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The intrinsic fluorescence of a-tocopherol has been used as a tool to study the location and dynami¢~ of the molecule in 
phnsphelipid vesicles made of egg yolk phnsphafidylehollne using steady-state and time.resolved techniques. From 
absorption spectra it was concluded that most a-tocopberul molecules are hydrogen bonded, although the aggregates 
formed are fluorescent. By calculating several fluorescence parameters in different solvents it was concluded that 
a-tocopherol should be situated in a polar region of the membrane. From the results obtained in measurements of 
fluorescence quenching and resonance energy transfer it was deduced that the ehromanol moiety of the molecule is 
located in a position close to that occupied by the probes 7-(9-anthroyloxy)steuric acid (7-AS) and 5-(N-oxy-4,4-dimeth- 
yioxazolidin-2-yl)stearie acid (5-NS) in the membrane. The lateral diffusion coefficient of a-tocophnrol in phnsphnlipid 
vesicles was calculated through quenching of its fluorescence by the spin probe 5-NS, and a value of 4.8 • 10 -¢ em z • s - :  
was found, indicating a very high lateral diffusion of ,v.tocopherol. 

Introduction 

a-Tocopherol is known to be a very important com- 
ponent of biological membranes, a-Tocopherol is be- 
lieved to behave as a potent antioxidant to avoid mem- 
brane lipid peroxidation [1,2] and it was also suggested 
'&at it might stabilize biological membranes by restrict- 
ing the molecular mobility of their components [3,4] or 
by forming complexes with potentially toxic un- 
saturated fatty acids [5,6]. In order to better understand 
the molecular mechanism of action of a-tocopherol, it is 
important to study its interaction with membrane com- 
ponents and specially with lipids. In this way the loca- 
tion and dynamics of u-tocopherol can be known. 

From experiments using physical techniques like dif- 
ferential scanning calorimetry [7], fluorescence of probes 
[7,8], nuclear magnetic resonance [9-11] and Fourier 

Abbreviations: SUV, small unilamellar vesicles; MLV, muhilamellar 
vesicles; EYPC, egg yolk phosphatidylcholine; n-NS, n-(N-oxy-4,4- 
dimethyloxazolidin-2-yl)steafic acid; n-AS, n-(9-anthroyloxy)stearic 
acid; Mops, 4-morpholinepropanesalfonic acid. 

Correspondence: J.C. G6mez-Fernhndez, Departamento de Bioqui- 
mica y Biologia Molecular, Facultad de Veterinaria, Universidad de 
Murcia. E-30071, Murcia, Spain. 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical 

transform-infrared spectroscopy [12] it has been con- 
cluded that a-tocopherol has its phenolic group located 
near the polar moiety of the lipid matrix. 

From experiments using model membranes with dif- 
ferent phospholipid composition it was concluded that 
a-tocopherol preferentially partition into the most fluid 
domain [13]. 

a-Tocopherol has intrinsic fluorescence and we have 
tried to exploit this property since this is a very conveni- 
ent mean of directly observing the molecule. We present 
in this report our experiments on a-tocopheroi location 
and dynamics in phospholipid vesicles by using steady- 
and transient-state fluorescence techniques. 

Materials and Methods 

Egg yolk phosphatidylcholine (EYPC), a-tocopherol, 
5-doxylstearate and 16-doxylstearate were obtained from 
Sigma, Peele, Dorset, U.K. 2-, 7-, 9- and 12-(9-anthro- 
yloxy)stearie acid were obtained from P-L Biochemi- 
cals, Gmbh, St. Gear, F.R.G. Organic solvents were 
obtained from Merck, Darmstadt, F.R.G. Twice dis- 
tilled and deionized water was used. 

Samples for absorption, steady-state excitation and 
emission spectra and transient-state determinations were 
made as follows: a film of phospholipid was obtained 
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from evaporation of a chloroform solution and multi- 
lamellar vesicles were formed by adding water and 
vortexing the suspension. These multilamellar vesicles 
were disrupted to small unilamellar vesicles (SUV) by 
sonication (Branson, 250). Usually six cycles of 30 s 
were performed, until obtaining no significant decrease 
in scatter intensity of the suspension. The vesicles were 
annealed during 10 rain, to eliminate structural defects 
of the bilayer that would induce their fusion [14] and 
then low-speed centrifuged to separate titanium par- 
ticles, arising from the sonication. To this SUV suspen- 
sion appropriate amounts of a-tocopherol were added 
from a stock solution in ethanol, the incubation time 
being one hour in the dark at room temperature. For 
the low concentration of ethanol used, maximum 3%, no 
alteration of the bilayer structure is reported [15] and 
no change in scatter intensity of the sample was found. 

Phospholipid vesicles for fluorescence intensity, 
quenching and resonance energy transfer experiments 
were prepared as follows: chloroform solutions contain- 
ing phospholipid and appropria.e amounts of a- 
tocopherol and fluorescent probes were mixed. The 
organic solvent was evaporated under a stream of 
nitrogen and the last traces of solvent were removed by 
a further 5 h evaporation under vacuum. After addition 
of 0.1 mM EDTA, 10 mM Mops, 100 mM NaCI (pH 
7.4 buffer) multilamellar vesicles (MLV) were formed 
by mixing using a bench vibrator. 

Absorption spectra were run on a Shimadzu UV260 
or on a Perldn-Elmer Lambda 9 spectrophotometer. 

Steady-state excitation and emission spectra were 
obtained on a Spex 1II Fluorog spectrofluorimeter. Cor- 
rection of spectra was performed using a Rhodamine B 
quantum counter (excitation) and a standard lamp 
(emission). Excitation and emission bandwidths were 
4.5 nm, and 5 × 5 mm fluorescence cells were used, in a 
fight-angle geometry. Excitation and emission wave- 
lengths were 295 and 325 nm, respectively. Fluorescence 
quantum yields were determined using naphthalene in 
degassed ethanol as a standard, d?~ = 0.21 [16]. 

Fluorescence decays were measured using the time- 
correlated single-photon counting technique. The exci- 
tation source was a nitrogen-filled flash lamp (Edim- 
burg Instruments, 199F). Alternated collection of pulse 
and sample profiles, detected with a Philips XP2020Q 
photomultiplier, were performed. The decay curves were 
deconvoluted on a Digital PDP 11/73 computer, em- 
ploying the modified method of modulating functions 
[171. 

Fluorescence intensity, quenching and resonance en- 
ergy transfer measurements were carried out on a 
Shimadzu RF-540 spectrofluorophotometer using exci- 
tation and emission wavelengths of 295 and 325 nm, 
respectively. 

In the energy transfer studies, the critical radius of 
transfer, R0, was evaluated from F&ster 's formulation 

[18] rewritten as 

with R o in ,A, where k -~ is theorientational factor, 8 o 
the donor quantum yield in the absence of accepter, n 
is the refractive index of the medium, l ( h )  is the 
normalised fluorescence spectrum, e(h) is the molar 
absorption coefficient (dm ~. reel - I  . cm -s)  and ?~ is in 
nm. 

In the above expression the orientational factor for 
the dynamic regime of transfer k 2 =  2 / 3  was consid- 
ered [19], this assumption being reasonable considering 
the low anisotropy of the accepters (--- 0.126, 0,134 and 
0.120 for the 2-, 6-, and 12-AS, respectively [20]). 

The molar absorption coefficient of the accepter is 
e365 .m = 6.2" 103 dm 3 . reel-  i .  c m - t  [21], 8 o = 0.34 
(ethanol) was used and n = 1.40 [22]. 

Accepter surface concentrations were calculated con- 
sidering an area of 77 A 2 for the phospholipid head 
group of egg yolk PC [23]. 

All the fluorescence measurements were carried out 
in a right-angie geometry, and the eventual errors aris- 
ing in a steady-state energy transfer study were taken 
into account, namely: (i) absorption by the accepter at 
the excitation wavelength: the consideration of this 
effect for the highest concentration of accepter (anthro- 
yloxy probes) implies a correction of 3% in the F / F o  

intensity. In the lower range of concentration, its impor- 
tance is negligible, (ii) absorption of donor fluorescence 
by the accepter (trivial effect): for the highest con- 
centration of accepter it amounts to a correction of 
2.5%, also negligible. 

The extent of collisional quenching in a lipid bilayer 
depends upon the l ipid/water  partition coefficient and 
upon the rate of diffusion of the colliding species in the 
lipid bilayer [24]. Therefore the collisional quenching of 
fluorescence can be used for calculating the diffusion 
coefficients for a-tocopherol in lipid vesicles. In a mem- 
brane, where quenching occurs only in the lipid phase 
and partition with the water phase may be significant, 
the Stern-Volmer relation for collisional quenching is 
modified, and the following applies: 

l/k~pp = ctm(l/k m - -  l / k m P )  + 1 /k~P  

where k~pp is the apparent (measured) bimolecular 
quenching constant in M -~.  s-~, am is the fractional 
volume of the membrane phase, and P is the partition 
coefficient, in units of (moles of quencher per liter of 
phospholipid)/(moles of quencher per liter of water). 
The partition coefficient is also expressed as mole frac- 
tional ratio, i.e. (moles of quencher per mole of 
phospholipid)/(moles of quencher per mole of water). 
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A plot of 1/kap p as a function of a m gives a straight 
line with 1 / k m P  as intercept and  ( 1 / k  m -  1 / k m e  ) as 
slope. In order to estimate the lateral diffusion coeffi- 
cient of a-tocopherol in the membrane we have used the 
Smoluchowski equation as modified for fluorescence 
quenching in three dimensions measured in the steady 
state including transient effects [25]: 

k m = 4¢/N^RpqX( Dr, + Dq )(l + R p q ' ~ / / ~ )  

where "t is the quenching efficiency of the fraction of 
collisional encounters that  are effective in quenching, 
Rpq is the sum of the molecular radii of  probe plus 
quencher, N A is Avogadro 's  number  per  millimole, Dp 
and Dq are the diffusion coefficients of the probe and  
the quencher, respectively, in the membrane,  in units of  
cm 2. s -  ~ and % is the fluorescence lifetime of the probe 
in the absence of quencher. 

From the van der W.'--als radii we estimate a molecu- 
lar radius os 4.3 ,~ for a- tocopherol  and  4.6 A for 5-NS 
[26]. We have assumed ~" to be 1, so that  the calculated 
diffusion coefficient is the smallest possible and  would 
be higher for y < 1. See Fato et al. [27], for a detailed 
discussion on the problems that can be found when 
trying to estimate ~, for this type of system. % was 
estimated to be 1.7 ns. Finally, we have assumed Dq to 
be 2 . 5 . 1 0 - 7 c m  2. s -1 according to Fato  et al. [27], who 
found this value for a similar fluid membrane.  

Results 

As references to a- tocopherol  fluorescence properties 
are very scarce, and  essentially oriented towards their 
application in analytical determinations, we have first 
determined some fluorescence parameters  of a -  
tocopherol. Table I shows ~m~ of the fluorescence 
emission spectra, quantum yield (~F)  and  fluorescence 
lifetime (¢F), determined for a- tocopherol  in a number  

TABLE I 

Fluorescence parameters of a-tocopherol in solution and incorporated 
into phospholipid vesicles 

Medium hm ~ R (rim) OF "0 ~'F ~ (ns) 

Methanol 316 0.43 n.d. 
Ethanol 317 0.34 t .8 
Acetonitrile 311 n.d. 1.0 
Cyclohexane 312 0.16 0.8 
EYPC (SUV) d 316 n.d. 1.7 

a Emission fluorescence when excited at 295 nm, ~sbtained from 
corrected spectra. 

b Quantum yields determinated considering OF of naphthalene in 
degassed ethanol as 0.2116. 

" Fluorescence lifetimes determined by the single-photon counting 
technique. 

a Small unilamellar vesicles of egg yolk phosphatidylcholinc. 
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Fig. 1. Absorption spectra of a-tocopherol in n-hexane at a con- 
centration of( ) 4A-10 -s M and ( . . . . . .  ) 1.42-10 -4 M. 

of solvents and  incorporated into phospholipid vesicles. 
It is shown that  both  quan tum yield and  fluorescence 
lifetime of  a- tocopherol  increase as solvents polari ty 
increases. Phenol,  a chromophore  related to a-  
tocopherol,  shows identical response of its fluorescence 
parameters  to solvent polari ty [16,28]. It is interesting to 
note that  Area x and  fluorescence lifetime obtained for 
a- tocopherol  in phospholipid vesicles are similar to 
those obtained in protic solvents (e.g., ethanol). 

The absorpt ion spectra of a- tocopherol  in n-hexane 
is depicted in Fig. 1. It is shown that  the max imum of  
the spectrum at  low concentrat ion of  a- tocopherol  is at  
283 nm (predominance of  the monomeric  form) but  it is 
shifted to 295 nm at  a much higher concentrat ion 
(predominance of  the hydrogen bonded form). Experi- 
ments  made  with a- tocopherol  in phospholipid vesicles 
showed that  a- tocopherol  has a max imum near 295 nm 
within a wide range of  concentrat ion (data  not  shown), 
indicating that  most  a- tocopherol  molecules are associ- 
ated when present in membranes.  

Fig. 2 shows the fluorescence intensity of a-  
tocopherol  at  increasing concentrat ions of the molecule. 
It can  be  seen that  a linear relationship between fluores- 
cence intensity and  concentrat ion is obtained for a-  
tocopherol incorporated in phospholipid vesicles. Iden- 
tical behaviour was obtained in non-polar  (hexane) and  
polar  (ethanol) solvents (da ta  not  shown). 

The quenching effect of membrane  probes 5-doxyl- 
stearate (5-NS) a n d  16-doxylstearate (16-NS) on a-  
tocopherol  intrinsic fluorescence is shown in Fig. 3. The 
quenching process seems to follow a collisional mecha- 
nism as shown by  the linearity of  the Stern-Volmer 
plots. It can  be  seen that  5-NS which has its nitroxide 
group at  carbon-5 quenches a- tocopherol  fluorescence 
much more effectively than 16-NS which has its nitro- 
xide g roup  at  carbon-18. 

Fig. 4 shows the absorpt ion and  emission spectra of 
a- tocopherol  and  the absorpt ion spectrum of 6-AS in 
ethanol and  cyclohexane, respectively. We found that  
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Fig. 2. Fluorescence intensity (in arbitrary units) of *t-tocopherol 
corrected for the inner filter effect vs. concentration of a-tocopherol 
in multilamellar vesicles made of egg yolk phosphatidlycholine at 

25 o C (lipid concentration 0.13. l0-  3 M). 

ene rgy  t ransfer  f r o m  a- tocophero l  (donor) ,  to  the  fluo- 
rescent  p robes  n -AS (acceptor) ,  is modera te ly  eff icient  
w i th  a F~rs te r  cri t ical  radius,  R 0 = 14 ]k (calculated as 
descr ibed unde r  Mate r ia l s  and  Methods) .  W e  also found  
an  identical  spectral  over lap  be tween  a - tocophero i  
emiss ion  a n d  the  an throyloxy  c h r o m o p h o r e  absorp t ion  
for  all the  an throyloxy  acceptor  p robes  used,  the  s a m e  
FiSrster cri t ical  r ad ius  ( R 0 )  ho ld ing  for  all the  
d o n o r / a c c e p t o r  pairs ;  this  impf ies  that  an  i m m e d i a t e  
qual i ta t ive  in te rcompar i son  of  d is tances  is possible,  i.e., 
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Fig, 3. Stern-Volmer plots of quenchio 8 of a-tocopherol fluorescence 
in egg yolk phosphatidylcholine (EYPC) at 25°C by (o) 5-NS and 
(O) 16-NS. Lipid concentration was kept at 0.25 mM and EYPC/a- 

tocopherol molar ratio was I00: I. 
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Fig. 4. Absorption and emission spectra of a-tocopherol in ethanol 
( - - ,  ~29s nm = 3.2-103 dm L mol- I cm- I (~c~c = 292 nm)) and 
absorption spectrum of 6-AS in cyclohexane ((-- - -  --), e365 nm = 6.2 

• 10 ~dm 3. tool- L cm- t ). 

the t ransfer  eff iciencies (F/Fo) values  for the  same  
concen t ra t ion  of  the acceptor  in the  series of  probes  
direct ly reflects d i f fe ren t  dis tances  be tween  a- tocopherol  
and  n -AS probes .  Fig.  5 shows the  eff iciency of  energy 
t ransfer  f r o m  a- tocopherol  to d i f ferent  n-AS probes  
d i f fe r ing  in the  locat ion of  their  9-anthroyloxy group.  It  
can  be  seen that  the eff iciency of  energy t ransfer  follows 
the  o rde r  7-AS > 2-AS > 9-AS = 12-AS. 

T h e  calcula t ion of  the lateral d i f fus ion  coeff icient  o f  
this molecule  when  incorpora ted  into phosphol ipid  
vesicles can  be  app roached  through studies of  the 
quench ing  of  the intr insic  f luorescence of  a- tocopherol  
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Fig. 5. Relative yield o f  a-tc¢opharol fluorescence F/Fo vs. o (aecep- 
tor surface concentration) of  2-AS (o)o ?-AS (A), 9-AS (11) and 12-AS 
(ra) in egg yolk PC at 25°C. Each point in the plot represents a 
different set of experiments. Excitation and emission wavelengths 

were 295 and 329 nm, respectively. 
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Fig. 6. (A) Stern-Volmer plots of quenching of a-tocopherol fluorescence by 5-NS at 25 o C in egg yolk PC vesicles at different membrane fractional 
volumes (am): 0.25-10 -3 (1); 0.1875"10 -3 (2); 0.125"10 -3 (3); 0.0625-10 -3 (4). The a-tocopherol to phosphofipid ratio was kept l:100 
(mol/rnol). (B) Plot of l/k.pp vs. membrane fractional volumes (am) using values from panel A. Each point represents the average value 4-S.E. of 

three different experiments. 

by 5-NS (Fig. 3) as described under Materials and 
Methods. 

Fig. 6A shows Stem-Volmer plots for the quenching 
of a-tocopherol fluorescence, when incorporated into 
phospholipid vesicles, by 5-NS, at different lipid con- 
centrations. From these plots apparent bimolecular 
quenching constants (kapp) values were calculated and 
they were used for the plot shown in Fig. 6B. From the 
last plot (Fig. 6B) the bimolecular quenching constant 
in the membrane phase was calculated to be k m = 3.4. 
109 M -1 • s -1 and the partition coefficient of quencher 
was found to be P = 3.2-104 (moles of 5-NS per mole 
of egg yolk PC)/(moles of 5-NS per mole of water). It is 
noteworthy that this value for the partition coefficient is 
very similar to that found by other authors for the same 
quencher in asophosphatidylcholine bilayers [27] which 
was 5.9-104 expressed in the same units. 

In order to calculate the lateral diffusion coefficient 
of a-tocopherol in the membrane we used the 
Smohichowski equation as described under Materials 
and Methods, and this lead to a lateral diffusion coeffi- 
cient (Dp) of 4.8" 10 -6 cm 2- s -1. 

Discussion 

In this study the location and dynamics of a- 
tocopherol in phospholipid vesicles was investigated by 
means of its intrinsic fluorescence. 

We first determined some fluorescence parameters of 
a-tocopherol and interestingly noted that the parame- 
ters obtained for a-tocopherol in phospholipid vesicles 
are similar to those obtained in protic solvents. This 

observation suggests that the chromanol moiety of a- 
tocopherol should be located in the polar region of the 
model membrane, in agreement with previous sugges- 
tions [9,29]. 

An important  point when considering the fluores- 
cence of a-tocopherol in the membrane is to know 
whether all the molecules will be fluorescent or if non- 
fluorescent aggregates may be formed as claimed re- 
cently [30]. We found that most a-tocopherol molecules 
when present in phosphofipid vesicles are associated. It  
could not be discerned from the data presented here 
whether a-tocopherol molecules are associated (through 
hydrogen bonding) between themselves or with 
phosphoHpid or water molecules. However we clearly 
show that although a-tocopherol molecules are associ- 
ated, the aggregates formed are fluorescent, since a 
linear relationship dependence between fluorescence in- 
tensity and a large range of concentration is obtained 
both in homogeneous media and in membranes. 

The location of a-tocopherol in the bilayer has been 
also approached through the quenching of its fluores- 
cence by membrane probes 5-NS and 16-NS. These 
probes were used before in a number of similar studies 
designed to determine the location of chromophores in 
membranes [31]. We found that 5-NS quenches a-  
tocopherol  fluorescence much more effectively than 16- 
NS, as should be expected if the chromanol moiety is 
located near the l ip id /water  interface. 

We have also attempted to study the location of 
a-tocopherol in phospholipid vesicles by using a set of 
n-(9-anthroyloxy)stearic acid (n-AS) probes. The ex- 
plicit distv.nce dependence (r  -6) of electronic energy 



transfer (dipolar mechanism) has allowed its application 
as a spectroscopic ruler for determining distances in 
biological systems [32, 33]. Two advantages arise from 
the use of the anthroyloxy family of probes in a sys- 
tematic study of locations inside a membrane:  (i) these 
probes are known to be located at a graded series of 
depths inside a membrane  [31,34,35] so a precise map- 
ping can be obtained and  (ii) considering that the 
FSrster critical radius (Ro)  is identical for all acceptors 
a direct relationship between efficiency and distances 
between a-tocopherol and  n-AS can be made. From the 
da ta  presented here it can be concluded that the chro- 
mophore  group of a- tocopherol  is situated in the mem- 
brane in a region between the 9-anthroyloxy group 
located at carbon-7 and  carbon-2,  the former being the 
nearest one. This at tr ibution is again compatible with 
other previous results. Furthermt.:e,  we have found that  
acrylamide, which is a water-soitii:!e fluorescence 
quencher,  has a very low efficiency of quenching a-  
toeopherol in phospholipid vesicles, while acrylamide is 
an  efficient quencher of a- tocopherol  in ethanolic solu- 
t ion (data  not  shown). This indicates that  al though 
a- tocopherol  may have its chromanol  group relatively 
dose  to the polar  par t  of  the bila~et it is not  sufficiently 
exposed to allow acrylamide to reach it (acrylamide 
being known to have a very low capaci ty  of penetrat ion 
through phosholipid bilayers) [15]. Hence the conclu- 
sion of these studies on the location of a- tocopherol  in 
phospholipid vesicles is that  its chromanol  moiety lies 
in a position close to that  occupied by 7-AS and  5-NS. 
The location of the chromanol  moiety in the l ip id /wate r  
interface could be of importance in explaining its mech- 
anism of protection since any  oxidizing agent approach-  
ing the membrane  surface should find reducing protons 
and  hence its introduction in the membrane  avoided. 

In order  to unders tand the mechanism of action of 
a- tocopherol  in membranes  and  how it may be active at  
very low concentrations,  it may be very illustrative to 
know the lateral diffusion coefficient of  this molecule 
when incorporated into phospholipid vesicles. This has  
been approached through studies of the quenching of  
the a-tocopherol fluorescenc~ hy  5-NS. While Wardlaw 
et al. [36] have reported a static contr ibut ion in the 
fluorescence quenching of 2-(9-anthroyloxy)palmitic 
acid by  5-NS, in the present s tudy this effect is sup- 
posed to be  non-significant as: (i) l inear Stern-Volmer 
steady-state quenching relationships were obtained (see 
Fig. 6A), (ii) for a quencher concentrat ion (5-NS) of 
10 - s  M and  a- tocopberol  concentrat ion of 5 - 1 0  -5 M 
in SUV of  egg yolk PC (10 -3 M), identical values of 
~'/~'0 and  ep/~0 were obtained. In this way, the quench-  
ing mechanism is essentially dynamic.  By using the 
Smoluchowski equation we found a lateral diffusion 
coefficient (Dr)  of  4 . 8 . 1 0  -6  cmz.  s - t .  This means that  
~t-tocopherol may have high mobility in natural  mere- 

branes and hence be quite efficient in reacting with 
oxidizing agents. This value is very similar to the one 
calculated by other authors [27] for ubiquinone-3 (5.8- 
10 -6 cm2-s  - I )  which is a molecule very related in 
structure to a-tocopherol.  

In conclusion two factors may compensate for the 
low concentrat ion of a-tocopherol in membrane. These 
are the preferential parti t ioning in the most fluid do- 
mains [13] and a high lateral mobility in the plane ,4  the 
bilayer. 
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