:0-18:0 PC but in the presence of the same
concentration of stzrol about 40% of the originat en-



thalpy of iiie transitions of 18:1-18: 1 PC remained [2].
The current observations indicate that cholesterol is no
more effective at removing the transition of 18:2-18:2
PC than it was from 1§:1-18:1 PC, and probably less
s0. The sterol had little or no effect on the eathalpy
change associated with the transitions of 20:4-20:4 PC
or 22:6-22:6 PC, This could be interpreted to indicate
that the packing of the more unsaturated lipids is suffi-
ciently irregular in the gel state so that the presence of
cholesterol does not further reduce the acyl chain pack-
ing order. This would be in contrast to the influence
that cholesterol is generally thought to have on the gel
phase of bilayers which contain more saturated lecithins.
In this scenario, the multiple double bonds in each
chain would be seen as reducing packing density to such
an extent that cholesterol could intercolate between PC
molecules by ‘fitting’ in among the kinked or bent
chains such that there is little influence on the overall
distribution of lipid contacts.

The alternative explanation could be that cholesterol
is nearly completely excluded from packing in these
lipids. Our high temperature calorimeter scans and the
column elutions suggest that cholesterol is not likely
excluded to structures separate from those formed by
the PC, at least from 18:1-18: 2 PC. The limited micro-
scopic data, hcever, gives some hint of regionalization
of the cholesterol in the dispersions. Cholesterol has a
rigid four-ring portion which extends eight to ten
carbons along the acyl chains into the bilayer from the
glycerol backbone region. Assuming all double bonds
introduced similar perturbations. one might expect that
lipids with double bonds located closer to the head
group than C9, such as 20:4-20:4 PC or 22:6-22:6
PC, might be more affected by the rigid nucleus of
cholesterol than lipids with double bonds more distant
from the head group, such as 18:2-18:2 PC. On the
contrary, 18:2-18:2 PC was the only lipid whose phase
transition seemed to be influenced by the presence of
cholesterol. This is consistent with the observation that
20 mol% cholesterol broadened the transition of the
anologous of 18:2-18:2 PC with double bonds at posi-
tious 5 and 9 of the chains [19]. Our observations and
those of others on the phase transitions of polyunsatu-
rated PC [131,20-22] would suggest that double bonds in
excess of two produce little additional disruption in the
packing in the gel over that produced by two double
bonds. The regions between the head group and the
middle of the chains in 20:4-20:4 PC and 22:6-22:6
PC may have less ‘flexibility’ than the same region of
18:2-18:2 PC, and this could be the cause for the
apparent small ditferences in the effect of cholesterol on
18:2-18:2 PC and on the other two lipids.

The small effect that cholesterol had on 18:2-18:2
PC, producing a high temperature component in the
endotherm, might have occurred because of the pres-
ence cf a small amount of oxidative products {e.g.. Refs.
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11-13). In addition to small amounts of oxidative prod-
ucts being present initially. oxidation could occur to
diffezent exients in individual samples during experi-
mental study. We believe that oxidative products might
cause, or at least contribute to, the higher temperature
comporents of the transitions of these dipolyun-
saturated PC (see Refs. 12. 13). Some oxidative prod-
ucts of 18:2-18:2 PC might have interacted with
cholesterol in such a way as to produce the slight
‘enhancement’ of the high temperature component of
the transition as seen in Fig. 3. We acknowledze, how-
ever, that there might be other explanations for this
effect. including some special cholesterol-lipid interac-
tions in the range of concentration of cholesterol where
the bimodal endotherms of 18:2-18:2 PC-cholesterol
are prominent.

In summary, cholesterol does not substanually in-
fluence the packing of these dipolyunsaturated lipids.
This observation is consistent with the data. which
indicates that cholesterol produces only a very small
condensing effect in monolayers of 18:2-18.:2 PC and
18:3-18:3 PC [2. 14]. Cholesterol was also found not
to iriluence the permeabiiity of liposomes made irom
these lipids to glucase. erythrito! or glycerol. nor did it
modify their swelling rates. although cholesterol did
modify both permeability and swelling of liposomes
made from other PC [23]. It is very interesting that
cholesterol has been found to have little or no influence
on the enthalpy changes of transitions of some PC with
long chains (24 and 26 carbons) containing one or two
double bonds per chain {19,25.26}. It is also noteworthy
that it has been recently suggested that there may be
fluid-phase immiscibility in mixtures of 18:1:18:1 PC
and cholesterol [27]. Before one considers the influence
of cholesterol on the phospholipids of biological mem-
branes. one must also be aware of the various molecular
species with which choiesterol may or may not interact.
Attempts to simply correlate cholesterol to phosphe-
lipid ratios with physical characteristics of a membrane
should be approached with caution.

Selective interactions between cholesterol and lipids
with varying kinds of acyl chains may be of biologicai
significance. The apparent lack of effect of cholesterol
on these polyunsaturated lipids may have significant
consequences for those membranes in which positional
specificity is lost (e.g.. Ref. 6) or for membranes that
contain large amounts of highly unsaturated lipids (e.g..
Ref. 10). Would polyunsaturated lipid domains form in
such membranes, and if so, would cholesterol prefer-
entially interact with or be excluded from such do-
mains?
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