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Abstract

Spin label EPR studies (Strzatka and Gruszecki (1994) Biochim. Biophys. Acta 1194, 138-142) revealed that B-carotene
affects structural and dynamic properties of model dipalmitoylphosphatidylcholine (DPPC) membranes (multilamellar liposomes)
more than polar carotenoid lutein. NMR measurements presented in this paper demonstrate that B-carotene exerts different
effect on various groups of the DPPC molecule. It was found that B-carotene: (1) increases motional freedom of lipid
headgroups as revealed by means of *'P_NMR; (2) increases motional freedom of alkyl chains forming the hydrophobic core of
the membrane greater than that of a choline moiety as revealed by means of BC-NMR. In all cases the effect of B-carotene with
respect to the dynamics of DPPC molecules is found to be more pronounced below the main phase transition temperature than
in the membrane’s fluid state. The influence of B-carotene on the molecular dynamics of DPPC molecules is discussed in terms
of localization and orientation of this pigment within lipid bilayer.
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1. Introduction

There is increasing evidence that carotenoids be-
sides their generally recognized and estabilished func-
tions as antenna pigments [1-5] and components of
photodamage and oxidation defence mechanisms [6-
10], play a role as modulators of membrane molecular
dynamics [11-20]. Carotenoids broaden phase transi-
tion temperature of model lipid membranes and in
consequence, they rigidify the membrane in its fluid
state, but they make it more fluid in a liquid-crystalline
state [15,17]. Thus, they ensure optimal fluidity for
many membrane-related processes to occur. As re-
cently demonstrated carotenoid-induced changes in

Abbreviations: 5-DD, 5-doxyldecane; DPPC, pr-a-dipalmitoyl-
phosphatidylcholine; EPR, electron paramagnetic resonance; NMR,
nuclear magnetic resonance.
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membrane molecular dynamics may modulate the oxy-
gen diffusion-concentration product in such membrane
[21]. Therefore, understanding the nature of interac-
tions between carotenoids and membranes is of great
significance for the elucidation of various functions,
actions and associations of carotenoids [22], including
those connected with their anti-disease and health
promoting role in such vitally important areas as, e.g.,
cancer and coronary heart disease prevention (recent
review see [23]).

In the accompanying paper [17] we compared the
effect on the membrane molecular dynamics of B-
carotene, the most aboundant hydrocarbon carotenoid
in photosynthetic membranes, with a xanthophyll
species — lutein, in a broad range of temperatures.
B-Carotene is more effective than lutein in fluidization
of DPPC model membranes in their crystalline state. It
was also more active in increasing the rotational corre-
lation times 7 and 7. and in enhancing the partition
of 5-DD spin probe into DPPC membranes in the low
temperature range.
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Fig. 1. *'"P-NMR spectra of multilamellar vesicles of DPPC at differ-
ent temperatures, as indicated.
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The greater effect of B-carotene than lutein on
these measured parameters can be attributed to the
lack of oxygen atoms in its ionone rings. Instead of
exerting a stabilizing interaction with polar lipid head-
groups as in the case of xanthophylls (polar interac-
tions, hydrogen bond formation) repulsive forces domi-
nate and in consequence, B-carotene introduces more
disorder in regular membrane lipid structure than po-
lar lutein. To obtain additional information concerning
the effect B-carotene exerts on different parts of DPPC
molecule, we performed ° 'P.NMR and “C-NMR mea-
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surements. The advantage of the applied method is
that it is non-invasive and does not require an intro-
duction into the membrane of a probe which reports
about the molecular dynamics of its environment. Also
it gains informations which are difficult to obtain by
traditional methods (calorimetry, spin labels). This ap-
proach shows that the effect of B-carotene varies with
respect to different groups in the DPPC molecule and
in addition it depends also on the temperature range
studied.

2. Materials and methods

B-Carotene was a gift from Hoffmann-La Roche
(Basle, Switzerland). bL-a-Dipalmitoylphosphatidyl-
choline (DPPC) was purchased from Sigma. Dispersion
of multilamellar liposomes of DPPC or DPPC contain-
ing B-carotene was prepared as described in the ac-
companying paper [17]. Double distilled D,O instead
of a buffer was used in preparation of samples for
NMR measurements (DPPC/D,0 = 40:60, by weight).
*'P.NMR measurements were made with Bruker AM-
400 Fourier transform spectrometer operating at a
resonance frequency 162 MHz. A phase-cycled Hahn
echo sequence [24] with high power proton decoupling
was used. The 90° pulse lenght was 37 us and the pulse
spacing was 60 us. 85% phosphoric acid was used as

B

20%

10%

5%

0%

a

i | | NS T Y S N G S N §

00 5 0 -50 -100
PPM

Fig. 2. p.NMR spectra recorded at 48°C (A) and at 15°C (B) of multilamellar vesicles of DPPC containing different molecular ratio of

B-carotene, as indicated.
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the external standard. ">C-NMR spectra were obtained
at 100.6 MHz by applying one pulse with the length 4
us and broad-band proton decoupling (WALTZ-16).
The 90° pulse length was 12.5 us. All presented data
are the results of heating experiments. Prior to mea-
surements, the multilamellar vesicle suspension was
adapted to a temperature of 0°C.

3. Results

Nuclear magnetic resonance is a powerful experi-
mental technique able to shine a new light on many
aspects of lipid bilayer modification. Fig. 1 presents
3'P.NMR spectra of DPPC multilamellar vesicles at
different temperatures. Temperature increase results
in a narrowing of the spectrum. This effect may be
interpreted as directly related to an increase of mo-
tional freedom of polar headgroups in a bilayer, where
a phosphorus atom is located. Similarly to the tempera-
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Fig. 3. BC.NMR spectra of multilamellar vesicles of DPPC at
different temperatures, as indicated.
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Fig. 4. Values of a parameter A” (see Eq. (1)) calculated for different
groups on the basis of BC.NMR spectra of DPPC vesicles at 38°C
(+) and 48°C (e).

ture effect on EPR spectra [17], the most pronounced
changes in the shape of NMR spectrum are noticed
below the main phase transition temperature, i.e., be-
tween 25°C and 38°C.

Incorporation of B-carotene into DPPC membranes
produces an effect similar to a rise of temperature,
increasing motional freedom of polar headgroups. This
is seen in the *'P-NMR spectra presented in Fig. 2.
Again, the dynamic effect of B-carotene is much more
pronounced at low temperatures (15°C, Fig. 2B) than
at higher temperatures (48°C, Fig. 2A).

The “C-NMR technique was applied in the present
study to examine the dynamic effect of B-carotene on
different groups in the DPPC molecule in liposome
membranes. Fig. 3 presents BC-NMR spectra of DPPC
multilamellar vesicles at different temperatures. The
appearance of new spectral lines accompanying the
narrowing of other spectral lines, following a rise of
temperature, indicates an increase of motional free-
dom of acyl chains. The effect of temperature on
motion of different groups may be analyzed as follows:

AT=AV°1/2 —AV,T/2 (D

where: Av° , and AVIT/Z are half-widths of a selected
spectral line at 32°C as a reference and another spec-
tral line at a higher temperature, respectively.

Fig. 4 presents values of A7 calculated for tempera-
tures of 38°C and 48°C for different groups in the
DPPC molecule (for assignment see Fig. 6). One may
conclude from the presented results in Fig. 4 that the
temperature rise predominantly increases motional
freedom of fatty acid CH, and terminal CH, groups



146 I Jezowska et al. / Biochimica et Biophysica Acta 1194 (1994) 143-148

- JN...
150/0 .‘.¥IA/\‘——~
10% J/\"
5% J l’ \
0% Jk‘
1;07£0I 1&)‘ 60 A 20 l-20 ‘-60
PPM

Fig. 5. Typical BC.NMR spectra recorded at 25°C from the suspen-
sions of DPPC vesicles containing different molecular ratio of 8-
carotene, as indicated.

forming lipid membrane core and to a lesser degree
the choline moiety motional freedom. Another conclu-
sion is that the increase of temperature from 38°C to
48°C (crossing the main phase transition) has not as
much effect as temperature increase from 32°C to
38°C.

Effect of B-carotene on BC.NMR spectra was mea-
sured for several temperatures ranging from 25°C to
48°C. Although there are distinct changes in the shape
of the 25°C spectrum under the influence of increasing
concentration of B-carotene (Fig. 5), it is difficult to
ascribe these changes to specific groups of the DPPC
molecule because of poor spectral resolution at this
temperature. On the other hand at 48°C the spectrum
is well resolved but the effect of B-carotene is not so
strong (Fig. 6). Therefore, for analysis of concentration
effects of B-carotene, spectra measured at 32°C were
chosen. At this temperature the effect of B-carotene
was pronounced and good resolution of the spectrum,
allowed the peaks corresponding to different groups in
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Fig. 6. Typical BC.NMR spectra recorded at 48°C from the suspen-
sions of DPPC vesicles containing different molecular ratio of 8-
carotene, as indicated.
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Fig. 7. Values of a parameter 48 (see Eq. (2)) calculated for different
groups on the basis of BC.NMR spectra recorded at 32°C from

multilamellar suspension of DPPC containing different molecular
ratio of B-carotene: *, 10 mol%; +, 15 mol%; a, 20 mol%.
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DPPC molecule to be identified. The B-carotene effect
at a given temperature is analyzed similarly to that
presented above:

AP = AVP/Pzpc - AV?/Z (2)

where: AvPFYC and Avf, are the half-width of a given

spectral line of the spectrum of DPPC membrane and
of DPPC membrane modified with B-carotene, respec-
tively.

Fig. 7 presents calculated values of A# at 32°C for
different groups at different concentrations of B-caro-
tene. As it is evident from comparison of the graphs
presented in Fig. 7 and Fig. 4, the effect of B-carotene
incorporation into DPPC membranes is the same as
the effect of increased temperature and results in a
pronounced increase of motional freedom of acyl
chains. It may be also noticed that motional freedom of
acyl chains is greater in DPPC membranes modified
with larger amounts of B-carotene.

4, Discussion

Physical properties of model DPPC membranes con-
taining B-carotene are the result of both lipid-lipid
interaction (as in an one-component system) and a
lipid-additive interaction. As presented in the accom-
panying paper using spin probe technique [17], 8-
carotene strongly influences structural properties of a
membrane by increasing its fluidity in liquid-crystalline
state and exerting some rigidifying effects when the
membrane becomes fluid. *'P-NMR and “C-NMR
permit detailed insight into the nature of these interac-
tons at the molecular level. The rigid, rod-like B-caro-
tene molecule is long enough (about 30 A) to span the
hydrophobic core of DPPC membrane [25]. By contrast
to xanthophylls [26,27], B-carotene has no polar groups
at opposite sides of the molecule which could interact
with both polar regions of the bilayer and orient the
long axis of the pigment perpendicularly to the mem-
brane plane. This is probably the reason why B-caro-
tene orientation in the lipid bilayer is not as well
defined as it is in the case of polar carotenoids [26-30].

NMR measurements of B-carotene enriched DPPC
membranes indicate an increased motional freedom
within the lipid core of the membrane ('**C-NMR) and
also within the head-group region (*'P-NMR). Since
B-carotene apolar molecules are not likely to be pre-
sent in the polar region of the membrane due to
repulsive forces between the lipid headgroups and the
pigment, such a result indicates a large-scale mismatch
in the well ordered lipid bilayer structure, directly
related to the presence of this hydrocarbon carotenoid.
This may explain the different behaviour of various
groups in the DPPC molecule when influenced by
B-carotene. The effect of this pigment is more promi-

nent in the hydrophobic core where all CH, groups are
located (Fig. 7) and is analogous to the effect of
temperature increase, when comparing the profiles
presented in Figs. 4 and 7. High mobility of fatty acid
methylene groups indicates on creation of some free
space in the network of well ordered lipid molecules
due to a gauche-trans isomerisation (temperature ef-
fect) or mismatch (B-carotene effect). This is in agree-
ment with the results obtained for the partition coeffi-
cient change of 5-DD by the influence of B-carotene
[17].

The reported here effect of B-carotene on dynamics
of DPPC molecule in membranes aids to understand a
possible mechanism of its health-promoting action. Al-
though not definitely proven, the anti-disease activity
of carotenoids appears to be directly or indirectly re-
lated to their antioxidant properties [8,31-35]. As it
was found [36] antioxidant properties of several mem-
brane-occurring antioxidative agents differ in the me-
dia of various polarity and their free radical scavenging
efficiency also depends on protic or aprotic character
of the immediate environment [37]. Biological as well
as natural membranes differ in both these respects
depending which part, polar head group area or the
hydrophobic core, is concerned and there exists a gra-
dient of polarity across these two zones. Thus, localiza-
tion and orientation of B-carotene as well as other
carotenoid species in a membrane should be an impor-
tant factor affecting their antioxidant activity and effi-
ciency.
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