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ABSTRACT The orientational ordering of 8-carotene and crocetin embedded in lamellar model membranes has been
investigated by angle-resolved resonance Raman scattering at a temperature well above the phase transition of the lipid
chains. It is shown that the ordering of the carotenoids is dependent on the chemical composition of the lipid bilayers.
The orientational distribution functions found clearly show that 8-carotene is oriented parallel to the bilayer plane
(dioleoyl lecithin) or perpendicular to it (soybean lecithin). For dimyristoyl lecithin at 40°C, egg-lecithin, and
digalactosyl diacylglycerol two maxima were found in the orientational distribution: one parallel and one perpendicular
to the bilayer surface. Crocetin embedded in soybean lecithin bilayers yields a similar bimodal distribution function.
Because of rapid photodegradation no results could be obtained for spirilloxanthin.

INTRODUCTION

The carotenoids are known to act as accessory pigments in
photosynthetic membranes and to protect chlorophyll from
photooxidation (1). Although their functional properties
have been intensively investigated, little is known about
their organization in the membranes. To gain insight into
their functional properties, their molecular behavior has
been investigated in model membrane systems (2, 3). The
orientation of carotenoids in lipid bilayers of different types
has been studied by optical spectroscopy (2, 3), but with
conflicting results. While some studies revealed that the
molecules were preferentially oriented parallel to the plane
of the bilayer (3), others indicated a preferential orienta-
tion in a perpendicular direction along the lipid chains
2).

Studies of molecular orientation using linear-dichroism
techniques are known to yield information only about the
second-rank order parameter {P,) of the absorbing spe-
cies, (P,) = (3cos’ B8 — 1)/2, where § is the angle
between the absorption transition moment and the local
director, the normal to the bilayer surface. For carotenoids
the absorption moment lies usually along the long molecu-
lar axis (5-9). However, a reliable reconstruction of the
orientational statistics (11, 13, 14) requires knowledge of
both (P,) and the fourth-rank order parameter (P,),
(P,) = (35(cos* B) — 30(cos’ B) + 3)/8. Both these
parameters can be determined from studies of angle-
resolved depolarized Raman scattering. The Raman spec-
tra of carotenoids can be resonance-enhanced by excitation
within their absorption bands (4). The resonance-Raman
spectra of carotenoids have been extensively studied (4-9)
and are well understood.

We have used the resonance Raman effect to study the

BiopPHYS. J. © Biophysical Society
Volume 45 June 1984 1203-1210

0006-3495/84/06/1203/08  $1.00

orientational statistics of carotenoid molecules incorpo-
rated into macroscopically ordered lipid bilayer systems.
The order parameters, ( P,) and (P,), of B-carotene and
crocetin are reported. Other carotenoids were found to
undergo severe photodegradation under our experimental
conditions. The results indicate that the orientation of
B-carotene and crocetin in the bilayer system strongly
depends on the chemical composition of the lipids.

THEORY

The intensity of a Raman band I* associated with the normal coordinate u
of a molecular vibration and measured in a laboratory-fixed reference

frame is proportional to (10)
2
I"~< Ze}au‘jie? >, (1)
ij

where e} and ¢ are the cartesian components of the incident and scattered
electric fields respectively. A second-rank real and symmetric polarizabil-
ity tensor, g,, is associated with the molecular vibration and is assumed to
include the local field effects arising from intermolecular interactions
(11). The angled brackets denote an ensemble average over all the
molecules in a macroscopic volume element.

The components of the tensor amor, in a molecule fixed frame are
related to those in the laboratory frame by a rotational transformation

auaee = R amoru R, 2)

where all the information regarding the orientational distribution of the
molecules relative to the macroscopic director is contained in the transfor-
mation matrix R. We shall find it convenient to carry out this transforma-
tion using Wigner rotation matrices D%,(€) (12) and to express the tensor
a in terms of its irreducible spherical components (12).

a®® - — (a,, + ay, + a,)/3'?

a9 = 2a,, + o, — ozyy)/6'/2
a® = 3 (@), xiay,)

a®*? _ (a,, ~ ay, + 2i ay)/2
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so that we can rewrite Eq. 2 as

2, 2 2,
afi, = 2 Dix (@) el ©)
n
and a3}, = a3,
We shall also make use of the direct product 4 of the unit vectors e® and
e* describing, respectively, the polarization directions of the incident and
scattered beams

A-eoe. 4)

The irreducible spherical components of 4 are obtained according to
reference 12. Thus Eq. | can be recast in the form

~(ge-s

L, L'm')* L re L'y Ln)*
= Z A( ’")A( ™) (D D (4 ) a(MO"L).u aﬁvisz..u

S Al
Lm

Lo mn (5)
L'm'

LL =012, mn=-L,....L

man=-L,...L.

Eq. 5 can be simplified considerably by noting that the membrane
samples possess a uniaxial symmetry about the macroscopic director (the
normal to the plane of the sample) and a horizontal plane of symmetry.
On using the Clebsch-Gordan series (12) we have

(DL,DE Y = (=)™ Y CLLL";m — m')
-

C(LLIL"; n— n’) <Drl;:—m',n—n' ) (6)

The symmetry of the system requires m = m’and L” = 0, 2, 4. Further we
shall assume the molecules to be cylindrically symmetric so that n = »’.
Eq. 5 now reduces to

P~ 3 A%mAE (DL DY, ) el alidl, ()
LL'mn

To enhance the Raman scattering intensities in our experiments, we
make use of the resonance effect (10) and illuminate the molecules within
their absorption band around 500 nm. Studies of carotene molecules in
solutions (4-9) have shown that under these conditions the molecular
polarizability tensor o« is diagonal in the molecule-fixed frame and
possesses only a single nonzero element, a,,, for all the resonance-
enhanced Raman modes. Here we take the z-axis of the molecular frame
to lie along the long geometrical axis of the molecule. Consequently, we
find aQ = — 372 and a{Z] = (2/3)"/%8 e, 50 that Eq. 7 becomes

I* ~ % {[A(O.O)lz _ 2\/5 (P2> A(0.0) A(Z.O)

2

+2 2 G, AP A, (8)

nm=-—2

where G, = 2,024 C(22L; m —m)C(22L; 00) (P,), where P, is the
Legendre polynomial of order L.

Consider the geometrical arrangement of the Raman experiment
depicted in Fig. 1. This geometry is chosen so as to utilize the symmetry of
the sample to ensure that only a single mode ray propagation takes place.
Two polarization directions of the light can be used. The first, the
ordinary ray (denoted as O, o) is polarized perpendicular to the plane of
incidence and the second, the extraordinary ray (denoted as E, e), is
polarized in that plane. The plane of incidence is the plane containing the
beam of light and the normal, Z, to the surface of the sample (Fig. 1). We
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FIGURE 1 Experimental scattering geometry for a lamellar bilayer
sample. XYZ is the director frame. 8 and ¢ are the angles in air between
the macroscopic director Z and the mutually perpendicular incident and
scattered beams. e and o indicate the extraordinary and ordinary direc-
tions of polarization for the incident beam.

shall consider the exciting light to be incident at an angle 4 relative to the
macroscopic director and the scattered light will be observed at an angle
¢. A perpendicular scattering geometry is used outside the sample. Here
we shall neglect refraction effects, so that the angles used in the discussion
refer to angles within the sample.

The unit vectors describing the directions of polarization of the beams
are given by

e =(1,0,0)
e, = (0, —cos¢, sing); ¢ = (1,0, 0).

e? = (0, cos8, sind);

We can carry out four independent intensity measurements: OO, OE,
EE, EO, where the first letter denotes the polarization of the incident
beam and the second that of the scattered beam. After some lengthy but
straightforward algebra we obtain from Eq. 8 for the various intensities

Ioo ~ 3R, (9a)
Iog ~ (R, + R, sin’ ¢) (9b)
Ige ~ [3R, + Rysin’@sin’ ¢ + R, sin 26 sin 2¢
+Rs(sin’ 8 + sin’¢)]  (9¢c)
Iso ~ (R, + Ry sin?6) (9d)
where
Ry ='hs — % (P2} + Yhs (Pu)
Ry ='h ((P2) — (Ps))
Ry = %s + ¥ (Py) + '%hs (Ps)
R, = 735 (Pa) - l/2l <Pz) - '/15
Ry = (P2} — s (Ps) = %s.

To eliminate the dependence of the measured intensities on unknown
quantities, such as incident light intensity and illuminated volume, the
depolarization ratios are defined as

Ro=10E/100 RezlEO/IEE’ (10)
where
R l+ R sing (11a)
==+ ——si
3 73R, 2
R, - R, + R,sin’ 0

(11b)
[3R, + R;sin’#sin’ ¢ :
+ Ry sin 20 sin 2¢ + Rs(sin’ 8 + sin? ¢)]
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In deriving the theoretical relations above it was implicitly assumed
that no refraction takes place at the air/glass and glass/membrane
interfaces and that consequently no transmission losses occur. The
appropriate Fresnel factors have been discussed in detail in reference (13)
and used in the analysis of the experimental data. It can be shown further
that the effects of multiple reflections within the sample will cause errors
of <2% in the experimentally determined intensities, consequently, this
effect will be negligible compared with the other experimental errors.

Eq. 11a shows that R, is linearly dependent on sin’p, where ¢ is
measured within the sample. The dependence of the slope R,/3R,, on
(P,) for a number of (P,) values is shown in Fig. 2 a. We note here that
the range of the physically allowed values of {P,) is determined by the
inequalities (14) 1 =2 (P,) 2z (35(P,)? - 10(P,) — 7)/18 and
—3/7 = (P) =(5(P,) + D/I12.

The angular dependence of R, on the angle ¢, measured in air, where

ANGLE §, _(°

FIGURE 2 (a) The slope R,/3R, of the ordinary depolarization ratio R,
(see text) vs. the fourth-rank orientational order parameter {P,). The
values for the second-rank orientational order parameter {(P,) are
indicated. The refractive index n is 1.45. (b) The angular dependence of
the extraordinary depolarization ratio R, (see text) on the angle ¢ in air
calculated for several combinations of (P,) and (P,). The refractive
index n is 1.45.
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0 + ¢ = «/2, for a number of (P,) and (P,) combinations is shown in
Fig. 2 b. The calculated values were corrected for optical effects.

Both model calculations show that the polarization ratios, R, and R,,
are insensitive to the orientational statistics in certain regions of the (P, ),
{P,) plane. Thus even small experimental errors will lead to relatively
large inaccuracies in the derived values of the order parameters. The
results presented here indicate that this is the case for all the systems
studied.

The values of (P,) and (P,) were determined from the polarization
ratios using Eq. 11. Eq. 11b for R, can be linearized in terms of the two
parameters. However, as this linear form proved to be sensitive to
experimental errors, for the reasons given above, the results were checked
by fitting the R, data with Eq. 11b using nonlinear least squares
methods.

EXPERIMENTAL

Materials

Egg lecithin was obtained from Lipid Products (South Nutfield, United
Kingdom). Dimyristoyl-(DMPC), dioleoyl-phosphatidylcholine (DOPC)
and all-trans B-carotene from carrots, type III, were purchased from
Sigma Chemical Co. (St. Louis, MO). All-trans $-carotene was also
prepared from Anacystis nidulans and spirilloxanthin (Fig. 3) was
extracted from Rhodospirillum rubrum (17). Crocetin (Fig. 3) was
purchased from Serva Feinbiochemica GmbH and Co. (Federal Republic
of Germany), soybean lecithin and digalactosyl diacylglycerol (DGDG)
were prepared from crude soybean lecithin (15) and spinach leaves,
respectively (16), as described below. Ethanol and hexane were obtained
from J.T. Baker Chemical Co. (Phillipsburg, NJ) (analytical reagent).
Doubly distilled water was used.

Purification of Soybean Lecithin. Crude soybean lecithin
was bought from V.N.R. Reformproducten B.V. Ede (The Netherlands)
and prepurified by column chromatography on aluminium oxide 90
(Merck, Darmstadt, Federal Republic of Germany) using chloroform
with increasing proportions of methanol as the eluent. The soybean
lecithin fractions obtained were purified further by preparative high
pressure liquid chromatography (HPLC) with the HPLC equipment
described in reference 15 or with home-built HPLC equipment. As
preparative chromatographic columns were used (@) 500 x 50 mm
stainless steel (SS), packed with polygosil (60-1525; Machery Nagel and
Co., Diiren, Federal Republic of Germany); (b) 250 x 22.7 mm
Lichrosorb Si-60-7 (SS) (Chrompack Nederland, Middelburg, The
Netherlands). The columns were eluted with chloroform-methanol 70:30
(vol/vol). The fractions collected were analyzed for purity on silica gel 60
plates (10 x 10 cm, for nano-TLC, art 5633, Merck, Darmstadt,
Germany). Chloroform/methanol/water [65:25:4 (vol/vol/vol)] was
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FIGURE 3 The molecular structure of (@) 8-carotene, (b) crocetin, and
(c) spirilloxanthin.
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used as the eluting mixture. The fractions containing pure soybean
lecithin were dried and stored dry under N, at —20°C.

Purification of DGDG from Spinach. Total lipid extraction
from spinach chloroplasts and subsequent fractionation in lipid classes
was performed as described in reference 16. The acetone fraction
obtained, containing mainly galactolipids, was purified further by using
preparative HPLC as described above. A Lichrosorb Si-60-7 column (SS,
250 x 22.7 mm; Chrompack Nederland) was used. The column was
eluted with chloroform/methanol, 85:15(vol/vol). Analysis for purity was
done as described above. We also used DGDG bought from Lipid
Products. Analysis for purity was done as described. Only DGDG
containing no contaminants by these criteria was used for our investiga-
tions.

Purification of Spirilloxanthin and of 8-Carotene from Rho-
dospirillum Rubrum and from Anacystis Nidulans. The purification
procedure for isolation of spirilloxanthin and 8-carotene was based on the
instructions described in reference 17. The crude pigment fractions
obtained were purified further by thin layer chromatography (TLC) on
precoated silica gel plates (Merck, Kieselgel 60, 0.25 mm) as described in
reference 18. The bands containing either spirilloxanthin or 8-carotene
were scraped off and eluted with hexane. The pigments were analyzed for
purity by (@) TLC, (b) absorption spectroscopy, and (¢) Raman spectros-
copy.

The lipids lecithin or DGDG in ethanol solution were mixed with
solutions of B-carotene or crocetin. Stock solutions of 10-> M S-carotene
in hexane and crocetin in pyridine were freshly prepared. The final
lipid-to-carotenoid molar ratio was 10%1. The samples were dried in the
dark by flushing with nitrogen gas. Water was added gravimetrically to
the dry material to form a 30% (wt/wt) mixture. The mixture was then
allowed to equilibrate for 5 h at 37°C under a humidified nitrogen
atmosphere.

Macroscopically oriented multibilayers were prepared by gently rub-
bing the hydrated lipid mixture between two microscope glass cover slips
(thickness 175 + 5 um). This was done at room temperature except for
DMPC, which was alined at 40°C. The alignment of the samples was
monitored by optical microscopy following Asher and Pershan (26). Most
samples of DMPC, DOPC, egg PC, and soybean PC contained oily
streaks and appeared colored or inhomogeneous under the microscope in
agreement with reference 26. However, ~10% of the samples exhibited
excellent alignment over areas of ~1 cm”. These areas were selected for
further experimental work. In marked contrast, such problems were not
encountered with DGDG, and well-aligned samples of this lipid were
produced consistently. Well-oriented samples were sealed with a two
component expoxy resin along their four rims. The thicknesses of the
samples measured by dark field microscopy (26) were between 12 and 42
um. For these measurements side illumination of the sample was used, so
that light was reflected from the air/glass interfaces. The samples were
viewed at their corners where small air pockets were present. The
microscope, field depth 2 um, was focused on the top surface of the sample
and the objective was subsequently lowered with the vernier being turned
in one direction only. The positions of the vernier on focusing the four
interfaces were noted. This procedure was repeated several times at each
corner of the sample. Furthermore measurements at the center revealed
no curvature of the external coverslip surfaces across the samples.

Raman Setup

Angle resolved-polarized Raman spectra were obtained using the setup
shown in Fig. 4. Spectra were obtained using an Ar*-laser (model
CR.18-UV; Coherent Inc., Palo Alto, CA) at 514.5 nm. An Anaspec-
300S premonochromator was used to filter the plasma lines. To prevent
sample heating, a Glan Taylor P10 laser polarizer (Halbo Optics,
Guildford, Surrey, England) was used as an intensity regulator. A half
wave plate (Jobin-Yvon; ISA Instruments, Longjumeau, Cedex, France)
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FIGURE 4 Raman setup. Ar*, argon ion laser; PREMON, premono-
chromator; GT1, Glan Taylor polarizer; A/ 2: half wave plate; GT2, Glan
Thompson polarizer; L, lenses; S, sample; ANAL, analyzer; SCR, polari-
zation scrambler; MON, double monochromator; PMT, photomuitiplier
tube; 6,800 uP, microcomputer; DISCR, discriminator; PROMEDA,
microcomputer; for details see text.

in conjunction with a Glan Thompson polarizing prism (Melles-Griot,
Zevenaar, The Netherlands) acted as a polarization rotator.

The laser beam was focused on the membrane sample with a 101-mm
focal length lens. The sample was placed in good thermal contact against
a black copper block that was temperature regulated with a Colora K4
(Colora Messtechnick GmbH, Lorch, Federal Republic of Germany)
thermostated circulating bath. This block was mounted on a rotating
stage. The laser power at the sample position was 50 mW as measured
with a CR 210 power meter (Coherent Inc., Palo Alto, CA). A 90°
detection geometry, Fig. 1, was used and the scattered radiation was
passed through a Jobin-Yvon Ramanor HG-2S double monochromator
(ISA Instruments) equipped with a polarization scrambler and two
concave, holographic gratings (110 x 110 mm, 2,000 grooves/mm) to a
peltier-cooled, red sensitive RCA 31034 A-02 PM tube (RCA Corp.,
New York, NY) operating at —25°C and — 1,800 V. The collection angle
of the scattered radiation was 0.05 sterad. HN-32 polaroids were used as
analyzers.

The PM tube signal was first processed by a STD-N-2 snap-off timing
discriminator (Elscint Inc., Boston, MA) and then stored in, and
displayed on, a Promeda microcomputer (Elscint Inc.). Net count rates
were monitored with an HP 5383A 520 MHz frequency counter. The
double monochromator was driven by a home-made microcomputer
based on a 6800 microprocessor.

METHOD

Measurements were carried out at a temperature of 18°C with a laser
power of 50 mW at the sample position by recording the angle resolved
Raman spectra for four combinations of polarizer and analyzer settings.
The sample was placed in good thermal contact on the thermostated block
and mounted on a rotating stage. For each setting, light beams polarized
vertically and horizontally were used in excitation and detection. Spectra
were taken in the multiple scan mode (scan speed 200 cm™'/min) at a slit
width of 1,000 um (6.5 cm~' at 18,000 cm™', 556 nm). Integrated line
intensities with background subtraction were calculated using a standard
feature of the Promeda system after fourfold digital smoothing. The
experiments were carried out using a random sequence of angles of
incidence @ (Fig. 1) to average out any possible distortions arising from a
systematic photodegradation of the molecules. The experimental resuits
were reproducible within experimental errors, thus indicating that these
effects were negligible at the laser power levels used. The refractive
indices of membrane samples were determined with a thermostated Abbe
refractometer (Blecker Instruments, Utrecht, The Netherlands). Mea-
surements at 514 nm were carried out with an expanded laser beam with
greatly diminished intensity to prevent any damage to the eye.

RESULTS AND DISCUSSION

Resonance Raman spectra of the carotenoids in the lipid
bilayers were measured well above the phase transition of
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the chains at a temperature of 18°C for DGDG, DOPC,
egg PC, and soybean PC and at 40°C for DMPC. A typical
spectrum of B-carotene is shown in Fig. 5. The resonance
enhanced peaks at 1,158 cm™' and 1,525 cm™' (accuracy 2
cm™') have been assigned (19-21) to the single-bond
stretching mode v, (—=C—C=), and the double-bond
stretching mode v, (—C=—C—), respectively. Laser power
levels at the sample position were kept to 50 mW or less to
avoid photoisomerisation processes. The formation of cis-
isomers was easily detected by the appearance of a fairly
strong line at ~1,250 cm™' (22). The resonance Raman
spectra of crocetin are similar to those of 8-carotene, with
the corresponding (—C—C—) peak at ~1,540 cm~' (23).
This is consistent with the shorter polyene chain length of
the crocetin molecules.

Resonance Raman spectra of spirilloxanthin embedded
in lipid bilayers could not be reproducibly obtained. This
was due to the rapid photodegradation of the molecules.
The depolarization ratios, R, and R,, for the resonance-
enhanced modes above were measured in the membrane
systems for 8—10 different values of the angle of incidence,
measured in air. An accuracy of ~15% could be achieved.
Typical angular dependences are shown in Fig. 6. A
comparison with the model calculations shown in Fig. 2
indicates that the corresponding values of the order param-
eters are small and that further the results are expected to
be sensitive to experimental errors. The depolarization
ratios, R,, measured in molecular solutions of S-carotene
and crocetin, was found to be 0.333 + 0.006 in agreement
with the value found in reference 11, and R, was 1.00 +
0.01 as expected theoretically.

The refractive indices of the samples n, and »n, for the
ordinary and extraordinary rays, respectively, were mea-
sured as a function of temperature and the results for
soybean PC are shown in Fig. 7. The small optical aniso-
tropy observed can be neglected to a good approximation.
The Fresnel corrections were calculated by considering the
samples to be optically isotropic with a refractive index of
1.45.

I ( ARB. UNITS )

" 1 " 1

i
1000 1200 1400 1600
REL. WAVENUMBER (CM~ ')

FIGURE 5 Resonance Raman spectrum of $-carotene in a lamellar lipid
multibilayer system: soybean lecithin/water 70:30 (wt/wt) with 10~ M
B-carotene. Laser wavelength 514 nm. Laser power level at the sample
position SO mW. Sample temperature 18°C. (Arb. units), arbitrary units;
rel. wavenumber, relative wavenumber.
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FIGURE 6 The angular dependence of the ordinary and extraordinary
depolarization ratios R, and R, vs. the angle ¢ in air. Sample, egg
lecithin/water 70:30 (wt/wt) with 10~ M §-carotene. Laser wavelength
514 nm. Laser power at the sample position 50 mW. Lines, best fits for R,
and R,.

Different samples of the same lipid species, which were
judged to be well-aligned by optical microscopy, yielded
reproducible values for the depolarization ratios, R, and
R,, within experimental errors. In particular, a linear
dependence of R, on sin’¢p (¢ measured within the sample),
was always observed in agreement with the theoretical
prediction (Eq. 11a). This latter requirement was found to
be a sensitive test of the quality of the samples. Thus
samples exhibiting oily streaks or that appeared inhomo-
geneous and colored when viewed under the microscope
yielded results at variance with Eq. 11a. Furthermore, the
values of both the depolarization ratios, R, and R,, fluc-
tuated strongly from sample to sample. These results
indicate that the experiment monitors the orientation of
carotene molecules embedded in the lipid bilayers and,
moreover, that macroscopically the molecules are homoge-
neously distributed within the layers.

The values of the order parameters, ( P, ) and ( P, ), for
the various samples are given in Table . Their positions in
the (P, ), { P,) plane are also shown in Fig. 8, and the
estimated absolute errors are indicated. The order param-
eters obtained from measurements of R, and R, were
generally in excellent agreement. The value of (P, ) in
DOPC is further in good agreement with the value found in
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FIGURE 7 Ordinary and extraordinary refractive indices n, and n, vs.

temperature 7. Sample, soybean lecithin/water 70:30 (wt/wt) containing
10~* M B-carotene. Refr. indices, refractive indices; temp., temperature.
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TABLE 1
(P,) AND (P,) FOR CAROTENOIDS EMBEDDED IN
VARIOUS (UN)SATURATED LIPID-WATER
MIXTURES

70:30 (wt/wt) lipid/water Resonance Raman line

mixture with 107*M 1,158 cm™' 1,525 cm™!

B-carotene in: (P) (P) (P,) (P,)
DMPC, T = 40°C — — 0.45 0.31
DOPC -0.25 -0.13 -0.22 -0.13
Egg PC —-005 -0.17 -0.06 -0.16
Soybean PC 0.49 0.47 0.43 0.36
DGDG 0.12 0.10 0.05 0.05
1073 M crocetin in: 1,530cm™’
Soybean PC 0.19 0.36

reference 3, which was determined from linear dichroism
experiments. The results presented here clearly indicate
that the orientation of the 3-carotene molecules depends on
the chemical composition of the lipid bilayers. This is in
agreement with previous experiments in other systems
(2, 3).

Fig. 8 shows that the observed values of ( P, ) and { P,)
in all the systems studied here deviate significantly from
those expected on the basis of a Gaussian orientational
distribution, the so-called Maier-Saupe model (24). Thus,
the determination of (P,) will only lead to erroneous
conclusions about the orientational statistics of the caro-
tene molecules in the lipid bilayers.

Note that the order parameters per se are simply
averages of the Legendre polynomials P, and P, over the
molecular distribution function f(3). Consequently, their
interpretation will depend on the assumed functional form
of the distribution function. In a uniaxial membrane
system f(8) can be expressed (11) as a series expansion of
Legendre polynomials P, (cosf), each of which is weighted
by an order parameter (P_), which is the ensemble
average of the corresponding term

fB) ="' Z (2L + 1) <P, > P, (cosB), Leven (12)
L-0

FIGURE 8 Plot of (P,) vs. ( P,) as given in Table I for the various lipid
bilayer systems. The continuous lines give the physical boundaries (see
text) and the dashed line the results from a Gaussian orientational
distribution function.
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Thus f(B) is fully characterized if all the { P, )’s are
known. In practice, however, only (P,) and (P,) are
accessible experimentally, so that the reconstruction of
f(B) using Eq. 12 must be truncated after the third term.
There are two major objections to the use of such a
truncated form of Eq. 12. First, such a truncation is
physically equivalent to the assumption that all the order
parameters { P, ) with L = 6 vanish identically. Clearly
this assumption cannot be justified in general and that,
consequently, the level of reliability of the resulting f(5)
cannot be judged. Second, f(8) has the pathological prop-
erty that it can become negative for a number of { P, ) and
( P,) combinations. We have therefore reconstructed the
orientational distribution function f(8) using an informa-
tion-theoretic approach (25). Here the essential point is,
that given the order parameters ( P, ) and ( P, ), the most
probable values of (P, ), L = 6, are calculated under the
assumption that the informational entropy of the system is
a maximum (25). This corresponds to the construction of
the broadest possible distribution function consistent with
the known values of ( P, ) and ( P, ) . It can then be shown
that the resulting distribution function is of the form

S(B) = A exp[A,Py(cosB) + AyPy(cosB)], (13)

where A is a normalization constant, and A, and A, are
determined using the known values of the order param-
eters, (P, ) and (P, ). We note here that Eq. 13 has the
form of a Boltzmann distribution with an angle-dependent
orienting potential. Representative distribution functions
are shown in Fig. 9. We find that in DOPC bilayers the
B-carotene molecules lie parallel to the bilayer surface with
a high degree of alignment. In contrast the S-carotene
molecules are oriented preferentially at right angles to the
surface, and thus along the lipid chains, in bilayers of
soybean PC. The distribution functions for 8-carotene in
bilayers of DMPC at 40°C, egg lecithin and DGDG,
however, exhibit two maxima, one parallel and one perpen-
dicular to the bilayer surface. This may, however, mean
that we need to describe f(8) in terms of two or more
independent populations of 3-carotene molecules.

LA

©

FIGURE 9 Orientational distribution functions f(8) for (@) soybean
lecithin, () DGDG, and (¢) DOPC. The lipid-to-water ratio was 70:30
(wt/wt) for all samples.
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The results obtained for crocetin embedded in bilayers
of soybean PC also yield a bimodal distribution function
with maxima parallel and perpendicular to the membrane
surface. The foregoing analysis and the conclusions drawn
about the orientation of the carotene molecules in the lipid
bilayers are only tenable if the multibilayer samples satisfy
two conditions. First, they must be free from oily streaks
and other structural defects and second, the carotene
molecules must not phase separate out of the lipids. At the
beginning of this section we presented results indicating
that the samples selected for the experiments meet both
these conditions. Nevertheless, we point out that an alter-
native explanation of our findings might be that these
conditions are not satisfied experimentally. If this is the
case, our conclusions may not be relevant to the orientation
of carotene molecules in lipid bilayers.

The authors are greatly indebted to Mrs. M.-L. Verheijden for careful
preparation of the photosynthetic bacteria and to Dr. W. Verwer and
Professor J. C. Goedheer for fruitful discussions.
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