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Abstract

Neutron scattering experiments have been performed on oriented Soybean phosphatidylcholine (SPC) bilayers,
containing sitosterol or stigmasterol, two major sterols of plant plasma membranes. Sitosterol and stigmasterol were
either protonated or deuterated on position C,s of the lateral chain. Incorporation of sitosterol leads to an increase
of the hydrophobic thickness of SPC bilayers of 1.2 and 2 A when present, at 16 and 30 mol%, respectively. On the
other hand, no change was observed when stigmasterol is present in the bilayer at its maximal solubility of 16 mol%.
These results are in agreement with the fact that sitosterol is more efficient than stigmasterol to order acyl chains of
SPC, as already shown with other biophysical techniques. In order to get more insight into the behavior of the lateral
chains of the two sterols, the proton—deuterium contrast method was used in order to locate the 2H25 atoms of the
two sterols. For sitosterol, this atom was found close to the center of the bilayer at +(1.6 +0.2 A), with a width,
»y=25+05 A. For stigmasterol, the difference profile could be fitted in two different ways: either two possible
locations are found at +(2.3 +0.2 A) and +(10+0.2 A) with the same width, v=2.5+ 0.5 A or only one broad
distribution at +(6.1 + 0.3 A), »=28.5 + 0.7 A. The results are discussed in terms of difference of dynamics for the
lateral chain of the two sterols. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sterols play an important role as membrane
components and are implicated in the regulation
of properties such as permeability and fluidity
[1,2]. Cholesterol is the major sterol in mem-
branes of animal cells, while plant cells contain a
complex mixture in which sitosterol, stigmasterol
and 24-methyl-cholesterol often predominate.
Deuterium nuclear magnetic resonance (*H-
NMR) studies, with deuterated phospholipids,
have shown the influence of sterols on acyl chain
order parameters [3,4]. *H-NMR and neutron
diffraction experiments have led to the location
of specifically deuterated cholesterol embedded
in the lipid bilayer [1,5-7]. The ability of plant
sterols to order fatty acyl chains of soybean phos-
phatidylcholine (SPC) was also investigated [8,9].
The most striking result of these studies was the
good efficiency of cholesterol and sitosterol to-
wards lipid ordering and the bad ordering ability
of stigmasterol; sitosterol and stigmasterol (Fig. 1)
differ only by a supplementary double bond on
the side chain of stigmasterol. To get more insight
into the molecular mechanisms of plant
sterol-plant lipid interactions, we undertook a
study of these interactions by deuterium NMR
[10] and neutron diffraction.

The main advantage of neutron scattering de-
rives from the large difference in the coherent
scattering amplitudes of the hydrogen and deu-
terium nuclei. Contrary to X-rays, which interact
with electrons, neutrons interact with atomic nu-
clei and distinguish between different isotopes.
Neutrons are scattered by most components in
living cells with negligible absorption. Neutron
diffraction has been used to provide precise infor-
mation on biological systems as for example on

sitosterol stigmasterol

Fig. 1. Structure of sitosterol (a) and stigmasterol (b).

the structure and the extent of disorder in lipid
membranes [11-15]. This technique combined
with the use of specifically deuterated membrane
components can provide the location of deu-
terium labels in the thickness of the membrane.

The studies reported here were performed in
order to determine the location of the plant
sterols, sitosterol and stigmasterol, within the lipid
bilayer. More specifically, the aim was to provide
a structural understanding of the different effects
of the two major plant sterols.

2. Experimental
2.1. Sample preparation

Samples of oriented lipid multilayers were pre-
pared with SPC [25 mg, 73 mol% (Sigma)], DMPC
[3 mg, 10 mol% (Sygena, Inc., Liestal)], BHT [1
mol% (Sigma)] and sterol (3 mg, 16 mol% or 6
mg, 30 mol%). The fatty acid composition of SPC
was previously determined by gas chromatogra-
phy of the corresponding methyl esters [16]. It
consists of a majority of polyunsaturated C,; fatty
acids: 13.5% of C16:0, 4% of C18:0, 12% of
C18:1, 63% of C18:2, 6.5% of C18:3 and 1% of
others. In each sample, 10 mol% DMPC was
added in order to be consistent with previous
work using deuterium NMR and sn2-deuterated
DMPC (used as a molecular probe of the acyl
chain order parameters) [8,9]. BHT was added at
a final concentration of 1 mol% to avoid oxida-
tion of polyunsaturated acyl chains. The 25-
labeled sitosterol and stigmasterol were synthe-
sized in our group [10]. The lipid mixture was
dissolved in isopropanol and deposited onto a
microscope slide (28 X 36 mm) previously treated
by 12-h immersion in fuming nitric acid. The
plates were placed under vacuum for 12 h to
remove the solvent and then hydrated for 12 h at
room temperature in the presence of saturated
KCl (85% relative humidity). Three hydration—
dehydration cycles were applied to each sample;
the dehydration was performed under high vac-
uum during 12 h. This procedure, used to ensure
good orientation, was repeated for samples con-
taining the non-deuterated sterols, sitosterol and
stigmasterol and those with the two deuterated
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sterols. Samples were hydrated with different
2H,0 contents: 0, 50 and 100% (KCl saturated).
A list of the samples and abbreviations used is
reported in Table 1. Samples of same lipid com-
positions (including 1 mol% of BHT, which is
known to protect unsaturated lipids from oxida-
tion) but containing 10 mol% of perdeuterated
sn-2 acyl chain DMPC instead of non-labeled
DMPC were treated in the same conditions than
the samples used herein. “H-NMR spectra were
recorded after three dehydration—hydration cy-
cles and 10 and 20 h later. No modification of the
spectra were observed over time indicating that
the samples were not altered.

2.2. Neutron diffraction

2.2.1. Data collection

Diffraction experiments on the oriented lipid
samples were performed on the D16 neutron
diffractometer at the Institut Laue Langevin
(Grengble, France). Cold neutrons of wavelength
452 A were selected by a pyrolitic graphite
monochromator and detected by a bidimensional
*He neutron counter of 64 horizontal wires cover-
ing a 9° angle 1 m from the sample and 16 wires
covering a 4.5 A angle in the vertical direction. A
low efficiency detector (the monitor) monitored
the incident neutron beam.

The sample slides were mounted on a goniome-
ter placed in a closed aluminium can in the
presence of saturated KCIl. Temperature control
was achieved by circulating water in the can wall
from a thermostated bath at 20°C. The sample
was equilibrated for at least 10 h before diffrac-
tion was measured.

The diffracted reflections were measured, with

Table 1
Samples used in this work

the detector center placed at 260y, 65 being the
Bragg angle, by scanning the sample over +0.5°
around 6. For each sample, data were recorded
for two or three cycles to check for reproducibil-
ity of the measurements.

The mosaic spread of each sample was also
measured on the second diffraction order by
scanning the sample while keeping the detector at
a constant angle. The mosaicity, ranging from 2 to
5°, corresponds to a fairly good orientation.

2.2.2. Data reduction

A first integration was achieved by adding the
intensity vertically, wire-by-wire. The detector
efficiency was calibrated by using the scattering of
H,O in a 1-mm thick quartz cell, which is essen-
tially incoherent and constant in the angular range
measured. The total intensity for each order, #,
I(h), was obtained by integration of the Bragg
peaks along the 2 #-axis over 1.5° with linear back-
ground subtraction. Data were normalized to a
constant monitor count.

The absolute values of the structure factors
F(h) were calculated from the measured intensi-
ties by the following relation [11]:

I(R)R(h) \?
[F(B)]= (a(h)L(h) ) WV
where R(h) is the geometric factor due to the
limited vertical acceptance of the detector, a(h) is
the absorption correction and L(4) is the Lorentz
factor.

The absorption coefficients a(h), include the
true absorption (negligible) and the incoherent
scattering of the incident beam by the sample.
For a one-dimensional crystal, such as bilayers on

Sample description Abbreviations
SPC/DMPC 10 mol% spc
SPC/DMPC 10 mol% /sitosterol 16 mol% sito16
SPC/DMPC 10 mol%/[25-2 Hisitosterol 16 mol% sitod16
SPC,/DMPC 10 mol% /[25-*Hsitosterol 30 mol% sitod30
SPC/DMPC 10 mol% /stigmasterol 16 mol% stigmal6
SPC/DMPC 10 mol% /[25-> H]stigmasterol 16 mol% stigmad16
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a plate, a(h) is characteristic of the considered
sample and is calculated for each order [12]:

Al (1 — exp( 4Zdt )) (2)

where A is the wavelength (4.52 A), p the attenu-
ation factor [ (cm™") =6.04-0.75 xp, o), Xp,0
being the fraction of deuterated water [5], d the
lamellar spacing and ¢ the thickness of the sam-
ple (between 35 and 40 pm for the lipid mixture
studied). The lamellar spacing was obtained by
fitting the peak positions according to Bragg’s
law: 2d sin 6g(h) =hA.

The Lorentz factor, in the case of oriented
bilayers, is 1/sin 265 [17].

The vertical extension of the Bragg peaks re-
sults from the convolution of the sample mosaic-
ity with the beam geometry. Corrections for verti-
cal smearing were applied (Gordeliy et al., to be
published). For our samples R(4) was less than
1.1.

aCh) =

2.2.3. Phasing of structure factors

For centrosymmetric unit cells, as is the case
for our samples, the structure factors are real
numbers and their phases are either 0 or . Since
the Fourier transform of a hydrated structure
depends linearly (for each order) on the *H,O
concentration, it is possible to determine the rela-
tive sign in H,O and *H,O [5]. Therefore the
structure factors F(h) were measured for three
isotopic concentrations (0, 50 and 100% *H,0).

For the H,O profile the first two phases were
fixed by placing the origin at the center of the
bilayer and by selecting a positive scattering den-
sity difference between the headgroups and the
bilayer center [15]. The third and fourth phases
were chosen in order to produce a flat
’H,0-H,0 proﬁle in the hydrophobic part of
the bllayer (£10 A). The phase of the fifth order
was selected to get a typical bilayer profile with a
marked minimum at the center [5].

Scattering profiles in real space p(x) for each
sample were derived from the Fourier transform
of the structure factors:

h=5
p(x) = TF(O) +45 EF(h)cos(Z

h=1

™) e

where F(0) is the zero order structure factor
(equal to the scattering density of the unit cell), x
is the distance from the bilayer center along the
direction normal to the bilayer surface and A is a
scaling factor which puts the profile on an abso-
lute scale.

The values of F(0) were calculated from neu-
tron scattering length densities [5], partial volumes
of sample components [18] and assuming 10 water
molecules per lipid molecule [19,20] (see Table 2).
Accurate water content measurements are not
trivial to perform for lipid systems [20]. The figure
of 10 water molecules was previously measured
for PC head groups and various chain types (egg
yolk PC and dioleylPC [20] and dipalmitoylPC
[19D in similar humidity conditions. In any case
the calculation is insensitive to a variation of 20%
in this number.

For the sterols the same density as cholesterol
(1.03 g/cm®) was used [21]. The scaling factor A
was calculated assuming that there is a distinct
water layer (whose scattering density is —0.0056
% 107! ¢m/A) between the lipid bilayers. It
was adjusted slightly for self-consistency between
the deuterium-labeled and unlabeled samples.

For samples with a deuterium label (position 25
of each of the two plant sterols), the substitution
was considered to be isomorphous. Indeed, the d
spacing were found to be identical within experi-
mental errors. The labeled position results from

Table 2

Neutron scattering amplitude densities and occupation
volumes of H,0O, D,O and the different chemical groups in
the lipid bilayers

Neutron scattering amplitude Volume®
density 10™'% cm /A%) (A%
H,0 —0.0056 30
D,0 +0.0638 30
CH, —0.0031 27
CH; —0253.0085 54
Polar group”  +0.0167 360

#Tardieu and Luzzati [18].
°Glycero phosphorylcholine plus the carboxylic groups.
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the difference between the labeled, pp(x), and
the non-labeled, py(x) profiles:

Pravel(X) = pp(x) — py (x) @

The label distribution profile p,,..(x) was mod-
eled as the sum of two Gaussian distributions
centered on +x, and of equal width »:

2

n
Praber (%) = V28

(by, —by) {exp( _(x,,_XO) )

+exp(w)z} )

where n is the number of D atoms, by, and by
are the neutron scattering lengths of deuterium
and hydrogen nuclei, S the area per lipid molecule
in the bilayer surface. v is related to the distribu-
tion width [v = (FWHM) /(2/In2)].

3. Results

Diffraction patterns were recorded for the six
different samples of Table 1. The samples were
identical to those used previously for *H-NMR
studies in order to allow a direct comparison [8,9].
The maximal solubility of stigmasterol in SPC is
16 mol% compared to 30 mol% for sitosterol.
The sample containing 16 mol% sitosterol was
analyzed at three H,O concentrations, 0, 50 and
100%, in order to determine the signs of the
structure factors.

Table 3

For each lipid mixture, significant intensities
were obtained only for the first five orders. Even
with longer counting times (6 h/order), higher
orders could not be observed. This probably re-
flects the higher mobility of polyunsaturated fatty
acids and the fact that a complex mixture of lipids
is used. Table 3 summarizes the diffracted inten-
sities, I(h), of the five orders for the sitol6 sam-
ple in different water contrast. These intensities
were measured over 24 h. Statistical errors are
lower than 1% for large I(h) values and can
reach 3% for weak ones. The effects of systematic
errors arising from background subtraction, verti-
cal aperture, absorption correction, etc., were
minimized by treating the data from all samples
in an identical way.

Fig. 2 shows the linear dependence of F(h) vs.
2H,O concentration for the five orders. F(h) is of
the same sign for the first and the fourth diffrac-
tion orders, and of opposite sign for the second
and the third orders. In >H,O the intensity of the
first order increases strongly, and the measured
value is lower than expected due to extinction [5].
From Fig. 2 it is clear that a linear dependence
would increase F(1) in *H,O by 20%. For the
water profiles calculation we used the corrected
value. The signs of the structure factors for each
order were chosen according to the procedure
described in Section 2.2 (see Fig. 2).

The first four structure factors were phased by
using the data obtained from 100% and 0% *H,0
on a Hargreave’s plot as described by Zaccai et
al. [22]. This approach is based on the isomor-

Diffracted intensities and structure factors corresponding to the five orders of diffraction observed on the SPC/DMPC /sitosterol

16 mol% sample hydrated in H,0—->H,0 mixtures

Order 0% *H,0 50% “H,0 100% *H,0

I(hy* F(h)° 1(h) F(h) 1(h) F(h)
1 17460 -50.0 346.10° -221 875.10° —300
2 17590 —63.4 7810 +41.7 247.10° +116
3 10260 +57.0 900 +16.6 15280 -132
4 3930 -39.6 2090 -285 21110 -2438
5 610 -17.1 360 ~129 6310 -13.0
d-spacing 50.61 + 0.08 A 50.0+ 0.2 A 505+ 0.4 A

“All the intensities are normalized to the same monitor.
"The structure factors were calculated using Eq. (D).
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Fig. 2. Dependence of the structure factors F(h) for the
sitosterol 16 mol% sample on 2H,O concentration: e, F(1);
O, F(2); m, F(3); O, F(4); x, F(5).

phous replacement of H,O by *H,O at +d/2.
The resulting signs in H,O are (—,—,+,—), con-
sistent with the literature [11,13,23,24]. The corre-
sponding water profile is shown in Fig. 3. As
expected from the phasing procedure the profile
peaks in between the head groups and is flat at
the bilayer center. The determination of the sign
of the fifth order was not straightforward, as it
varies with lipid composition and temperature
[5,11,24-26], and the water profile is not sensitive
to this phase, in our case. Our choice was based
on the shape of the bilayer profile, with a real
minimum at the center of the bilayer correspond-
ing to the CH; groups. The phase sequence used
in light water was then (—,—,+,—,—). More-
over, only this set of phases gives a sterol influ-
ence compatible with the cholesterol effect [5,26]

Table 4
Summary of data for the six samples analyzed

25
3 20
&
> 15
2 190
(]
© 5
g
= 0
2o
S -5
(/7]

0 L L L L L .
-30 -20 -10 O 10 20 30
x (A)

Fig. 3. Difference neutron density scattering profile showing
the distribution of water in oriented bilayers of SPC/DMPC
10 mol% /sitosterol 16 mol%. The origin is at the bilayer
center.

as will be seen below. For the other samples we
assumed there was no change of phases.

3.1. The SPC, SITO16 and STIGMA16 samples

Fig. 4 represents the neutron scattering density
profiles of the lipid bilayer for the SPC, sitol6
and stigmal6 samples. The scattering densities
were calculated from the values of Table 4, using
Eq. (3).

For the lipid membrane the positive peaks on
either side of the hydrocarbon region, at approx.
+16.5 A from the center, correspond to the car-
bonyl groups and oxygen atoms of the ester link-
age between the fatty acid and the glycerol, as
confirmed by the scattering density of 0.0167 X

FA*  FQF FGF F@* FG®  FO)/d A° d (A dy (A
(10~ 12 cm/;zf) (10712cm/1&3)
spc -37  —46 4 —25  —12 0.00277 0.00170 49514007 328
sito16 -54  —60 48 -39 —11  0.00295 0.00132 5061+ 008 340
sitod16 48  —54 46 -35 =10 0.00315 0.00141 50.77+0.08 342
sitod30 -4 -4 35 -29 -6 0.00350 0.00192 51.04+006 348
stigmal6 —49  —-63 57 -39 17 0.00297 0.00116 49754005  33.0
stigma d16 ~ —30  —48 42 -27  —11  0.00313 0.00143 49.90 +0.08  33.0

*Structure factors F(h) calculated using Eq. (1).
®Zero order structure factor.

“Scaling factor by which the structure factor should be multiplied to have a density profile in absolute scale.

9 Lattice spacing.
°d; peak-to-peak distance, also called hydrophobic distance.
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Fig. 4. Scattering profiles for the samples: SPC/DMPC 10
mol% (thin line); SPC/DMPC 10 mol% /sitosterol 16 mol%

(thick line); SPC/DMPC 10 mol% /stigmasterol 16 mol%
(dashed line).

10712 em/A® (see Table 2). The hydrophobic
distance d, of 32.8 A, corresponding to the dis-
tance between these two peaks is comparable to
the 34 A found for DOPC (two C18:1 chains) [25].

A clear negative minimum (—0.0082 X 10~!2
cm/A3) at the center of the bilayer reflects the
concentration of methyl groups. The oscillation at
approx. +6-10 A is due to series termination
errors. The two extreme parts of the profile (den-
sity of —0.0056 X 107 '2 cm /A at —d /2, +d/2)
represent the water layer.

The addition of 16 mol% sitosterol or stigma-
sterol leads to a series of modifications as com-
pared to the SPC sample (Fig. 4). The scattering
density of the positive peaks at +18 A decreases
while the scattering profile at approx. +6—-10 A
increases. The lattice spacing is slightly larger
(+0.2 A) for stigmasterol and significantly larger
for sitosterol (+1.2 A). At the center of the
bilayer the scattering density is lower for sitos-
terol but higher for stigmasterol.

Inspection of the profiles suggests that the in-
crease in periodicity is due to an increase of d, at
constant hydration. The absolute values of d
may be affected by several parameters such as the
number of measurable diffraction orders and cor-
rection factors used in the calculation of structure
factors. Nevertheless, d; values were repro-

ducible to +0.1 A for four independent measure-
ments of the diffracted intensities for the sample
containing 16 mol% of sitosterol. As the succes-
sively recorded diffraction patterns of all the sam-
ples showed no change with time and since all the
data were processed in the same way, a relative
comparison of the d; values appears to be sig-
nificant. Similar increases in d; were observed
when either non-deuterated or labeled sterol was
incorporated, i.e. for two completely independent
measurements.

All these features are compatible with a posi-
tioning of the sterols in the hydrocarbon region of
the bilayer with the hydroxyl group just at the
edge of the polar region. When sterol molecules
are intercalated the distance between polar groups
increases and water molecules can interpenetrate
these groups giving rise to a lower scattering
density. In the hydrocarbon region the presence
of sterols leads to an increase of the scattering
density.

3.2. The labeled samples

Fig. 5 shows the profiles of the bilayers for
sitosterol and stigmasterol with deuterium-labeled
sterol and with unlabeled sterol, and the differ-
ence between them. Even though the data sets
were obtained in different samples we do not
observe a significant change in the lattice spacing
of samples with the same composition.

For the sitosterol sample, the difference profile
displays a large positive peak around the bilayer
center. The label profile was fitted with two
Gaussian peaks using Eq. (5). The deuterium
atoms are located, relatively to the bilayer center,
at x,= +(1.6£0.2 A) and with a distribution
width of =25+ 0.5 A. These parameters are
obtained with good accuracy, as proved by the
calculations performed by Gordeliy et al. [27].
Five structure factors are sufficient for these cal-
culations even if the accuracy is lower since the
label is in the center of the hydrophobic area.

The stigmasterol difference profile is much
broader with three peaks in the region +15 A.
This profile was fitted in two different ways, i.e. by
assuming either two coexisting locations of the
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Fig. 5. Scattering profiles for the non-deuterated (dashed line)
and the deuterated (solid line) samples, and difference Fourier
profiles obtained by subtracting these profiles (dotted line).
The difference profile has been multiplied by a factor of 10.
(a) for the sitosterol 16 mol% sample; (b) for the stigmasterol
16 mol% sample.

label or only one. The calculation with two possi-
ble locations gave for the, *H,s atom, the loca-
tions x, = +(23 + 0.2) A and xg=£010£ 02) A
with the same width v= (3.5 + 0.5) A. The fitting
with only one distribution gave x, = £(6.1+0.3)
A and v=(8.5+0.7) A. For the stigmasterol, the
presence of two possible positions next to each
other, highly reduces the resolution of the mea-
surement. The accuracy obtained for the parame-
ters of the Gaussian (position, width, weight)
strongly depends on the ‘power’ of the deuterium
label [27] which is quite low in our case (n = 0.16).

The statistical precision in the values of x, and
v is quite high but does not include systematic
errors such as those arising from the Lorentz
correction, for example. These, however, will af-
fect the results obtained from both samples in the
same way.

4. Discussion and conclusions

In this paper we investigated the influence of
two plant sterols, sitosterol and stigmasterol, in
SPC membranes by neutron diffraction since pre-
vious studies had proved that the introduction of
a double bond at position C,, of sitosterol, lead-
ing to stigmasterol, modifies the interaction of
sterol with phospholipids by decreasing the sterol
ordering effect on the surrounding lipid molecules
[8,16].

SPC has the disadvantage for neutron scatter-
ing experiments to contain fatty acids with dif-
ferent chain lengths and a number of unsaturated
bonds which induce a low degree of order in the
macroscopic sample, preventing the measurement
of high diffraction orders. We made the choice to
continue our experiments with this phospholipid
mixture since it is a good model for plant mem-
branes [16] and it allows a more direct compar-
ison with other experimental approaches. We
observed only five orders for all our samples so
the resolution of the profiles presented herein is
rather low [28].

The first feature that can be compared is the
hydrophobic thickness d; of the bilayers. The
values of d, are directly measured from the
density profile as the distance between the two
maxima, therefore the low resolution of the ex-
periment has a direct influence on its precision.
Moreover, d; may be influenced by the experi-
mental conditions: temperature, hydration level,
or lipid composition [5,23,25,29]. In the following
we will not discuss the intrinsic values of d,, but
we will rather compare the effect of the two plant
sterols on the hydrophobic thickness of SPC bi-
layers. This is possible first because we worked in
such conditions that the experimental repro-
ducibility for our profiles was of 0.1 A and also
because all experimental data were processed in
the same way.

As described in Section 3.1, sitosterol and stig-
masterol are embedded in the hydrocarbon re-
gion of the bilayer with their hydroxyl groups at
the edge of the polar region; nevertheless, the
two sterols have a different behavior: when stig-
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masterol is incorporated at 16 mol%, its maximal
solubility in SPC, no significant change of d; is
observed. Qn the other hand, sitosterol increases
d; by 1.2 A when incorporated at the same con-
centration. The same results were obtained with
25-?H sterols.

We have previously investigated the ability of
sitosterol and stigmasterol to order the acyl chains
of SPC by fluorescence polarization [16] and *H-
NMR [8,9]. In the latter study we measured the
segmental order parameters, Smol, for all the
C-D bonds along the perdeuterated sn-2 acyl
chain of DMPC incorporated as a molecular probe
at a concentration of 10 mol% in SPC bilayers.
The two sterols were able to increase all Smol
when present at 16 mol%. Nevertheless, sitosterol
was always more efficient than stigmasterol: at
the plateau region (C,—C,) sitosterol increases
the segmental order parameters by 23%, whereas
stigmasterol increases them by only 10%; the
difference being even higher when considering
the chain positions near the bilayer center: +35%
for sitosterol and +11% for stigmasterol.

These results suggest a correlation between
plant sterol-inducing membrane ordering and an
increase of the lipid core thickness. This is sup-
ported by a similar behavior of cholesterol, the
major sterol in plasma membranes of mammalian
cells (for review, see [1,2,4,30-32]). Indeed, when
incorporated into liquid crystalline lipid bilayers,
the membrane ordering induced by cholesterol
(as detected by *H-NMR) is pictured as an in-
crease in the hydrophobic bilayer thickness — as
measured by X-ray or neutron diffraction [33-35].
The presence of cholesterol leads to a marked
decrease of the number of gauche defects per
chain which adopt preferentially trans conforma-
tions and then become longer (more stretched)
[29,36]. By comparison, the same must occur when
sitosterol is incorporated into SPC bilayers. How-
ever, the effect observed in our study is weaker:
as seen in Table 4, even in the presence of 30
mol% of sitosterol, the increase of the hy-
drophobic thickness does not exceed 2 A while 30
mol% of cholesterol leads to an increase of 3.9 A
when incorporated in the fluid phase of DMPC
bilayers [35]. An explanation for this difference
could be the composition of the bilayer itself:

SPC contains a large amount of polyunsaturated
fatty acids which are more mobile and difficult to
order. Indeed, it has been shown that the con-
densing effect of cholesterol is weaker when
phospholipids contain a large proportion of po-
lyunsaturated fatty acid chains [16,37-39]; for ex-
ample, its influence on segmental order parame-
ters is twice as less in SPC than in DMPC bilayers
[9]. One should also notice that cholesterol is
always the most efficient molecule when com-
pared with hydrocarbon chain ordering studies of
precursors or derivatives of cholesterol [9,30,40].
For example, in the case of dioleyl PC the maxi-
mum stiffening effect of stigmastanol, the fully
hydrogenated sitosterol, measured in terms of
2H-NMR quadrupolar splitting, is only 50% that
of cholesterol [40].

Our interest was also to investigate the molecu-
lar basis of the difference between sitosterol and
stigmasterol. We synthesized both sterols deuter-
ated at position 25 in the side chain and per-
formed >H-NMR [10] and the present neutron
diffraction studies. Location of the deuterated
atom was possible as the difference between neu-
tron diffraction profiles of bilayers containing
non-labeled and labeled sterol gave access to the
deuterium atoms spatial distribution (see Fig. 5),
as described previously for different types of
molecules by several authors [5,15,24,25]. The
analysis of the difference profiles, p,,;.;, obtained
for sitosterol and stigmasterol revealed a differ-
ent location for the deuterium atom of the two
sterols. The deuterium atom of sitosterol is lo-
cated, relative to the center, at (+1.6+0.2) A,
suggesting that the side chain is stretched and
mainly parallel to the adjacent fatty acid chains.
This would allow numerous and efficient Van der
Waals attractions to occur between sitosterol side
chain and lipid chains and promote an efficient
ordering effect near the center of the bilayer.
This is in agreement with the high ordering effect
of sitosterol in the center of the lipid bilayer
shown by “H-NMR (see above). For stigmasterol
the fitting gave access to two possible descriptions
as discussed in Section 3.2: either an equilibrium
between two well defined positions of the label,
one at x,= +2.3 A, the other at x,= +10 A, or
a broad distribution of location between 0 and
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+10 A. From the 2H-NMR work [10], where one
single quadrupole splitting was observed in each
case, these locations have to be in fast exchange
on the microsecond time scale of “H-NMR. Since
we cannot exclude that the undulations observed
on the p,,.. profile are due to truncation effects
and experimental errors on the structure factors,
we cannot choose between these two models of
stigmasterol side chain dynamics. In any case, the
two are in favor of a delocalization of this side-
chain in the lipid core.

In conclusion, the reported neutron diffraction
experiments have demonstrated that the simple
introduction of a A? trans double bond in the
lateral chain of sitosterol (leading to stigmasterol)
is sufficient to totally differentiate the behavior.
Compared to sitosterol, stigmasterol appears to
have no significant effect on the hydrophobic
thickness of SPC bilayers and to have a more
delocalized side chain. Their different effect on
the hydrophobic thickness may have a biological
significance, as it may be a way to regulate some
membrane functions. Indeed some proteins have
their activity modulated by hydrophobic thickness
changes induced by cholesterol [41,42]. Further-
more, it has been shown that sitosterol has the
same properties as cholesterol (results presented
herein and [8,16]) and so can be considered as a
membrane reinforcer. On the contrary, stigmas-
terol has different effects: a limited ability to
order acyl chains of SPC [8] and no effect on
water permeability of vesicles of the same compo-
sition [8]. Its membrane function must be differ-
ent and a metabolic role should be considered as
trace amounts of this sterol have been reported
to promote plant cell growth [43,44]. Finally, the
different behavior of the two lateral chains of
plant sterol provides a first explanation of the
different activity of the two molecules: the neu-
tron diffraction data presented herein demon-
strate that the sitosterol side chain has a reduced
conformational mobility, being mainly extended
in the bilayer (to account for a localization of the
25-hydrogen at +1.6 A) and may thus have opti-
mum Van der Waals interactions with the sur-
rounding lipids. Concerning stigmasterol, on the
contrary, our results demonstrate a high mobility

of its side chain although we cannot be more
specific about the sort of movement involved.
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