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Abstract 

Differential scanning calorimetry was used to study the influence of a-tocopherol on the thermotropic properties of model membranes 
composed by a series of heteroacid phosphatidylcholines with different amount of unsaturation in the sn-2 chain. The effect of 
a-tocopherol on 1,2-distearoylglycerophosphocholine (18:0,18:0), 1-stearoyl-2-oleoylglycerophosphocholine (18:0,18:1), l-stearoyl-2- 
linoleoylglycerophosphocholine (18:0,18:2), 1-stearoyl-2-1inolenoylglycerophosphocholine (18:0,18:3) and 1-stearoyl-2- 
arachidonoylglycerophosphocholine (18:0,20:4) was determined. The addition of c~-tocopherol perturbed the thermotropic gel to 
liquid-crystalline phase transition of these phospholipids, a-Tocopherol broadened the endotherm, lowered the transition temperature and 
decreased the associated enthalpy change. Partial phase diagrams showed the presence of fluid immiscibilities giving rise to lateral phase 
separation of domains containing different amounts of c~-tocopherol. We suggest that, in these a-tocopherol-rich domains, the influence 
exerted by the vitamin on the phospholipids is strong enough to alter their thermotropic properties such that an additional endotherm 
appears in the thermogram, a characteristic not observed in homoacid phosphatidylcholines, a-Tocopherol caused a concentration-depen- 
dent removal of the detectable phase transition in all cases. The magnitude of the influence of c~-tocopherol on phospholipid was 
dependent on the degree of unsaturation of the sn-2 acyl chain. These results are explained on the basis of the effect of a-tocopherol 
which will reduce the differences between gel and liquid crystalline states, the magnitude of these differences depending on the type of 
phospholipid considered, which are probably related to the change of molecular shape of phosphatidylcholines containing a polyunsatu- 
rated acyl chain. 
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I. Introduction 

a-Tocopherol is known to be an indispensable lipid 
component of biological membranes which provide for 
their structural and functional stability [1]. It is generally 
recognized that a-tocopherol functions as a potent antioxi- 
dant to protect membrane polyunsaturated lipids against 
peroxidation, presumably acting as an electron donor to 
free radicals [2,3]. The structural properties of a-tocopherol 
have implied a role for this vitamin in the stabilization of 

Abbreviations: DSC, differential scanning calorimetry; DSPC, 1,2-di- 
stearoyl-sn-glycero-3-phosphocholine; SAPC, 1-stearoyl-2-arachidonoyl- 
sn-glycero-3-phosphocholine; SLPC, 1-stearoyl-2-1inoleoyl-sn-glycero-3- 
phosphocholine; SLnPC, 1-stearoyl-2-1inolenoyl-sn-glycero-3-phospho- 
choline; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine; T~, on- 
set temperature of the gel to liquid-crystalline phase transition. 
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biological membranes. It has been suggested that a- 
tocopherol might restrict the molecular mobility of mem- 
brane components [4,5] and form complexes with poten- 
tially toxic unsaturated fatty acids [6,7] or lysophosphati- 
dylcholine and related phospholipids [8]. 

Although the biological function of a-tocopherol is 
well known, its molecular mechanism of action is not fully 
elucidated. A number of physical techniques have been 
applied to study a-tocopherol and its influence on mem- 
branes; these included fluorescence spectroscopy [9-12] 
EPR [10,13,14], NMR [15-18], ultraviolet spectroscopy 
[19,20], Fourier transform-infrared spectroscopy [21,22] 
and differential scanning calorimetry [21,23-25]. Most of 
these experiments concluded that: (i) the chromanol group 
of a-tocopherol is located close to the aqueous interface, 
while the phytyl side chain extends towards the center of 
the membrane; (ii) the molecule increases order and de- 
creases fluidity in liquid-crystalline membranes, and (iii) 
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the phase transition temperature and enthalpy of saturated 
phosphatidylcholine are reduced. 

Some studies have shown that not all phospholipids 
interact in the same way, or at least to the same extent, 
with a-tocopherol. In a previous study, we observed that, 
when a-tocopherol was incorporated into phosphatidyl- 
choline bilayers, the broadening and displacement of the 
main transition to lower temperatures was quantitatively 
more important in phosphatidylcholines with longer acyl 
chains; that the effect of c~-tocopherol on the phase transi- 
tion of phosphatydylethanolamines was qualitatively dif- 
ferent from that observed in phoshatidylcholines, and that, 
when incorporated in mixtures of different phospholipids, 
ce-tocopherol preferentially partitioned into the most fluid 
phase [25]. We also observed that a-tocopherol was a 
strong hexagonal-Hn-phase promoting agent in systems 
composed of saturated or unsaturated phoshatidyleth- 
anolamines [17] and that c~-tocopherol interacts with sin- 
gle-chain phospholipids stabilizing the bilayer phase [26]. 
In light of these findings, the diversity of lipid species, and 
different amounts of a-tocopherol in various membranes, 
require that details of lipid-c~-tocopherol interactions be 
known for specific lipids or groups of lipids in order to 
properly appreciate the effect of a-tocopherol in diverse 
biological membranes. 

Investigation of bilayer systems containing pure lipids 
have been done primarily with phospholipids of the ho- 
moacid type, that is, lipids with two identical chains. 
However, a striking fact about most biological membranes 
is that they contain phospholipids that have a saturated 
chain plus an unsaturated chain in which there are one or 
more double bonds. The study of the interaction of ce- 
tocopherol with these phospholipids containing unsaturated 
acyl chains may be also relevant considering that unsatu- 
rated fatty acid are preferred target for both, the antioxi- 
dant and the stabilizing functions of a-tocopherol in mem- 
branes. In this study we have investigated by differential 
scanning calorimetry the effects of a-tocopherol on the gel 
to liquid-crystalline phase transition of a series of het- 
eroacid phosphatidylcholines which have stearate (18:0) in 
the sn -  1 position and one of a series of chains having zero 
(stearate, 18:0), one (oleate, 18:1, A9), two (linoleoate, 
18:2, A9,12) three (linolenoate, 18:3, A9,12,15) or four 
(arachidonate, 20:4, A5,8,11,14) c i s - d o u b l e  bonds. The 
results suggest that the gel to liquid-crystalline phase 
transitions of these lipids are more profoundly influence by 
a-tocopherol than are those of saturated homoacid phos- 
phatidylcholines, and the results are discussed in the light 
of the possible mechanism of action of c~-tocopherol. 

phosphocholine (18:0,18:2, SLPC), l-stearoyl-2- 
l inolenoyl-sn-glycero-3-phosphocholine (18:0,18:3, 
SLnPC) and 1-stearoyl-2-arachidonoyl-sn-glycero-3- 
phosphocholine (18:0,20:4, SAPC) were obtained from 
Avanti Polar Lipids (Birmingham, Alabama), a-tocopherol 
was from Sigma (Poole, UK). All other reagents were of 
the highest purity available. Before use, all lipids were 
analyzed by TLC and gas-liquid chromatography. All were 
pure by TLC and gave expected molar ratios of constituent 
fatty acids on gas chromatographic analysis. 

The lipid mixtures for calorimetry measurements were 
prepared by combination of chloroform/methanol (1:1) 
solutions containing 5 p~mol of the phospholipid and the 
appropriate amount of ~-tocopherol when indicated. The 
organic solvents were evaporated under a stream of dry 
N 2, free of 02 , and the last traces of solvents were 
removed by a further 3 h evaporation under high vacuum. 
After the addition of 1 ml of 0.1 mM EDTA, 100 mM 
NaC1, 10 mM Hepes (pH 7.4) buffer, multilamellar vesi- 
cles were formed by mixing, using a bench-vibrator, al- 
ways keeping the samples at a temperature above the gel 
to liquid-crystalline phase transition temperature of the 
lipid. The suspensions were centrifuged at 10000 rpm in a 
bench microfuge and the pellets were collected and placed 
into small aluminum pans. Pans were sealed and scanned 
in a Perkin-Elmer DSC-4 calorimeter. The heating and 
cooling rates were 4 C°/min. For the determination of the 
total phospholipid contained in a pan, this was carefully 
opened, the lipid was dissolved with chloroform/methanol 
(1:1) and the phosphorus contents were determined using 
the method of Btittcher et al. [27]. The instrument was 
calibrated using indium as standard. After DSC scans were 
completed, representative samples were assessed by TLC 
and fatty acid analysis. No appreciable degradation was 
observed in any sample under study. 

In the phase diagrams, the solidus and fluidus points 
were determined from the beginning of the heating and 
cooling thermograms (i.e., onset temperatures) respec- 
tively. Heating and cooling thermograms were very simi- 
lar. 

In order to check the incorporation of c~-tocopherol into 
phospholipid bilayers, c~-tocopherol was extracted from 
the vesicles using n-pentane and its concentration was 
determined using an ~295 = 3200 M-~ cm-i  in ethanol. In 
agreement with a previous report [21], it was found that, 
even for the most concentrated samples, more than 90% of 
the added c~-tocopherol was incorporated into the bilayer. 

3. Results  

2. Materials  and methods  

1,2-Distearoyl-sn-glycero-3-phosphocholine (18:0,18:0, 
DSPC), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(18:0,18:1, SOPC), l-stearoyl-2-1inoleoyl-sn-glycero-3- 

Fig. 1 shows the DSC thermograms of the gel to 
liquid-crystalline phase transitions for dispersions of sam- 
ples of DSPC, SOPC, SLPC, SLnPC and SAPC. Thermo- 
dynamics data for the transitions of the dispersion of pure 
phosphatidylcholines are given in Table 1. Where there 
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Fig. 1. The DSC calorimetric curves for various pure phosphatidylcholine 
systems. (a) DSPC (b) SOPC (c) SLPC (d) SLnPC and (e) SAPC. All 
thermograms were recorded at a sensitivity of 0.5 mea l / s ,  except for the 
DSPC sample which was at 2 mcal / s .  

were overlapping multicomponent endotherms, all were 
included in the calculation of AH. Values are consistent 
with those found previously for these lipids [28]. As seen 
previously [29,30], the introduction of one double bond 
causes a large decrease in both T c and AH, the presence of 
two double bonds additionally reduced Tc and AH. How- 
ever, the presence of three double bonds produced a small 
increase in T~ and AH. The introduction of an additional 
double bond in the sn-2 chain (four in total) gave place to 
a small depression in T c and an increase in AH. While the 
endotherms for DSPC and SOPC were fairly symmetrical 
and highly cooperative, the presence of two double bonds 
greatly affects the transition, and that of three and four 
double bonds (SLnPC and SAPC) produces broadened 
endotherms with one or two additional components. The 
presence of bimodal and trimodal transitions for heteroacid 

Table 1 
Gel to liquid-crystalline transition temperatures and enthalpies for pure 
lipids 

Phosphatidylcholine T~ (°C) AH (kcalmol i ) 

DSPC ( 18:0,18:0) 52.7 + 0.1 9.73 + 0.40 
SOPC (18:0,18:1) 4.1 _ + 0 . 1  5.25+_0.18 
SLPC (18:0,18:2) - 16.7+0.3 1.8 __+0.35 
SLnPC (18:0,18:3) - 13.9+-0.2 5.39_+0.10 
SAPC (18:0,20:4) - 15.6+0.3 7.49+-0.66 

Values are means_+ S.D. for three experiments. 

phosphatidylcholines has been previously described 
[28,29,31]. 

Fig. 2 shows the DSC thermograms for the heteroacid 
phosphatidylcholines with different number of double 
bonds in the presence of increasing amounts of c~- 
tocopherol. In agreement with previous reports [21,25], 
o~-tocopherol produced the abolition of the pretransition 
and a broadening and shifting to lower temperatures of the 
main transition of DSPC (Fig. 2A). At 30 tool% o~- 
tocopherol the transition of DSPC could not be observed. 
The presence of c~-tocopherol also made the transition of 
SOPC (Fig. 2B) to broaden and shift to lower tempera- 
tures. However, the interaction between o~-tocopherol with 
SOPC presented clear differences with respect to DSPC. 
First, the presence of even low concentrations of o~- 
tocopherol produced the appearance of a second peak 
located at the lower temperature part of the thermogram, 
and second, the transition could not be observed at 20 
mol%. It can be seen that even very low concentrations of 
o~-tocopherol, such as 2 tool%, suppressed the phase transi- 
tion of SLPC (Fig. 2C). Pure SLnPC (Fig. 2D) showed a 
trimodal transition, and the presence of o~-tocopherol pro- 
duced a broadening and a lowering of T~ which was less 
remarkable than in the case of DSPC and SOPC. The 
transition could not be observed at a o~-tocopherol concen- 
tration as low as 15 tool%, c~-Tocopherol, when incorpo- 
rated into SAPC (Fig. 2E) gave rise to secondary peaks in 
the thermograms and a broadening and a shift of T~ to 
lower temperatures. The transition could not be detected at 
20 mol% of o~-tocopherol. 

Fig. 3 shows the relative influence of c~-tocopherol on 
AH of the transition of the phospholipids under study. 
Since each of the pure phospholipid has a different value 
of AH for its gel to liquid-crystalline phase transition, the 
values were normalized to 100% of the pure phospholipid 
in each case, For the calculations the whole areas under the 
curves were included. 0.23 tool fraction of o~-tocopherol 
was necessary to totally remove the calorimetrically ob- 
servable transition of DSPC, 0.17 mol fraction was neces- 
sary in the case of SOPC and only 0.02 tool fraction in the 
case of SLPC. However, 0.13 and 0.17 tool fraction were 
necessary to completely abolish the transition of SLnPC 
and SAPC, respectively. 

Onset transition temperatures were obtained by extrapo- 
lation of the rising part of the thermograms to the baseline 
as described in [32] from heating and cooling experiments, 
and were used to construct partial phase diagrams corre- 
sponding to the different phospholipid/c~-tocopherol sys- 
tems (Fig. 4). The phase diagrams for all phosphatidy- 
cholines under study showed similar behavior. The solidus 
line displayed a near ideal behavior, the temperature de- 
creasing as the c~-tocopherol mol tYaction increased. A 
fluidus immiscibility was observed, because the fluidus 
line keeps horizontal in the whole range of o~-tocopherol 
concentration. Below the gel to liquid-crystalline phase 
transition temperature (solidus line) the system is orga- 
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Fig. 4. Partial phase diagrams for mixtures of various phosphatidylcholines with a-tocopherol. (a) DSPC, (b) SOPC, (c) SLnPC and (d) SAPC. Filled 
circles correspond to the solidus line obtained from onset temperatures of heating scans, and open circles to the fluidus line obtained form onset 
temperatures of cooling scans. G indicates a single gel phase and F' indicates that at least two different fluid phases coexist. 

nized in a single gel phase (G in Fig. 4) composed by 
phospholipids interacting with ce-tocopherol. In this G 
phase the thermotropic properties of  the phospholipid are 
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Fig. 3. The proportion of detectable enthalpy change as a function of 
o~-tocopherol concentration for various phosphatidylcholine systems. ([]) 
DSPC, ( I )  SOPC, (A) SLPC, (O) SLnPC, and (0 )  SAPC. Points 
represents means + S.D. for three experiments. 

more perturbed when the presence of  c~-tocopherol is 
increased, producing a decrease of the onset of the transi- 
tion with increasing a-tocopherol  concentrations, as indi- 
cated by the solidus line. Above the liquid-crystalline to 
gel phase transition temperature (fluidus line), the system 
is organized in a state (F '  in Fig. 4) in which at least two 
different fluid phases coexist, one of  them composed mostly 
by pure phospholipid (explaining why the fluidus line is 
not altered by the presence of  c~-tocopherol) and another 
one which is rich in a-tocopherol .  

The gel to liquid-crystalline phase transition of  DSPC 
showed no significant hysteresis (Fig. 4A). The presence 
of  one and three double bonds at the sn-2 chain produced a 
progressive hysteresis in the transition. The T c for cooling 
experiments was 1.6 and 5.4°C lower than that of  heating 
experiments respectively for SOPC and SLnPC (Fig. 4B 
and 4C). The presence of an additional fourth double bond 
as in the case of SAPC (Fig. 4D) diminished the hysteresis 
(2.8°C) compared to that of SLnPC. 

Fig. 2. The DSC calorimetric curves for various phosphatidylcholines/o~-tocopherol systems. (a) DSPC/a-tocopherol, (b) SOPC/a-tocopherol, (c) 
SLPC/a-tocopherol, (d) SLnPC/c~-tocopherol and (e) SAPC/ot-tocopherol. Molar percentages of oz-tocopherol in phosphatidylcholine are indicated on 
the curves. 
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4. Discussion 

This study was concerned with the effect of a- 
tocopherol on the calorimetrically observable gel to 
liquid-crystalline phase transition of model membranes 
composed of biologically relevant phospholipids with dif- 
ferent unsaturations. The findings of this study were in 
general agreement with those observed in other systems 
containing homoacid saturated phospholipid (for example, 
[21,25]). We found that a-tocopherol broadened and shifted 
the transition to lower temperatures and ultimately it re- 
moved the observable gel to liquid-crystalline phase transi- 
tion. The effect of a-tocopherol on the thermotropic be- 
havior of these phospholipid is the expected behavior of a 
molecule which aligns itself principally with the prevailing 
direction of the phospholipid acyl chains, perturbing phos- 
pholipid acid chain packing and weakening the strong 
intermolecular forces produced by the al l  t rans  conforma- 
tion of the acyl chains in the gel phase. Increasing the 
concentration of a-tocopherol continually disrupts the acyl 
chain packing so that the enthalpy of the transition is 
eventually eliminated. This general effect seems to be 
independent of the phospholipid headgroup [23,25] and, as 
shown in this study, it is also independent of the unsatura- 
tion of the acyl chain in the sn-2  position of phosphatidyl- 
cholines. 

There were some significant differences between the 
thermotropic transitions of the phosphatidylcholine/a- 
tocopherol mixtures studied here and those of saturated 
phosphatidylcholines. These differences were seen both in 
the shapes of the endotherms, at a given a-tocopherol 
concentration, and in the concentrations of a-tocopherol at 
which the total enthalpy disappeared. It can be observed in 
Fig. 2 that the thermograrns for mixtures of a-tocopherol 
with DSPC, in agreement with previous observations made 
with other saturated phosphatidylcholines [25], showed 
only one component. However, mixtures of a-tocopherol 
with heteroacid unsaturated phosphatidylcholines, at cer- 
tain a-tocopherol concentrations, always showed sec- 
ondary peaks in the thermograms. The presence of several 
endotherms suggests that there might be complex rear- 
rangements taking place. The occurrence of more than one 
endotherm in unsaturated phosphatidylcholines is observed 
even for some pure phospholipids like SLnPC and SAPC 
(Fig. 1). Similar observations have been made previously 
by other authors using similar phospholipids [28,31]. These 
multicomponent transitions cannot be directly explained on 
the basis of analytical data or acyl chain composition; 
however, they are consistent with the microclustering of 
mixed-chain polyunsaturates reported by Litman et al. [33]. 
The presence of small peaks in these pure lipids is exacer- 
bated by the incorporation of a-tocopherol, where clearly 
bigger peaks were detected. The presence of additional 
endothermic peaks in mixtures of a-tocopherol/phos- 
phatidylethanolamines has been previously ascribed to the 
presence of different phases [25]. 

An important aspect of the systems studied in this work 
is related to the changes in AH of the transition. Fig. 3 
showed that when the number of double bonds in the sn-2  

chains increased from zero to two, the lipids became 
progressively more 'susceptible' to a-tocopherol. How- 
ever, more a-tocopherol was required to remove the transi- 
tion of SLnPC and SAPC than that of SLPC. The same 
type of influence have been seen previously for cholesterol 
[31]. This observation implies that the magnitude of the 
effect of a-tocopherol on the phospholipid is dependent 
upon the specific molecular species of phosphatidyl- 
cholines involved. 

It has been shown that the presence of one and two 
double bonds may reduce the difference in the structural 
order between the gel and liquid-crystalline states [34,35]. 
However, the presence of three and four double bonds led 
to a more condensed acyl chain with restricted potential 
conformational states [36,37]. Therefore, less c~-tocopherol 
will be necessary to suppress the phase transition of phos- 
pholipids where the gel and the fluid phases are more 
alike, as it is the case of SLPC. On the contrary, the 
highest amount of a-tocopherol was required to suppress 
the transition of DSPC where the differences between gel 
and fluid states were the greatest. 

Very recently, Holte et al. [38] concluded that the 
presence of double bonds produced a change of molecular 
shape of the phospholipid, causing the acyl chains to 
occupy a slightly wedge-shaped space that loosens the 
packing at the interface and creates a free volume at the 
lipid/water interface between neighboring molecules that 
is greatest when sn-2  is polyunsaturated. This may explain 
our results at least partially, since those phosphatidyl- 
cholines with three or more double bonds will have a 
greater free volume at the lipid/water interface which will 
better accommodate a-tocopherol molecules, requiring 
higher concentrations of a-tocopherol to perturb the phos- 
pholipid structure. 

Partial phase diagrams displayed in Fig. 4 clearly 
showed that mixtures of heteroacid unsaturated phos- 
phatidylcholines with a-tocopherol present fluid immisci- 
bilities. We believe that the different endotherms obtained 
at certain c~-tocopherol concentrations represents different 
domains of the bilayer with different contents of a- 
tocopherol. Fluid immiscibilities were also found in mix- 
tures of a-tocopherol with DSPC. The broadening of the 
transition observed in this homoacid saturated phospha- 
tidylcholine may also reflects the formation of different 
domains. However, their thermotropic parameters are very 
similar, so that both phases undergo their transition under a 
unique broad endotherm. The presence of additional en- 
dotherms in heteroacid unsaturated phosphatidylcho- 
lines/c~-tocopherol mixtures suggests that a-tocopherol 
exerts a stronger perturbation of the organization of these 
phospholipids than to that of DSPC. The perturbation 
exerted by a-tocopherol is so strong that the domains with 
high content in a-tocopherol undergo the transition with 
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thermotropic characteristics which are clearly different 
from that of  the pure lipid and from the phospholipid rich 
phase, and they hence present two different endotherms. 
The presence of  two distinct hydrophobic phases, one 
a- tocopherol  poor and the other rich in a-tocopherol ,  has 
been previously suggested using EPR [10,39]. DSC experi- 
ments [40] and fluorescence studies [41] on phospholipid 
membranes have suggested an inhomogeneous distribution 
in membranes with a ' lateral  clustering'  of  a-tocopherol .  
If  the distribution of  ce-tocopherol is really not homoge- 
neous, this may have important consequences not only in 
order to interpret the results obtained when studying its 
interaction with membranes,  but also with respect to the 
biodispersion of the vitamin in biomembranes,  where it 
may concentrate mainly in particular domains. 

Previous DSC studies have reported hysteresis between 
heating and cooling experiments [28,38]; however, the 
explanation is not obvious. Theoretical models for lipid 
phase transitions proposed that at temperatures close to 
that of transition, domains of one phase will be present 
within a bulk matrix of  the other phase [42]. Hysteresis 
will then follow because the free energy of  a domain of  
l iquid-crystalline lipid within a matrix of  gel phase lipid 
will be different to that of  a domain of  gel-like lipid within 
a matrix of  l iquid-crystalline phase lipid. The modification 
of  the hysteresis induced by the addition of  double bonds 
in the phospholipids probably reflects the formation of  
different number of  separate domains of  one phase within 
the bulk second phase. 

The data presented above suggest that there may be 
quantitatively, if not qualitatively, different interactions 
between c~-tocopheroi and various biological  lipids of  
different degrees of  unsaturation. This possibil i ty should 
be kept in mind when considering potential effects of  
ce-tocopherol in biological  membranes.  An interesting find- 
ing when considering the action of  c~-tocopherol in mem- 
branes, is that, as shown in this study, it presents immisci-  
bilities, giving place to the formation of  domains where its 
concentration will be specially high. This will facilitate its 
activity given the low concentration of c~-tocopherol in 
membranes.  It should be particularly remarked that these 
immiscibil i t ies are observed in important classes of  biolog- 
ical heteroacid phosphatidylcholines,  and that these immis- 
cibilities are present in the fluid state and this is very 
relevant given the normal fluid condition of  biological 
membranes.  
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