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Abstract 

~H-NMR technique was applied to study liposomes formed with egg yolk phosphutidylcholine containing as an 
additional component twv carotenoid pigmcms: /3-carotene or zcuxanthin (dih ,drohy-,6-carotenc). A strong rigidifying 
effect of zeax;~mhin but not of /3-carotene with respect to hydrophobic core of lipid bilayer was concluded l~-om Ihe 
carotenoid-dependent broadening of the NMR lines assigned to -CH,- groups and terminal -CH 3 groups of lipid alkyl 
chahJs. A similar effect of zeaxanthin with respect to polar headgroups was concluded on the basis of the effect of the 
pigment on the shape of NMR lines attributed to N *(CH ~)~ groups. In contra~,t. ,/]-carotene increases motional freedom of 
lipid polar beadgroups. The inclusion of both carotenoids to liposomes resulted m the enhanced penetration of Pr 3 ÷ ions to 
the polar zone of the external layer of a membrane monitored by the splitting of the -N+(CH3)3 signal, the effect of 
/3-carotene being much more pronounced, Differences ill the effect on membrane strncmre lind molectdar dynamics 
observed lot .8-carotene and its polar derivative are discussed in terms of organization of a carotenoid-containing lipid 
membrane, 
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I. Introduction 

Carotenoids are widespread pigments of bacteria, 
algae, plants and animals [1]. Some carotenoid pig- 
ments like /]-carotene, zeaxanthin and lutein are also 
present in human blood serum [2-4].  Physiological 

Abbreviations: Car. /J carotene: Zea. zeaxanthin: EYPC. egg- 
yolk phosphatidylcholine. 
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importance of  the presence of  carotenoids in living 
organisms is connected to their action as accessory 
pigments absorbing light and transferring it to chloro- 
phyll in photosynthesis [5] and protection of  neigh- 
bouring biomolecules against oxidative damage [6]. 
The latter action is realised via the quenching of  
triplet states of  photosensitizers and deactivation of  
singlet oxygen and free radicals [6]. A different 
physiological function of  curotenoids is directly re- 
lated to their molecular structure and is usually re- 
/erred to as modifying effect with respect to biomem- 
branes. The effect of  carotenoid pigments on struc- 
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rural and dynamic proper:ie~ of biological mem- 
branes and model lipid memb,anes has been exten- 
sively studied in recent years by means of several 
experimental techniques: electrt n paramagnetic reso- 
nance (EPR) [7 - i2 ] ,  lighl sc,tttering in liposome 
suspension [13,14], differential scanning calorimetry 
[7,15,16], X-ray diffractom~;try [17-19]  and nuclear 
magnetic resonance applied to phosphorous nuclei 
(3]P-NMR) and carbon nuclei (13C-NMR) of  phos- 
pholipid molecules [20]. The effect of  carotenoid 
pigments on structural and dynamic properties of 
lipid membranes observed in those biophysical stud- 
ies may be summarised as follows: 

(1) The ehromophore of carotenoid pigment 
molecules is located in the hydrophobic core of  a 
membrane. Xanlhophyll pigments with their polar 
groups located at the opposite ends of  a rigid, rod-like 
molecule are oriented to placing polar groups in two 
opposite polar zones of the bilayer. 

(2) The effect of carotenoid pigments on molecular 

dynamics of a lipid membrane is based on a hy- 
drophobic, van der Waals interaction between rigid 
pigment molecules and alkyl lipid chains undergoing 
continuous g a u c h e - t r a n s  isomerization and hydro- 
gen bonding f~3 ,~ation between polar groups of xan- 
thophylls and lipid heads. These interactions result in 
the fluidization of the well-ordered structure of a 
lipid membrane (usually observable at temperatures 
below the main phase transition) and the rigidifying 
effect to a membrane in its fluid state. The effect of  
the increase of motional freedom of lipid molecules 
in a membrane referred to as the fluidization is 
reported to be more distinctly pronounced in the case 
of B-carotene while the opposite - the rigidifying 
effect - is reported in the case of polar xanthophylls. 

In lhe present study we present the results of  
t H-NMR measurements of  liposomes formed with 
egg-yolk phosphatidylcholine, containing as an addi- 
tional component either ~-carotene or its 3,3'-dihy- 
droxy derivative, zeaxanthin. This study was under- 
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Fig I Typical 300 MHz H-NMR spec rum Wl h asslgnmen s of he sample of EYPC liposome ~uspension in D~O (A) ap+l Ihe same 
sumpen~ion after addition of PrC[ to the final concentration of 4.06 mM (BI. 
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taken in order to assess the effect of polar groups of 
carotenoids in their modification of dynamic and 
structural properties of  lipid membranes. In the pre- 
sent work membranes were formed with natural lipid 
and the effect of both carutenoids was studied by 
means of the same technique and under the same 
experimental conditions. In our opinion the differ- 
ences in the effect of carotenes and xamhopby[Is on 
biomembranes may provide crucial arguments for the 

EYPC + ~,-CARO]'ENE 
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Fig. 2, Typical I H-NMR spectra of liposome suspension formed 
with EYPC and /~carotene in various molar percentages, as 
indicated. PrCI was added to the samples heft*re measurement. 

EYPC + ZEAXANTHIN 

pore 

F g. 3. Typtcal H-NMR spec ra ot hposame suspension formed 
x~tth EYPC and zeaxanthin in valfous molar percentages, as 
indicated. PrCI was added to the samples before measurement. 

dispute on a drug effect and biological action of 
carotenoids. According to some very recent reports. 
the presence of B-carotene in human organism is not 
a health-promoting factor but even increases the risk 
of cancer (see discussion in Ref. [21] and [22]). 

2. Materials and methods 

Egg-yolk phosphatidylcholine was prepared ac- 
cording to the method described by Singleton et al. 



[23]. Crystalline carotenoid pigments: /3-carotene 
(/3./3-carotene) and zeaxanthin ( (3R,3 'R) - f l , f l -caro-  

tene-3,3'-diol) wclc a generous glib. from Hoft)nann 
La Roche. Basel. Praseodymium chloride (PrCI~. 
6H~O) was purchased fi'om Sigma and heavy water 
D 2 0  was obtained from the Institute of Nuclear 
Research. Swierk (Poland). All chemicals were of the 
analytical grade, 

The stock solution of  lecithin in chloroform was 
stored at - 2 0 ° C .  The lecithin was mixed with a 
carotenoid, dried under nitrogen and dispersed in 
D2 0  added. The final concentration of  lecithin was 
25 mg per ml, The concentrations of  carotenoids 
were 0.5, 1.0, 5.0, and 10.0 mol% with respect to the 
lipid. The suspensions were then sonicated under 
nitrogen for 30 min with a 20 kHz sonicator with a 
titanium probe. During the sonication the samples 
were thermostaled at 0 -2°C.  Tile sonication was 
followed by the centrifugation for 5 min at 690 × g 
in order to remove titanium particles. N MR data were 
collected for samples of  0.5 ml vesicle suspension 
with 4.06 mM PrCI~ in 5-ram NMR tubes. The ratio 
of the N÷(CH~)~ downfield signal to the upfield 
signal after the addition of  praseodymium was ap- 
prox. t.40, 

I H-NMR spectra were recorded on Broker Avance 
DRX 300 spectrometer. 300 MHz ~H-NMR parame- 
ters were as follows spectral window 6173 Hz; digital 
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Fig. 5. Carotenoid related increase in  a haltZwidth l Jill/2 ) Of 
the ~H-NMR maximum corresponding to a CH., group of alkyl 
chains ot EYPC in liposomes as a function of the molecular 
percentage of .6Lcarotene or zeaxanthin, as indicated, 
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Fig. 4. Car~tenold related increa~ in a half-~qddl (.~i,t , ) ot 
the I H NMR rilaximum covrcspmlding in a CH ~ group ot alkyl 
ckain~ of EYPC in liposonles as a fuilcliiln of tile nlolecuhtr 
pelcentugc of  ~-carolcnc or zeaxanthin, as mdiealed. 

resolution 0.188 Hz; pulse width 4.5 # s  (30 ° flip 
angle); acquisition and delay t imes were 2.65 s and of  
I s, respectively; acquisition temperature 300 K. 

3.  Resu l t s  

Fig. IA shows the complete 300 MHz  IH-NMR 
spectrum with assignments for EYPC vesicles in 
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Fig, 6. Canneno id  related increase in  a haltLwidth ( J / ) w :  ) o f  
the I I-I-NMP-. m a x i m u m  corresponding to a -N ÷ ( C H  ~)~ cho l ine  
polar headgruup (ff  EYPC in  l ip~s~mcs as a lunc t ion  o t  the 
molecular  percentage or  /J-¢ar~)tcne or zeoxunthln,  ax indicated. 
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Fig. 7. Typical 3{X) MHz H-NMR ~pectrum Hi I t2 regtou at the resonance at prnt*m ill a -N • {CH ~)~ choline grottp tff the sample at 
EYPC liposome suspension in D,O {A) and the s~lme suxpcnsion alter addition tff PtCI ~ tu a I]IKII ctmccn, ratitm of 406 mM tB) 

Dad .  The major  (CH 2),,, CH 3, and choline N * (CH 0.~ 
resonance of  phosphatidylcholines are well rcco~- 
nised, [24-27].  Fig. IB shows the spectrum of EYPC 
vesicles in D~O after the addition of  Pr 3- with an 
extravesicular concentration of a .06  mM. The initial 
single peak of  N*(CH3)  3 resonance is split by the 
addition of  'shifts reagents" into the resolved down- 
field and upfield components.  The downfield signal 
comes from the extravesieular (out) and the upfield 
resonance from intravesicttlar (in) choline headgmups 
[27-29].  Figs. 2 and 3 present typical t H-NMR spec- 
tra of  l iposome suspension formed with EYPC and 
containing as an additional component  /J-carotene 
and zeaxanthin, respectively, in different molecular 
tractions, as indicated. As it may be seen at first 
glance, carotenoid addition affects the t H-NMR spec- 
t rum of  the lipid. The effect of carotenoids may he 
analysed precisely by comparison of a halt-width of  a 
certain NMR maximum in spectra recorded from 
pigmented l iposomes and fi-om the control [20]. Such 
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proton rt*~{ll]~lllCe iN a N+(CH0~ gnntp in EYPC liposome 
~uspensitln alter addition of PrC'I~ as a halcliOll of the mtlJar 
percctnag¢ 411 ~ carotene or/eaxumhin present in the lipid phase 
t,cc Fig 71. 
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Fig. 9. Intensity ratio (l,~uq/li.) of the upficld and downfield 
HLNMR maxima related to -N+(CH~}~ group split at~er addi- 
lion of PrCl.~ a~ a function of the molar percentage of ~-carotene 
or zeaxanthin present in EYPC liposomes (see Fig. 7). 

an analysis is presented in Fig. 4 for the proton 
resonance in a -CH 3 group, in Fig, 5 in (-CH2-),, 
groups and in Fig. 6 for -N+(CHs)3 choline head- 
group, A different kind of information on a structural 
effect of carotenoids on EYPC tiposome suspension 
supplemented with Pr s+ may be obtained from the 
analysis of the split of the -N+(CHs)~ resonance 
(Figs. 7 and 8] and an intensity ratio of the downficld 
and upfield maxima (Fig. 9), 

4. Discussion 

The analysis of the position of absorption maxima 
of zeaxanthin and /3-carotene in EYPC liposomes 
indicates that the chromophores of both pigments are 
localised within the hydrophobic core of a lipid bi- 
layer [30]. However, there are significant differences 
in orientation of /3-carotene and zeaxanthin with 
respect to the membrane: the long axis of Zea form- 
ing the narrow angle of 44 ± 3 ° with the axis normal 
to the plane of the membrane while Car being dis- 
tributed homogeneously within the membrane with- 
out any preferred well defined orientation [30], The 
comparison of the thickness of the hydrophobic core 
of EYPC membrane calculated on the basis of the 
diffractomatric measurements like in Ref. [17] (22.6 
A, [30]) and the distance of the opposite hydroxyl 
groups of Zea (30.2 ~,, [13]) indicates thai, indeed, 

the orientation of  42 a is required to fulfil the condi- 
tions, so that the hydrophobic portion of the pigment 
molecule is placed in the hydrophobic compartment 
of  the membrane and at the same time both polar 
ends of  Zea are in contact with the opposite polar 
zones of the bilayer. Such an organization of  EYPC- 
Zea membrane in which pigment molecules are an- 
chored in both polar sides of the bilayer provides 
exceptional conditions for a rigidifying action of the 
carotenoid with respect to lipid acyl chains realised 
via the van der Waals interactions. There are not 
similar possibilities in the case of ,6-carotene lacking 
polar groups responsible for the orientation of xan- 
thophyll pigments in lipid bilayers [17.18] and the 
organization of lipid-carotenoid membranes (see Fig. 
10 for an illustration). Differences between Car and 
Zea in their effect on EYPC membranes are very 
distinctly expressed by the differences in all parame- 
ters applied to the analysis of I H-NMR spectra (see 
Figs. 1-9). The effect of the broadening of spectral 
peaks which is directly related to limitations of the 
segmental movement of lipid molecules [20] is very 
strong in the case of CH 2 groups (Fig. 4) and termi- 
nal CH 3 groups (Fig. 5) of  lipid alkyl chains in the 
zeaxanthin-containing samples but almost negligible 
in the samples containing ,0-carotene. This is an 
indication of  the rigidifying effect of  Zea but not Car 
Io the hydrophohic part of the membrane. At 10 
mol% Zca the effect observed is not as strong as that 
one observed at 5 reel%. This is most probably 
related to the process of  the xanthophyll aggregation 
in the membrane which initiates at about 10 reel% 
carotenoid with respect to lipid [31]. The effect of  

• • • • i l i l i O  

O 0  • • ~ l l O  
w i t h  p - c a r o t e n e  w i t h  Z Q a x a n ~ l l n  

Fi,~. In. Schenmti¢ drawing of the EYPC mcmbrar~e ¢onlaill i l lg 
.{~-carotene and zeaxanlhin, indicated• Please nole Ih diFerences 
in the .Jrienlation of carotennids, organizalion of alky, "h~,ms agd 
the distance between lipid headgroup:, discussed in the ,crJ.. 
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earotenoids on the polar headgroup region may be 
analysed in Fig. 6 where proton resonance in choline 
group in pure and pigmented membranes are com- 
pared. In that case, the effect of  Zea and Car are 
opposite. The inclusion of  nonpolar carotene to the 
membrane increases motional freedom of polar head- 
groups, presumably via generation of a free space in 
that portion of the bilayer. A split of that resonance 
maximum brought about by the addition of Pr ~÷ is 
al~o indicative of a free space in the headgroup 
region of the phosphatidylcholine membrane. As may 
be seen from Fig. 8. Car is much more effective than 
Zea in reducing a penetration barrier of Pr 3.  to the 
headgroup region of the membrane, in accordance 
with the conclusion drawn above. 

The influence of Zea on mechanical properties of  
EYPC membranes is strongly pronounced while 
forming small unilamellar vesicles out of  the large 
muhilamellar liposomes by a sonieation procedure. A 
mean size and a type of liposomes are well charac- 
lefised by the intensity ratio of the shift-reagent-split 
maxima of -N*(CH~)x resonance of polar heads 
exposed to the extmvesicular compartment and cov- 
ered inside liposomes [26-29]  ( l~ ,~/ l i , ,~  see Fig. 9). 
Such a ratio being typically as high as 1 A for small 
nnilamellar vesicles was not possible to be reached 
during the prolonged sonieation of the carotenoid- 
containing samples and remained lower than 1 (typi- 
cally for a dispersion of multilamellar vesicles) m the 
Zea concentrations above 2 mol% (see Fig, 9). This 
effect also expresses reinforcement of  the membrane 
structure by the xanthophyll ptgment. 

The very sharp differences in the effect of  /3-caro- 
tene and its polar derivative on structural and dy- 
namic properties of  EYPC membranes, reported 
above, may explain the differences in the efficacy of 
carotenes and xanthophylls in protection of  lipid 
molecules against free-radical-induced damage [32]. 
Zeaxanthin appeared to be much more effective than 
.a-carotene in protection of EYPC membrane, how- 
ever, there were no differences obsers,'ed in such a 
protection in the organic solvents [32]. As it follows 
from the results presented above, ~-carotene is not 
only effective in reinforcement of  the membrane 
structure by rigidifying of the hydrophobic core but 
e','en makes the membrane less compact in its polar 
region. This latter effect of  /3-carotene may have a 
direct effect on a decrease of  the penetration barrier 

of  not only positively charged particles, as demon- 
strated above, but also small molecules including 
active oxygen species responsible for initiation of the 
lipid pcroxidation process. In ¢antmst, polar 
carotenoid pigments like zeaxanthiu seem to be well 
suited to stabilise the biomembrane structure and 
provide protection against oxidative damage. 
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