
Biochimica et Biophysica Acre, 1105 (1992) 237-244 
~) 1992 Elsevier Science Publishers B.V. All rights reserved 0111}5-2736/92/$115.011 

237 

BBAMEM 75575 

Interaction of a-tocopherol with fatty acids in membranes 
and ethanol 

William Stillwell a, William Ehringer a and Stephen R. Wassail b 
"Department of Biology, buliana Unirersio,-Purdue Unirersity at bulianapolis, h~dianapolis, IN (USA) and t, Departmem of Physic.v, 

buliana Unicersity-l~urdue Unicersity at hulianapolis, Indianapolis, IN (USA) 

(Received 23 September 1991 ) 

Key words: t~-Tocopherol; Polyunsaturated hltty acid; Fatty acid; Ethanol; Phost,holipid bilayer: Membrane 

The techniques of fluorescence polarization, ultraviolet light absorbance and fluorcscci~ce quenching by ao3damidc arc used to 
probe the structural role o1' a-tocopherol in phospholipid bilayers. Using l,f~-diphenyl-l,3,5-hexatricne (DPH) and a series of 
(anthroyloxy)stearic acid (AS) fluorcsccncc probes, a-tocopherol is shown to increase fluidity and decrease order of gel state 
bilaycrs, and to decrease fluidity and increase order of bilayers in the liquid crystalline state. More complex behavior is noted fl)r 
bilaycrs made from mixed acyl chain phosphatidylcholines (PCs) where the sn-I position is saturated and the sn-2 position 
unsaturated compared to bilayers composed of PCs where both acyl chains arc either saturated or unsaturated. Complexation 
between a-tocopherol and either free fatty acids or fatty acids esterified to the sn-2 position of PCs is indicated by ultraviolet 
light absorbance in both organic solution and in lipid bilayers. The strength of the complexes, expressed as interaction constants, 
are dependent upon the number of acyl chain unsaturations from 0 (stearic acid), to 6 (docosahexaenoic acid). Relation of the 
strength of these complexes to the degree of acyl chain unsaturation is confirmed by rnonitoring the fatty acid protection from 
acrylamide bleaching of a-tocopherol. These experiments suggest that the extent of acrylamide bleaching is related to the extcnt 
of association with the fatty acids. 

Introduction 

a-Tocopheroi (vitamin E) has been proposed to 
support at least two distinct functions in biological 
membranes; that of an antioxidant [I,2] and as a stabi- 
lizing agent for the membrane [3,4]. While the antioxi- 
dant role has been well documented, participation of 
the vitamin in membrane stabilization has been more 
difficult to define, interactions between vitamin E and 
membranes have been followed by fluorescence polar- 
ization techniques [5,6], EPR [7-9], NMR [10-12], 
Fourier transform-infrared spectroscopy [13], ultravio- 
let spectroscopy [14,15] and differential scanning 
calorimetry [16-18]. Most of these experiments agree 

Abbreviations: AS, (9-anthroyloxy)stearic ;~,'id; DHA, doco~ahexa- 
enoic acid; DMPC, dimyristoylphosphatidylcholine; DPH, 1,6-di- 
phenyl-l,3,5-hexatriene; DPPC, dipalmitoylphosphatidylcholine; 
DSC, differential scanning calorimetry; DSPC, distearoylphos- 
phatidylcholine; PC, phosphatidylcholine: TLC, thin-layer chro- 
matography. 

Correspondence: W. Stillwell, Department of Biology, Indiana Uni- 
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that the bulky chromanol group of a-tocopheroi re- 
sides near the aqueous interface while the phytyl side 
chain extends towards the center of the membrane 
[l 1,13,19]; the molecule increases order and decreases 
fluidity in liquid crystalline membranes [5,12,16,20]; 
and the temperature and enthalpy of the phase transi- 
tion are reduced in saturated phosphatidylcholine bi- 
layers [ 12,16-18]. 

Contradictory reports, however, have appeared. 
Bisby and Ahmed [21] proposed that the chromanol 
group lies closer to the aqueous interface of mem- 
branes in the gel state than it does with those in the 
liquid crystal state [21], while Lessard and Fragata [22] 
reported the vitamin's depth in the membrane is de- 
pendent on the osmotic strength of the bathing ,,;olu- 
tion. Cushley et ai. [19,23] have suggested that in liquid 
crystalline bilayers a-tocopherol increases fluidity (by 
t'~C-NMR) but has no effect on membrane order (by 
EPR), while Veti ct al. [24] agreed that the vitamin 
increases fluidity of human erythrocyte ghosts. There is 
little agreement on whether a-tocopherol increases or 
decreases bilayer permeability, a-Tocophcrol-induced 
increases in permeability have been reported for ascor- 
bate [8], water [25] and Pr 3+ [19,23]. Contrary to these 
reports, Diplock et al. [26] reported a-tocopherol de- 
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creases permeability to glucose and chromate while 
Stillwell and Bryant [27] demonstrat~:d decreases in 
erythritol and urea permeability caused by the vitam.in, 
Fukuzawa et al. [28] reported an a-tocopherol-induced 
decrease in glucose permeability for membranes in the 
liquid crystalline state became a permeability enhance- 
ment when the same membranes were put in the gel 
state. 

The nature of interaction between o~-tocopheroi and 
fatty acyl chains is also controversial. Diplock and Lucy 
[26] proposed that the interaction between a- 
tocopherol and unsaturated fatty acids in membranes 
was the result of the methyl grou0s of the isoprenoid 
side chain of the vitamin intercalating into the z-pockets 
produced by the unsaturations in the fatty acids. By 
fluorescence polarization and ~aC-NMR, Urano et al. 
[5,10] have concluded that the te-tocopherol-fatty acid 
a:~sociation is through the methyl groups on the chro- 
manol ring and not with the methyls on the phytyl side 
chain. Kagan et al. [29] proposed that a role of te- 
tocopherol is to bind any potentially dangerous frec 
fatty acids that may appear in aging or diseased mem- 
branes. Thus, although general agreement exists that in 
some way a-tocopherol alters membrane properties, 
there remains considerable doubt as to exactly how. 
Here we use the techniques of fluorescence polariza- 
tion, ultraviolet light absorbance and protection from 
fluorescence quenching by acrylamide, techniques 
which have previously been employed in (~-tocopherol 
studies, to address these issues. 

Materials and Methods 

Materials. The following phosphatidyicholines were 
purchased from Avanti Polar Lipids (Pelham, AL): 
di-14:0 PC: di-16:0 PC; di-18:0 PC: di-18:i PC: 
di-18:2 PC: di-<~-18:3 PC; and 18:0~ ' i8:1 PC. The 
mi,xed chain PCs (18:0,18:2 PC; 18:0,t~.18:3 PC: and 
18 r0,22 : f~ PC) were syathesized from monostearoyl PC 
and the appropriate fatty acid anhydride (NuChek 
Prep, Elysian, MN), The procedure used was Ket~ugh's 
[311,31] and is outlined in a previous communication 
[32], Potential oxidation of the unsaturated lipid:, was 
minimized by keeping the compounds out of light and 
under nitrogen at -40°C. Oxidation was detected by 
TLC [331, UV analysis [34] and gas chromatography 
[35]. Fatty acids were purchased from Sigma Chemical 
Co,, St. Louis, MO and a-tocopherol from Serva Bio- 
chemicals (Westbuw, NY), Molecular Piohes (Eug~:ne, 
OR) was the source of the fluorescence 0robc~ 

Lipid rt'sick,~: Phospholipids, a-tocopherol, and 
where appropriate, fluorescent labels were codissoived 
in chloroform and then evaporated under nitrogen 
followed by vacuum pumping overnight. Lipids were 
hydrated in 20 mM phosphate, pH 7.0 buffer. The 
aqueous muitilamellar vesicles (MLVs) containing the 

fluorescent labels were sonicatcd on ice fi~r about 5 
min using a Hcat Systems W-380 Cell Disruptor. Tita- 
nium particles were removed fi',~m the resultant small 
unilamellar vesicles (SUVs) by a brief centrifugation. 

Fluorescence. Fluorescence polarization was calcu- 
lated from: 

P= ( I )  
!11 + ( ; I  

where Ill and !~ are the intensities of the horizontal 
and vertical components of emitted light and G is the 
grating factor (which corrects tbr instrument artifacts) 
[36]. Fluorescent intensities and P values were mea- 
sured on a Perkin-Ehner MPF-66 Fluorescence Spec- 
trophotometer interfaced to a Perkin-Ehner 7700 Pro- 
fessional computer and run by a PECLS program. 
Excitation was at 351 nm and emission at 43(I nnl for 
I)PH, while th,: respective oaram~'t.'r,~ ~,," ~h.,~ .~,S 
probes were 341 nm and 446 nm. The probe/plmspho- 
lipid ratio was 1/2()0 arid the lipid concentration was 
2.5 raM. Temperature was controlled to +(1.1 C ° and 
the P value:~ presented are thc average of six determi- 
nations. 

UI/absorl~ance. UV absorbance measurements were 
made on a Perk(n-Elmer Lambda 4C UV/Vis Spectro- 
photometer intcrfact'd to a Perk(n-Elmer 7700 Com- 
puter. The UV absorbance maximum of a-tocopherol 
is 213 nm. Addition of fatty acids or mixed thai ,  PCs 
has the effect of lowering the absorbance at this maxi- 
mum. By measuring the initial and final absorbances it 
is possible It) calculate an interaction constant K for 
the te-tocopherol-fatty acid complex by: 

. ' lu- .'I 

.4. [fany acid] 

where A. and ,4 arc the absorbanccs at 213 nm in the 
absence and prcscncc of fatty acid [14]. All vesicle 
measurements were made in the liquid crystalline state. 
For the organic solution experiments, ethanol was re- 
distilled immediately before use. 

Quowhing b), aco'htmide. Is ha,,, been previously 
shown that act'!am(de call qut;nch u-tocophcrol fluo- 
rescence i2t!  ~fc~c ~, ~,~tfloy this techniq::c lo moni- 
qo~ ~ the extent ot interaction between the vitamin and 
J.~:c fatty acids in rcdis:illed, absolute ethanol and 
between the vitamin and the acyl chains of mixc.~ :l-,in 
phosphatidylcholincs in lipid vesicles, a-Tocophcrol 
was excited at 293 nm while emission was followed at 
323 nm on a Pcrkin ~.lmer MPF-(',(~ Fluorescence Spec- 
trophotomcter. Upon addition of acrylamide, fluores- 
cence intensities decrease and the magnitude of the 
decrease is dependent on the amount of unsaturation 
present in the fatty acids. The initial (F.,) and final (F)  
a-tocopherol fluorescence intensities before and after 
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addition of acrylamide are determined and the extent 
of bleaching expressed as a Stern-Volmer plot [21]. 

Results 

Steady-state fluorescence polarization of DPH and 
AS is sensitive to molecular motion within the bilayer 
interior. Order dominates for DPH, while for AS order 
and rate of motion contribute significantly to differing 
degrees dependent upon position of labeling [37]. The 
term fluidity will be employed in the latter case. The 
results presented in Fig. ! for DPPC vesicles with 
either (1 or l() mol% a-tocopherol show that with 
12AS, a-tocopherol decreases fluidity (increases P) in 
the liquid crystalline state and increases fluidity (de- 
creases P) in the gel state. This conclusion is comple- 
mented by measurements with the membrane interior 
probe DPH, which indicate increased and decreased 
order, respectively, above and below the phase transi- 
lion. Polarization values for DPH in DPPC bilaycrs 
containing 0 and l0 m o l %  a-tocopherol at 30°C (gel 
state) and 50°C (liquid crystalline state) are included in 
Fig. I. The phase transition displayed by DPPC is 
greatly broadened by the vitamin at l0 membrane 
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Fig. I. Fhu'escence rJolarization values fl)r the nlembrane probe 
12-AS in DPI)(" (di-l():O P(') in the presence of 0 ((~) and I0 (e) 
inemlwane mol% rv-locophert)l at lenlpem'alllrcs which spill) the l)l)l)(" 
phase transition (41.3°C). Points are also included for tile n'kembranc 
intenior probe DPII at 0 (D)  and I0 (B)  membrane mol~ t~- 
tocopherol at temperatures beh)w (30°C)  and above (50°C) the phase 

transition t)f DPPC. 
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Fig. 2. Fluorescence polarization values for the membrane probes 2-AS, 6-AS, 9-AS and 12-AS in the presence of 0 (o). 5 (e). I0 ( El ) and 20 ( B ) 
membrane molgk a-tocopherol. Membranes are made of phosphatidylcholine in which both acyl chains are tile saml:. (Panel I) di-18:O P(:' 

(f~5°C): (Panel 2)di-18:1 PC (35°C): (Panel 3)di-18:2 PC (35°C): (Panel 4)di-18:3 PC (35°C). 
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tool%. In agreement with DSC data [18], higher con- 
centrations of a-tocopherol result in complete oblitera- 
tion of the transition (results not shown), a-Tocopherol 
therefore affects DPPC bilayers in a similar fashion to 
cholesterol [38,39]. 

The effect as monitored by AS probes of a- 
tocophcrol on phosphatidyicholine bilayers in which 
the acyl chains are symmetric (i.e. the sn-l and sn-2 
acyl chains are the same) is reported in Fig. 2. For all 
fc.ur lipids (di-18:0 PC, panel i; di-18:1 PC, panel 2; 
di-18:2 PC, panel 3 and di-18:3 PC, panel 4) measure- 
ments were made in the liquid crystalline state where 
a.tocopheroi decreases fluidity (increases P) relative 
to its membrane concentration. This effect is noted at 
positions near the aqueous interface (2-AS) through to 
the bilayer interior (12-AS). In agreement with the 
trend seen in our EPR data [40], there is a slightly 
smaller effect due to a-tocophcrol noted with increas- 
ing unsaturations (c.g. for the 2-AS label the magni- 
tude of the change in polarization bctwccn 0 and 20 

mol% a-tocopherol, AP, decreases from di-18:l PC 
(0.078)>di-18:2 PC (0.049)>di-18:3 PC (0.0439)). 
Similar small increases were also noted for AP in 6- 
and 9-AS positions. The explanation offered in the 
EPP. work [40] proposed a relationship between a- 
tocopherol associated increases in order or micro- 
viscosity and the tightness of molecular packing within 
the phospholipid bilayer. The saturated lipid (DSPC, 
panel 1)was also tested with membranes in the liquid 
crystalline state but at a different temperature (65°C) 
and thereibre is not quantitatively compared with the 
other lipids in this sequence. 

Biological phosphatidylcholines do not normally 
contain identical sn-! and sn-2 chains. Instead these 
lipids usually have a saturated fatty acid esterified to 
the sn-I position with an unsaturated fatty acid at the 
sn-2 position. Fo~ ~ this reason t i l e  effect of a-tocopherol 
on mixed acyl chain 18:0,18:1 PC, 18:0,18:2 PC and 
18:0,18:3 PC was also investigated with AS probes 
(Fig. 3) The results are quite different than with the 
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Fig. 3. Fluore~ence polarization values for the membrane probes 2-AS, 6-AS, 9-AS and i 2-AS in the presence of 0 (o). 5 (e). 10 ( El ) and 20 ( I1 ) 
membrane mol'~ a-to~'opherol. Membranes are made of phosphatidylcholine in which the sn-! position is stearic acid (18:0) and the sn-2 
position contains various fatty acids. (Panel I) di-18:0 PC (35°Ck (Panel 2) 18:0,18:1 PC (35°C); (Panel 3) 18:0,18:2 PC (35°C): (Panel 4) 

18:0.18:3 PC (35°C). The inset in panel 2 compares the effect of 2 ( z~ ) and 5 (e) mol~/~ a-tocopherol. 
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symmetric diacyl lipids reported in Fig. 2. The inset to 
Fig. 3 demonstrates while 2 mol% ce-tocopherol re- 
duces P, higher concentrations increase P. Similar 
results were noted at positions 2, 6, 9 and 12 down the 
chain for each lipid tested and with additional mixed 
chain PCs not reported. Panel I reports the diacyl 
18:0,18:0 PC in the gel state (35°C). By comparison, in 
the liquid crystalline state this lipid displayed a mono- 
tonic decrease in fluidity with increasing a-tocopherol. 

Existence of a-tocopherol-fatty acid complexes is 
indicated on the basis of fatty acid induced decreases 
in absorbance at the short wavelength maximum (213 
nm) of a-tocopherol [14,15]. The interaction constants 
for the various fatty acid-a-tocopherol complexes can 
be calculated via Eqn. 2 fi'om the decrease in ab- 
sorbance as a function of fatty acid concentration at 
constant concentration of a-tocopherol [14]. UV ab- 
sorbance was used to demonstrate complexes between 
t~-tocopherol (0.1 raM) and II to 4 mM of either free 
fatty acids or mixed acyl chain phosphatidylcholines 
(di-18:0 PC, 18:0,18: I PC, 18:0,18:2 PC, 18:0,18:3 
PC and 18:0,22:6 PC) in ethanol (results not shown). 
The magnitude of the interaction constant increases 
with the number of unsaturations for both the free 
fatty acids as well as for the mixed chain PCs in Fig. 4, 
panel !, where a plot of log K vs. number of double 
bonds implies that perhaps similar complexes are 
formed between a-tocopheroi and fatty acids whether 
the fatty acids are either free or esterified to a mixed 
chain phosphatidylcholine. 

While previous publications presented UV ab- 

3~" 

30 

~0, 

~5 

PANEL 1 

B 

A 

b 

0 ~ 4 6 8 

PANEL 2 

2 {~ -' ' 

0 ~ ~ ~ 8 

DOUBLE BONDS # DOUBLE BONDS 

Fig 4. (Panel I) Semi-logarithmic plot of the association constants 
(25°C) of a-locopherol (11.1 raM)to: (A)free fatty acids (0.25 mM); 
or (B) mixed acyl ch~in PCs in ethanol as a function of number of 
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ph)t of the association constants (35~C) of a-tocopherol (0.5 mem- 
brane mol%) to mixed chain PCs (5.() membrane tool%) in DMPC 
lipid bilayers (5 mM vesicles in solution) as a function of the number 

of unsaturations in the sn-2 position of the PCs. 

sorbance evidence in faw)r of free fatty acid complexa- 
tion with ot-tocopherol in ethanol [14]. it remained to 
be demonstrated that complexes similarly form be- 
tween a,-tocopherol and unsaturated fatty acids acy- 
htted to phosphatidylcholines in lipid bilayers. There- 
fore UV absorbance studies were made on liquid crys- 
talline state (35°C) DMPC (5 mM) vesicles containing 
0.5 membrane tool% ~-tocopherol and mixed chain 
PCs at 0 to 5 membrane tool%. Greater decrease in 
UV absorbance for higher degrees of unsaturation was 
noted. The corresponding interaction constants that 
were calculated at 5 membrane mol% mixed chain 
PC's are reported in Fig. 4, panel 2. The fact that 
interaction constants can be calculated for a-tocopherol 
with very low concentrations of unsaturated fatty acids 
(in the form of mixed chain PCs) in the presence of 
large excess of saturated fatty acids (in the form of 
DMPC), indicate that a-tocopherol preferentially asso- 
ciates with fatty acids of increasing unsaturation in 
lipid bilayers. 

As ;m alternative approach, quenching of a- 
tocopherol fluorescence by acrylamide [21] was used to 
demonstrate complexation of the vitamin to unsatu- 
rated fatty acids in DMPC lipid bilayers as well as in 
organic solution. In Fig. 5, panel 1, a-tocopherol was 
incorporated at 5 membrane mol% into lipid vesicles 
(5 raM) composed of DMPC/mixed chain PC (4:1). 
The mixed chain PCs were: 18:0,18 : ! PC; 18:0,18 : 2 
PC; 18:0,a-18:3 PC; 18:0,22:6 PC or DMPC (con- 
troD. Rapid fluorescence quenching was followed as 
acrylamide was added to the aqueous solution. Protec- 
tion from quenching was related to the degree of acyl 
chain unsaturation. The least protection from acryl- 
amide quenching was measured with the most satu- 
rated acyl chains. These results could indicate that 
either a~-tocopherol is found at increasing depths in the 
bilayer [21] with increasing unsaturations (and hence is 
less exposed to the acrylamide) or else a-tocopherol 
may complex more strongly with the more unsaturated 
lipids. 

The above possibilities can be distinguished by two 
experiments. Monitor,,g acr~tamide quenching of a- 
tocopherol fluorescence in ethanol removes the orien- 
tation factor which results from a-tocopherol's incor- 
poration into lipid bilayers. In t, ig. 5, panel 2, it is 
evident that stearic acid (18:0) provides far less pro- 
tection from acrylamide quenching in ethanol than 
does docosahexaenoic acid (22:6). Protection from 
quenching is related to the number of double bonds in 
the fatty acid. Acrylamide quenching rates were also 
measured for a-tocopherol (0.5 mol%) incorporated 
into bilayers composed of DPPC containing 10 tool% 
a-linolenic acid (18:3A 'u2"l'~) or y-linolenic acid 
(18:3AC'.')'J2). These membranes vary only in the posi- 
tion of the unsaturations in the linolenic acids. If 
quenching is related to the degree of exposure of 
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Fig. 5. (Panel I) Protection of a-tocopherol (5 membrane mol~ ,) from acrylamide fluorescence quenching by the acyl chains of phosphatidyl- 
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( 18:(., and (B) do¢osahcxacnoic acid (22:6) in ethanol, Values arc plotted as Stern-Volmcr plots. 

a-tocopherol to the aqueous interface and the carboxyl 
group of both fatty acids resides at about the same 
depth in the membrane, then the 1,-linolenic acid 
membrane should be quenched to a greater extent 
than the a-linolenic acid membrane. Fig. 6 clearly 
shows that both membranes quench the same. There- 
fore we conclude that protection from acrylamide 
quenching is afforded by the number of acyl chain 
double bonds and not the position of the double bonds 
in the membrane, These results substantiate the UV 
studies and indicate that complexes between a- 
tocopherol and polyunsaturated fatty acids may exist in 
membranes as well as in organic solutions. 
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Fi~,, 6. Protection of a-tt~.'opherol (5 reel%) from acry. lamide flumes- 
oence quenching by a-linolenic acid (18:33 ¢'1:.t5} and "g-tinolenic 
acid (18:3,1 ~v-i: ) (10 reel%) in DPPC vesicles (5 raM) (47°0. Values 
are plotted as Stern.Volmer plots. (A) 100 reel% DPPC ( El ); (B) 90 
reel% DPPC, 10 reel% a-linolenic acid (o): (C) 90 reel% DPPC. 10 
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Discussion 

a-Tocopherol is a well studied membrane antioxi- 
dant [41,42]. Its function, in part, is to prevent oxida- 
tion of the most susceptible molecules found in nature, 
the long chain polyunsaturated fatty acids (PUFAs). By 
ultraviolet light and fluorescence measurements [ 14,15] 
complexes between free unsaturated fatty acids and 
a-tocopherol have been demonstrated in organic solu- 
tion. Here we apply the same techniques to extend the 
list of PUFAs to the fish oil co-3 fatty acid, docosahex- 
acnoic acid (22:6) and demonstrate that similar com- 
plexes form whether the fatty acids are free or esteri- 
fled to the sn-2 position of phosphatidylcholines (Figs. 
4 and 5). lmpoJiantly our data suggest that complexes 
form in phospholipid bilayers as well as in ethanolic 
solution. The uv experiments show that a-tocopherol 
absorbance is affected by small amounts of unsaturated 
fatty acids in the presence of a large excess of satu- 
rated chains (unsaturated/saturated, 1:20) (Fig. 4, 
panel 2) indicating a-tocopherol's association is 
stronger with the more unsaturated fatty acids. 

These results on artificial systems complement vita- 
mitt E experiments performed on various biological 
membranes. Some in rive experiments indicate that 
a-tocopherol accumulates in membranes containing 
large amounts of unsaturated fatty acids [43]. if a- 
tocopherol does provide protection from lipid oxida- 
tion, it is in the membranes rich in PUFAs that the 
vitamin's concentration should be elevated. But even 
here, the amount of a-tocopherol present is still low. 
Ratios of a-tocopherol/PUFA have been reported 
between 1:2100 and 1:200 [43]. For the inner mito- 
chondrial membrane a ratio of 1:4500, a-toco- 
pherol/docosahexaenoic acid was found [43]. It is clear 



that small amounts of a-tocopherol must protect a 
large number of PUFAs from oxidation. 

The striking difference noted between the effect of 
a-tocopherol on fluidity of the diacyl PCs (Fig. 2) 
compared to that of the mixed chain PCs (Fig. 3), and 
the opposite effect of a-tocopherol on liquid crystal vs. 
gel state iipids (Fig. 1) may explain some of the dis- 
crepancies reported for the vitamin on various mem- 
brane properties. The effects of a-tocopherol on mem- 
branes are complicated and very phospholipid depen- 
dent. in addition most of the published a-tocopherol- 
phospholipid bilayer studies have used unrealistically 
high levels of the vitamin, up to 40 mol%. The mixed 
chain PC experiments reported here imply that one 
trend is measured with low levels (less than 2 mol%) 
a-tocopherol while a reverse trend is noted with higher 
levels. Using differential scanning calorimetry Micol et 
al. [44] have proposed that by 5 tool%, a-tocopherol 
induces lateral phase separation in phosphatidyl- 
cthanolamine bilayers. Scvcrcan and Cannistraro [7] 
have similarly concluded by EPR that a-tocopherol 
can induce two different phases in PC bilayers. Van 
Ginkei (personal communication) has noted that the 
orientation of the chromanol group varies with the 
concentration of the vitamin in the bilayer. Bellemare 
and Fragata [45] have reported that in unilamellar PC 
bilayers a-tocopherol reaches saturation levels at 5 
mol%. 

Phase separation in the presence of a-tocopherol is 
not universally concluded, however. A -'H NMR study 
of 25 mol°~: selectively deuterated a-tocopherol incor- 
porated into egg PC bilayers saw evidence of only one 
environment [45], although two component spectra (one 
for each phase) wouM be seen only if exchange be- 
tween the phases is sufficiently slow. Studies of the 
effects of a-tocopherol on acyl chain order in saturated 
PC membranes and in membranes containing mixed 
chain PCs are similarly consistent with a single phase 
[12,46,47]. Also in favor of a single phase only is the 
single component character of EPR spectra recorded 
for PC membranes containing 0-20 tool% a-tocopheroi 
[4(I]. in contrast to the current work, moreover, the 
EPR studies of mixed chain PCs detect monotonic 
increases in order and correlation time throughout the 
a-tocopherol concentration range employed. While dif- 
ferences between the spectroscopic techniques and the 
use of sonicated unilamellar vesicles (fluorescence 
studies) vs. multilamellar liposomes (EPR studies) arc 
possible sources of the apparent discrepancies, the 
experiments indicate that a-tocopherol-membrane in- 
teractions are indeed complicated and data interpreta- 
tion must be made with great care. 

Our previous experiments have shown that despite 
not altering the fluidity of already unsaturated phos- 
pholipid bilayers, the presence of DHA makes mere 
branes more permeable and susceptable to fusion [32]. 
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A possible exphmation is that the ~o-3 fatty acid is not 
homogeneously distributed throughout lipid bilayers. 
instead it may exist in high local concentrations in lipid 
domains where it does not alter the global fluidity but 
does severely affect permeability and fusion. If a- 
tocopherol complexes to DHA, as the experiments 
reported here suggest, then a-tocopherol would also 
be nonhomogen,~ously distributed in membranes. This 
is in agreement with the suggestion of McMurchie and 
Mcintosh [17] who hypothesized a-tocopherol is inho- 
mogeneously distributed in membranes and Ortiz et al. 
[18] who showed a-tocopherol partitions into more 
fluid domains. At present we are attempting to address 
this problem using -'H-NMR compare the effect of 
a-tocopherol on spectra obtained from !6:0,16:(~' 
PC/16:0,22:  6 PC bilayers in which the individual PC 
components are deuterated [47]. 

The complexation of PUFAs to a-tocopherol in 
membranes may provide three distinct functions: an 
ant[oxidant, a structt,'a! c~mpnnent ~:ff membranes, 
and as a way to bind any potentially dangerous free 
fatty acids that may I'orm in membran,:s 
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