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Effect of Cholesterol on the Bilayer Thickness
in Unilamellar Extruded DLPC and DOPC Liposomes:
SANS Contrast Variation Study
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Abstract. Small-angle neutron scattering on extruded unilamellar vesicles in water
was used to study bilayer thickness when cholesterol (CHOL) was added to dilau-
roylphosphatidylcholine (DLPC) and dioleoylphosphatidylcholine (DOPC) bilayers
in molar fraction 0.44. Using the H2O/2H2O contrast variation and the small-angle
form of Kratky–Porod approximation, the bilayer gyration radius at infinite con-
trast Rg,∞ and the bilayer thickness parameter dg,∞ = 120.5Rg,∞ were obtained
at 25◦C. Addition of CHOL to DLPC increased the dg,∞ from 4.058 ± 0.028 nm
to 4.62 ± 0.114 nm, while in case of DOPC the dg,∞ values were the same in
the absence (4.618± 0.148 nm) and in the presence (4.577± 0.144 nm) of CHOL
within experimental errors. The role of CHOL-induced changes of bilayer thickness
in the protein insertion, orientation and function in membranes is discussed.

Key words: Bilayer thickness — Cholesterol — Phosphatidylcholines — Lipo-
somes — Small-angle neutron scattering

Introduction

Cholesterol (CHOL), the main sterol component of eukaryotic membranes, plays an
important role in membranes as a modulator of physical and functional properties
of lipid bilayers (Yeagle 1985). CHOL is distributed heterogeneously among cellular
membranes. Its molar fraction is lowest (<0.05) in the endoplasmic reticulum (the
site of CHOL biosynthesis) and increases progressively along the Golgi apparatus to
the highest molar fraction (approx. 0.3–0.5) in plasma membranes; concomitantly,
the length of transmembrane hydrophobic protein segments significantly increases
from about 15 amino acid residues in Golgi proteins to about 20 residues in plasma
proteins (Bretscher and Munro 1993; Masibay et al. 1993). It has been suggested
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that this correlation between the CHOL content of membranes and the hydrophobic
sequence lengths of transmembrane proteins could play a role in membrane protein
biogenesis, presumably due to changes in the bilayer thickness caused by CHOL
(Bretscher and Munro 1993). This hypothesis has been tested in experiments with
model phospholipid membranes. Ren et al. (1997) studied the incorporation of the
synthetic α-helical peptide Ac-K2GL7DLWL9K2A-amide in unilamellar liposomes
prepared from synthetic phosphatidylcholines (PCs) with cis-monounsaturated acyl
chains. Using fluorescence of the central Trp residue, they have found that the pep-
tide orientation was trans-bilayer in dioleoylphosphatidylcholine (DOPC) bilayers
matching presumably the hydrophobic peptide length, while the orientation was
nontrans-bilayer in thickest bilayers prepared from dinervonoylphosphatidylcholine
(DNPC). Between these two extremes, the authors suppose an exchange of pep-
tide between trans and nontrans orientations. In bilayers thinner than DOPC, the
peptide orientation was trans, but the peptide was most probably tilted to the bi-
layer normal. The presence of CHOL in bilayers up to molar fraction 0.3 caused a
decrease in the tilt angle in thin bilayers and a shift of the equilibrium to the trans
orientation in thick bilayers. CHOL displayed no effect on peptide orientation in
bilayers with optimal thickness (DOPC). The authors conclude that the observed
effects could be caused by CHOL-induced changes in the bilayer thickness. CHOL
should thus increase the thickness in bilayers thinner than DOPC and decrease it in
those thicker than DOPC; for DOPC bilayers they expect no effect of CHOL on the
thickness. Webb et al. (1998) used fluorescence methods to study the interaction
of Ac-K2GL7WL9K2A-amide peptide with bilayers of diacylPCs with monounsat-
urated chain lengths between 14 and 24 carbons. They have observed that the
peptide does not incorporate into DNPC bilayers and only partly incorporates into
dierucoylphosphatidylcholine (DEPC) bilayers. The strongest binding of peptide to
lipid was observed for DOPC bilayers. The presence of CHOL in the DOPC bilayer
up to molar fraction 0.5 resulted in a marked reduction in the peptide incorporation
into bilayers and the authors suggest an increase in the DOPC bilayer thickness
and a reduced peptide partitioning into bilayers as possible causes of this effect.
Similar effect of CHOL on the peptide insertion into bilayers has been observed
by Ridder et al. (2002). These authors studied the insertion of 3L-4N mutant of
Pf3 coat protein with the single hydrophobic IT2IG2AIL3IVLA2V2LGI α-helical
segment into bilayers of unilamellar liposomes containing diacylPC and diacylphos-
phatidic acid (diacylPA ) with monounsaturated chain lengths between 14 and 22
carbons, in molar fraction 0.75 and 0.25, respectively. The most efficient insertion
was observed for DOPC+DOPA bilayers; the replacement of DOPC by CHOL up
to molar fraction 0.4 resulted in a marked reduction in the peptide incorporation
into bilayers.

The results shortly reviewed above prompted us to investigate the effect of
CHOL on the thickness of bilayers in unilamellar liposomes prepared by extrusion
from synthetic diacylPCs. We believe that this model membrane system is more
relevant than bilayers in partially or fully hydrated multilamellar model membrane
systems used in previous diffraction and NMR studies of the CHOL effects on lipid



Cholesterol and Bilayer Thickness in Liposomes 115

bilayers (Franks 1976; Worcester and Franks 1976; McIntosh 1978; Oldfield et al.
1978; Sankaram and Thompson 1990; Nezil and Bloom 1992; Léonard et al. 2001;
Richter et al. 2001; Gandhavadi et al. 2002) because the peptide or protein interac-
tions with bilayers are studied mostly in unilamellar liposomes. We use the small-
angle neutron scattering (SANS) experimental method which is suitable for the
estimation of bilayer thickness changes in unilamellar liposomes (see Balgavý et al.
2001 and references therein). In our recent SANS experiments (Gallová et al. 2002),
we have found that CHOL increases the thickness in dilauroylphosphatidylcholine
(DLPC) liposomes dispersed in heavy water. The present study is an extension of
this work – we used the contrast variation SANS method by changing the molar
fraction of H2O in 2H2O, and besides the DLPC liposomes we studied also DOPC
liposomes, at 25◦C and at CHOL : PC = 0.8 molar ratio (approx. molar fraction
0.44). Bilayers from pure synthetic PCs can exist in two main states – in the liquid
disordered ld state above the melting temperature tm and in the solid-like ordered
so state below it, a third liquid ordered lo state forms at CHOL contents above
molar fraction 0.3 which is stable both below and above tm of pure bilayers; in the
lo state the lipid acyl chains have a high degree of conformational order as in the
so state, but at the same time they have a high lateral and rotational mobility as
in the ld state (Ipsen et al. 1987; Halstenberg et al. 1998; Miao et al. 2002). The
values of tm are approx. 5–7◦C for DLPC (see Uhríková et al. 2002 and references
therein) and −17.3◦C for DOPC (Lewis et al. 1988) in multilamellar liposomes; the
bilayers studied in the present work should be thus in the ld state in the absence
of CHOL and in the lo state in its presence. At high CHOL concentration in the
bilayer, CHOL could become immiscible with PC and CHOL-rich and PC-rich do-
mains could separate, especially in PCs with unsaturated acyl chains (Brzustowicz
et al. 2002a,b). In the unilamellar dimyristoylphosphatidylcholine (DMPC) lipo-
somes in the lo state, the complete (static) miscibility has been established in the
SANS experiments by Knoll et al. (1985) up to molar fraction of CHOL in bilayers
0.31. In DOPC bilayers, the spin label ESR experiments indicated a formation of
small CHOL-rich domains with a lifetime of 1–100 ns (Pasenkiewicz-Gierula et al.
1990, 1991; Wísniewska et al. 2003). In our static SANS experiments, we expect
that these effects will be averaged in smeared scattering curves.

Materials and Methods

DLPC and DOPC were purchased from Avanti Polar Lipids (Alabaster, USA),
CHOL was from Serva (Heidelberg, Germany) and heavy water (99.98% 2H2O)
was obtained from Izotop (Moscow, Russia). The other chemicals were obtained
from Slavus (Bratislava, Slovakia). Organic solvents and H2O were redistilled be-
fore use. Weighted amounts of PC and CHOL were dissolved in chloroform and
mixed in solution in the CHOL : PC = 0.8 molar ratio. Solvent was evaporated
to dryness under a stream of pure gaseous nitrogen, followed by evacuation in a
vacuum chamber. Heavy water was added, the tube was flushed with pure gaseous
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nitrogen and sealed with Parafilm M (American National Can, Greenwich, USA).
PC+CHOL mixture in 2H2O was dispersed by hand shaking and brief sonica-
tion in a bath sonicator and vortexing. This dispersion was extruded through one
polycarbonate filter (Nuclepore, Plesanton, USA) with pores of diameter 50 nm,
using the LiposoFast Basic extruder (Avestin, Ottawa, Canada) fitted with two
gas-tight Hamilton syringes (Hamilton, Reno, USA) as described by MacDonald
at al. (1991). The samples were subjected to 51 passes through the filters at room
temperature. This dispersion of extruded liposomes was diluted with a mixture of
2H2O and H2O to reach the molar fraction xH of H2O in the sample aqueous phase
and the PC+CHOL concentration 10 g/l. The amounts of sample constituents were
gravimerically controlled.

The samples thus prepared were flushed with the pure gaseous nitrogen, filled
into 1 mm quartz cells (Hellma, Müllheim, Germany), closed and stored at room
temperature. The period between the sample preparation and its measurement was
not less than 2 h. During this time the isotopic composition of the aqueous phase
inside and outside of liposomes equilibrated due to a very fast permeation of water
molecules through the liposome bilayer (Engelbert and Lawaczeck 1985; Deamer
and Bramhall 1986; Jansen and Blume 1995; Paula et al. 1996; Huster et al. 1997).

The SANS measurements were performed at the small-angle time-of-flight ax-
ially symmetric neutron scattering spectrometer YuMO at the IBR-2 fast pulsed
reactor (Vagov et al. 1983; Ostanevich 1988). The sample temperature was set and
controlled electronically at 25.0±0.1◦C. The sample in quartz cell was equilibrated
for 1 h at this temperature before measurement. The measuring time varied de-
pending on the xH value. As a rule, the samples with xH ≈ 0 were measured for
30 min, the xH ≈ 0.3 samples for 40 min, and the xH ≈ 0.5 samples for 60 min.
The scattered intensity was normalized by using a vanadium standard scatterer as
described by Ostanevich (1988) and corrected for the background effects by using
the blank samples containing the same 2H2O + H2O mixtures but not PC+CHOL.
The experimental data were evaluated by using the function minimization and er-
ror analysis program Minuit (James 2002) and the nonlinear least squares curve
fitter (Pezzullo 2002).

Results and Discussion

Typical experimental dependence of the scattered intensity Iexp(q) on the scattering
vector modulus q = 4π sin θ/λ (2θ is the scattering angle and λ the wavelength of
neutrons) is shown in Fig. 1. Experimental errors of Iexp(q) are indicated by vertical
bars and the scatter of experimental points increase with the increase of q; this is
caused by the reduction of small-angle scattering with the increase in scattering
angle.

The liposomes extruded through 50 nm filters are spherical with a broad dis-
tribution of radii (MacDonald et al. 1991; Balgavý et al. 1998). At the PC concen-
trations used, the interparticle structure factor for these liposomes is equal to one
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Figure 1. The SANS curve of DOPC liposomes dispersed in the aqueous phase at xH = 0.

(Nawroth et al. 1989), and the scattered intensity can be approximated by scat-
tering on randomly oriented planar bilayers using the small-angle form of Kratky–
Porod approximation

I(q) = A(ρmeant/q)
2 exp[−R2

gq
20] (1)

where A is the total area of bilayers in dispersion, ρmean = ρL − ρw is the value of
contrast (the difference of the mean neutron scattering length density of the bilayer
ρL and that of the aqueous phase ρw), and t and Rg are the one dimensional ana-
logues of volume and radius of gyration (Sadler et al. 1990). We have shown earlier
(Balgavý et al. 1998; Kučerka et al. 2003) that the Kratky–Porod approximation
can be used safely to evaluate SANS data in the range of q values corresponding to
interval 0.1 nm−2 < q2 < 0.6 nm−2 (indicated in Fig. 1 by a horizontal abscissa)
for unilamellar PC liposomes extruded through 50 nm filters. The dashed line in
Fig. 1 represents the result of weighted nonlinear fitting of experimental values in
this interval by using equation

Iexp(q)q2 = I(q)q2 + Ibq
2 (2)

where Ib is the background intensity not removed when using the blank sample. The
main contribution to Ib is the incoherent neutron scattering on PC+CHOL. If not
indicated otherwise, we used Ib = 0.005 cm−2 in the present work. It is seen that
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Figure 2. Kratky–Porod plots of experimental SANS data. The values of molar fraction
xH are shown inside the figure at each curve. Dashed lines – results of fitting by using
Eq. (2).

Eq. (2) approximates the experimental data fairly well not only inside the fitted
interval, but also outside of it. The deviations seen outside of the fitted interval
are caused by that fact that the bilayers are not planar and that the liposomes are
polydisperse.

From the Kratky–Porod plots of experimental data, the gyration radius Rg

and the limiting value lim (Iq)q2 at q2 → 0 were obtained using the Eq. (2) and
a weighted nonlinear least squares fitting method. The data were fitted in the
0.1 nm−2 < q2 < 0.6 nm−2 region. It is seen in Fig. 2 that the Eq. (2) approx-
imates the experimental data excellently in this region. The increase in scatter
of experimental points and in experimental errors with the increasing xH, seen in
Fig. 2, is caused by the decrease in neutron scattering density contrast between the
bilayer and the aqueous phase. The values of Rg and lim (Iq)q2 evaluated depend
on xH and can be used to obtain several structural parameters of the bilayer. In the
following, we use the evaluation method and parameters elaborated and extensively
described by Sadler et al. (1990).

From the weighted linear fit of [lim(Iq)q2]0.5 on xH, the average scattering
length density of the lipid bilayer ρL was calculated from the match point xHM

at which lim (Iq)q2 = 0; the obtained values are shown in Table 1. For DOPC
liposomes without CHOL we have obtained ρL = (1.94± 0.87)× 10−5 nm−2. This
experimental value can be compared with the calculated scattering length density
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Table 1. Bilayer structural parameters obtained from SANS data

Liposomes 105ρL [nm−2] 104α R2
g,∞ [nm2] dg,∞ [nm]

DLPC 3.534 ± 0.068 0.467 ± 0.086 1.372 ± 0.019 4.058 ± 0.028
DLPC+CHOL 1.012 ± 0.349 1.497 ± 0.426 1.781 ± 0.088 4.623 ± 0.114
DOPC 1.941 ± 0.872 1.415 ± 0.053 1.746 ± 0.110 4.577 ± 0.144
DOPC+CHOL 1.914 ± 0.523 1.653 ± 0.052 1.777 ± 0.114 4.618 ± 0.148

of DOPC molecule ρDOPC. The molecular volume of DOPC is VDOPC = 1.3033 nm3

at 30◦C (Tristram-Nagle et al. 1998). Since our experiments were done at 25◦C,
this volume must be corrected for the temperature effect using the temperature vol-
ume expansivity β = ∂(lnVL)/∂T , where T is the absolute temperature. When the
value β = 0.008 K−1 found experimentally for DOPC (Tristram-Nagle et al. 1998)
is used, one obtains VDOPC = 1.298 nm3 at 25◦C. Using this molecular volume and
the known values of scattering lengths for the DOPC nuclei (Sears 1986; Munter
2002), one calculates ρDOPC = 3.025× 10−5 nm−2. This is close to the estimated
ρL, when taking into account the experimental uncertainty. For DOPC+CHOL li-
posomes we obtained ρL = (1.91 ± 0.52) × 10−5 nm−2. The molecular volume of
CHOL VCHOL = 0.6234 nm3 can be calculated from its mass density 1.03 g/cm3

determined by flotation of its crystals in aqueous KCl (Shieh et al. 1981). When sup-
posing that the molecular volumes of DOPC and CHOL are additive in liposomes,
one calculates the scattering length density ρDOPC+CHOL = 2.775 × 10−5 nm−2.
Gershfeld (1978) has reported the mass density of CHOL 1.022 g/cm3 in 2H2O/H2O
density gradient between 5 and 30◦C; one obtains from this VCHOL = 0.628 nm3

and ρDOPC+CHOL = 2.769×10−5 nm−2. It can be seen that also the value of ρL esti-
mated in the present work for DOPC+CHOL liposomes is close to the theoretically
calculated values of ρDOPC+CHOL. Similar calculations can be done for DLPC and
DLPC+CHOL liposomes. The differences between the experimental values ρL and
those theoretically calculated could be caused by the location of water molecules
inside bilayers (Pencer et al. 2003, submitted).

The gyration radius Rg(xH) evaluated from the Kratky–Porod plot depends
on the molar fraction xH as

R2
g(xH) = R2

g,∞ + α/ρmean(xH) (3)

where Rg,∞ is the gyration radius at infinite contrast, ρmean(xH) = ρL − ρw(xH)
is the value of contrast at xH, and α is the dimensionless parameter (Sadler et al.
1990). The experimental Rg vs. ρmean data (Fig. 3) were fitted using the weighted
linear least squares method and Eq. (3); the values of Rg,∞ and α thus obtained
are shown in Table 1. The parameter α in Eq. (3) describes the degree of variation
of the scattering length density within the bilayer around ρL; it is governed mainly
by the scattering length density differences between the bilayer polar regions and
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Figure 3. Dependence of the gyration radius on the mean coherent neutron scattering
length density contrast. • experimental values; A extrapolated values.

hydrophobic region (Sadler et al. 1990). The value of α obtained for the bilayers
in the absence of CHOL is significantly lower than that in its presence (Table 1).
This difference can be caused by several factors – e.g., by the differences in lateral
packing density caused by the CHOL insertion between phospholipid molecules, by
changes in the water molecules penetration into the bilayer, and by the location of
CHOL within the bilayer.

The value of Rg,∞ in Eq. (2) characterizes the bilayer thickness and is given
by

R2
g,∞ =

∫∞
−∞ z

2δ(z)dz∫∞
−∞ δ(z)dz

(4)

where δ(z) is a dimensionless parameter changing between 0 and 1 in the direction z
perpendicular to the bilayer. For the “dry” bilayer model with no water molecules
penetrated into the bilayer polar region, δ(z) is a step function with δ(z) = 0
in the aqueous phase and δ(z) = 1 inside the bilayer. For this special case with a
homogeneous distribution of the scattering length density in the bilayer, the bilayer
thickness dg,∞ can be obtained from

Rg,∞ = 12−0.5dg,∞ (5)

Since phospholipid bilayers contain some amount of water located in their polar
regions, the value of δ(z) changes smoothly in the interfacial boundary regions.
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The values of dg,∞ could underestimate thus the real bilayer thickness. Moreover,
the scattering length density within bilayer is not homogeneous. To find the extent
of dg,∞ deviations from the real bilayer thickness, we will compare now the dg,∞

values obtained for DOPC directly from experimental Iexp(q)q2 data (by using
Eqs. (1) and (2) after Rg,∞ substitution from Eq. (5) and a nonlinear weighted
fitting method) with results of other recent bilayer thickness studies. Using small-
angle X-ray diffraction (SAXD), Tristram-Nagle et al. (1998) have found the bilayer
hydrocarbon region thickness dC = 2.72 nm in fully hydrated DOPC in multilamel-
lar samples at 30◦C. The polar region thickness in PC bilayers is dP = 0.90± 0.12
nm as estimated from results of neutron diffraction studies of selectively deuterated
DPPC in oriented and partially hydrated multilamellar samples (Büldt et al. 1978;
Zaccai et al. 1979; Nagle and Tristram-Nagle 2000; Pabst et al. 2000), the steric
bilayer thickness in multilamellar system is thus dL = dC + 2dP = 4.52± 0.24 nm.
This coincides with the dg,∞ = 4.58 ± 0.14 nm found in the present paper. The
resulting mean dg,∞ value slightly depends on the Ib value used. For DOPC, we
have evaluated dg,∞ = 4.61±0.13 nm at Ib = 0 cm−2 and dg,∞ = 4.54±0.15 nm at
Ib = 0.01 cm−2. Likewise, when the resolution function of the YuMO spectrometer
(Ostanevich 1988) was used in the evaluation procedure, dg,∞ values were changed
but only within the experimental error. One can conclude thus that the dg,∞ devi-
ation (if any) from the steric bilayer thickness is superimposed by the temperature
effects and errors of SANS and SAXD experimental methods and evaluation pro-
cedures used. Similar comparisons can be done for DLPC bilayers. Using SAXD,
Harroun et al. (1999) have measured the transbilayer distance of phosphate groups
dHH = 3.08 nm in the fluid lamellar DLPC phase at 20◦C. The distance between
the phosphate group and the boundary between the polar and hydrocarbon region
is dH1 = 0.43 ± 0.02 nm in DLPC at 20◦C (see Balgavý et al. 2001 and refer-
ences therein). A combination of these data gives the DLPC bilayer hydrocarbon
region thickness dC = dHH − 2dH1 = 2.22 ± 0.04 nm and the bilayer thickness
dL = dC + 2dP = 4.02 ± 0.28 nm. In the present study we have found at 25◦C
following values for dg,∞: 4.11± 0.04 nm, 4.06± 0.03 nm and 4.00 ± 0.01 nm for
Ib = 0 cm−2; 0.005 cm−2 and 0.01 cm−2, respectively. It is evident that the SANS
results coincide again within experimental uncertainty with the SAXD result. From
the comparisons above, one can conclude that the approximate contrast variation
method of Sadler et al. (1990) gives reliable dg,∞ values which can be used safely
as a measure of bilayer thickness.

It is seen from the values obtained (Table 1) that CHOL increases the thick-
ness dg,∞ in DLPC vesicles by 0.57± 0.14 nm. This is comparable to the bilayer
thickness increase by approx. 0.4 ± 0.2 nm in oriented and partially hydrated (at
75% relative humidity) DLPC multilayers at molar ratio DLPC : CHOL = 2, cal-
culated from the data in Fig. 5 in the paper of McIntosh (1978). From the X-ray
diffraction data of CHOL monocrystal (Shieh et al. 1981) one calculates the longest
distance 1.76 nm between the O and C(27) atoms in CHOL molecule in case of
fully extended all-trans side chain; this distance is shortened to 1.67 nm in case of
gauche-trans-gauche sequence at C(20)-C(22)-C(23)-C(24) side chain atoms. The
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Figure 4. Spacefill models of DLPE with
all-trans acyl chains (left) and CHOL with
the gauche-trans-gauche sequence at
C(20)-C(22)-C(23)-C(24) side chain atoms
(right).

DLPC bilayer hydrophobic region thick-
ness in the presence of CHOL obtained
from SANS data is dC = dg,∞ − 2dP =
2.82± 0.35 nm; the hydrophobic thick-
ness of one monolayer (1.41± 0.18 nm)
can be compared to the 1.38 nm dis-
tance between C(1) and C(12) atoms
in fully extended all-trans lauroyl chain
in dilauroylphosphatidylethanolamine
(DLPE) monocrystal (Elder et al. 1977).
Visually, these lengths can be compared
in Fig. 4 where the spacefill models of
DLPE and CHOL molecules are de-
picted; they were constructed using the
atom coordinates of DLPE and CHOL
published (Elder et al. 1977; Shieh et
al. 1981). Neutron diffraction study of
CHOL location in partially hydrated
and oriented DMPC bilayers has shown
that hydroxyl group of CHOL binds to
the phospholipid molecule via a hydro-
gen bond to the acyl chain carbonyl
group (Léonard et al. 2001). In the case
of such location (binding site A) also in
the DLPC bilayers, the CHOL would
penetrate 0.2–0.8 nm into the opposite
monolayer. The second possibility is the shift of CHOL towards the DLPC head-
group region and formation of the hydrogen bond between the CHOL-OH group
and the DLPC phosphate group (binding site B). The exchange of the CHOL
molecule between these two locations can be a dynamic process; it has been ob-
served by using the incoherent quasielastic neutron scattering (QENS) on oriented
DPPC+CHOL bilayers in the lo phase that the CHOL molecule exhibits a high-
frequency confined diffusion in the direction parallel to the bilayer normal (“out-
of-plane motion”) with an amplitude 1.0–1.1 nm (Gliss et al. 1999; Endress et al.
2002). The increased probability of CHOL-OH group location in the close proximity
of DLPC phosphate group would result in a large redistribution of the scattering
length density in the bilayer polar region and this could be responsible for the large
change in the parameter α observed (Table 1).

In the DOPC bilayers, where the acyl chains are substantially longer than in
the DLPC bilayers, the effect of CHOL is not so clear. Because of relatively large
experimental errors, we cannot exclude neither a bilayer thickness increase by about
0.33 nm nor its decrease by 0.25 nm; or in other words, when comparing the mean
values – the resulting bilayer thickness change due to presence of CHOL (if any) is
less than the relatively large experimental uncertainty (Table 1). It is notable that
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the mean DOPC+CHOL bilayer thickness coincides with the DLPC+CHOL bilayer
thickness 4.6 nm within experimental uncertainty (Table 1). The bilayer thickness
of 4.5–4.7 nm has been measured by neutron reflectivity on oriented fully hydrated
DMPC bilayers containing CHOL in molar fraction 0.3 (Watts et al. 2000). Thus,
one could speculate that CHOL “buffers” the thickness close to about 4.6 nm in the
lo state in case of bilayers whith thicknesses being less than or equal to this value in
the ld state in the CHOL absence. A small but statistically significant increase in
the parameter α due to the presence of CHOL in DOPC bilayers (Table 1) indicates
that CHOL could shift between the two positions in the DOPC bilayer as well as in
DLPC bilayer. However, small change in α comparing to DLPC bilayers suggests
that the population of the binding site B is rather low in DOPC bilayers and
that the amplitude of CHOL “out-of-plane motion” is smaller. Nevertheless, the
SANS method used in the present paper is suitable to obtain just averaged bilayer
structural parameters. For the investigation of CHOL and lipid dynamics in the
bilayer, other experimental methods are needed such as QENS (Gliss et al. 1999;
Endress et al. 2002) and inelastic X-ray scattering (Weiss et al. 2003). Furthermore,
the evaluation of the SANS experimental data as used in the present paper provides
rather crude measures of the bilayer structural properties. This could be improved
by using more realistic models of the neutron coherent scattering length density in
the bilayer in the presence of CHOL inspired by e.g. molecular dynamics simulation
(Pasenkiewicz-Gierula et al. 2000; Róg and Pasenkiewicz-Gierula 2001; Chiu et al.
2002; Hofsäss et al. 2003) as done in the contributions of our group for bilayers
without CHOL (Kučerka et al. 2004).

Our results are not in contradiction with the assumption of Ren et al. (1997)
that the absence of CHOL effect on the incorporation of synthetic α-helical pep-
tide Ac-K2GL7DLWL9K2A-amide in DOPC bilayers could be due to the absence
of CHOL effect on the DOPC bilayer thickness. Unfortunately, we cannot exclude
also the possibility that the reduction in the incorporation of other peptides into
bilayers containing DOPC and CHOL observed by other authors (Webb et al. 1998;
Ridder et al. 2002) was caused by the DOPC thickness change. If true, the expla-
nation of the data of Ren et al. (1997) has to involve other CHOL effects than
the simple “hydrophobic mismatch” scheme. Even more complicated is the situa-
tion in case of large transmembrane proteins. The length of monounsaturated acyl
chain of diacylPCs has a marked effect on the activity of several membrane pro-
teins. For example, when reconstituted in unilamellar liposomes from these lipids,
the Escherichia coli diacylglycerol kinase (DGK) and the sarcoplasmic reticulum
Ca,Mg-ATPase (SERCA) display a maximum activity in DOPC liposomes (Jo-
hannsson et al. 1981; Lee et al. 1991; Pilot et al. 2001), while the Na,K-ATPase
from shark Scualus achantia rectal glands in DEPC liposomes (Cornelius 2001);
the activities of all three transmembrane enzymes decrease in unilamellar liposomes
from PCs with shorter and longer acyl chain lengths. When reconstituted in DOPC
liposomes containing CHOL, the activity of DGK decreased (Pilot et al. 2001) and
that of Na,K-ATPase increased (Cornelius 2001) and this seems to be in line with
the CHOL-induced bilayer thickness increase. Practically no effect of CHOL on
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the SERCA activity was observed when reconstituted in DOPC liposomes, but
the activity increased more than 3 times when this enzyme was reconstituted in
dimyristoleoylPC liposomes (Simmonds et al. 1982; Michelangeli 1986) and this
indicates no effect of CHOL on the DOPC bilayer thickness. Most probably, mech-
anisms of CHOL effects on transmembrane protein properties must be thus more
complex. In case of the SERCA, the CHOL effects on the activity could follow from
direct CHOL binding to the protein, at the non-annular binding sites which have
been postulated to exist at the protein-protein interfaces (Simmonds et al. 1982).
Cornelius (2001) has suggested, that the CHOL-induced increase in the dipole
potential of the bilayer resulting in large differences in the electric field strength
within the bilayer may modify electrogenic steps in the Na,K-ATPase reaction cycle
and this could be the reason for the changes in the enzyme activation entropy ob-
served. Cantor (1999) calculated that the addition of CHOL to bilayers containing
diacylPCs with unsaturated acyl chains can result in large redistributions of lateral
pressure towards the bilayer interior with no changes in the bilayer thickness; he
has suggested that this could modulate the transmembrane protein conformational
or/and aggregation equilibria.

In conclusion, we have found that CHOL increases the DLPC bilayer thick-
ness and that it has no measurable effect on the thickness of DOPC bilayers due
to large experimental errors. The CHOL effects on properties of transbilayer pep-
tides and proteins located in bilayers are suggested to be caused not only by the
intuitively simple “hydrophobic mismatch” but also by more complicated physical
interactions.

Note added at the proof. The peculiar properties of CHOL+DOPC mixtures could
also be caused by the polymorphism observed recently by Epand R. M., Hughes D. W.,
Sayer B. G., Borochov N., Bach D., Wachtel E. (2003): Novel properties of cholesterol-
dioleoylphosphatidylcholine mixtures. Biochim. Biophys. Acta. 1616, 196—208.

Acknowledgements. J. G. and D. U. thank the staff of the Condensed Matter Division,
Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research in Dubna (Rus-
sia), for the hospitality. This study was supported by the Slovak Ministry of Education
VEGA grant No. 1/9313/02 to J. G. and grant No. 1/0123/03 to P. B. The experiments
in Dubna were supported within the JINR project 07-4-1031-99/03. P. B. would like to
thank Dr. D. Huster (Leipzig) and Prof. S. Svetina (Ljubljana) and Prof. D. Deamer
(Santa Cruz) for helpful discussions.

References

Balgavý P., Dubničková M., Uhríková D., Yaradaikin S., Kiselev M., Gordeliy V. (1998):
Bilayer thickness in unilamellar extruded egg yolk phosphatidylcholine liposomes:
A small-angle neutron scattering study. Acta Phys. Slovaca 48, 509—533

Balgavý P., Dubničková M., Kučerka N., Kiselev M. A. (2001): Bilayer thickness and lipid
interface area in unilamellar extruded 1,2-diacylphosphatidylcholine liposomes: A
small-angle neutron scattering study. Biochim. Biophys. Acta 1512, 40—52

Bretscher M. S., Munro S. (1993): Cholesterol and the Golgi apparatus. Science 261,
1280—1281



Cholesterol and Bilayer Thickness in Liposomes 125

Brzustowicz M. R., Cherezov V., Caffrey M., Stillwell W., Wassall S. R. (2002a): Molecular
organization of cholesterol in polyunsaturated membranes: microdomain formation.
Biophys. J. 82, 285—298

Brzustowicz M. R., Cherezov V., Zerouga M., Caffrey M., Stillwell W., Wassall S. R.
(2002b): Controlling membrane cholesterol content. A role for polyunsaturated
(docosahexaenoate) phospholipids. Biochemistry 41, 12509—12519

Büldt G., Gally H. U., Seelig A., Seelig J., Zaccai G. (1978): Neutron diffraction studies
on selectively deuterated phospholipid bilayers. Nature 271, 182—184

Cantor R. S. (1999): Lipid composition and the lateral pressure profile in bilayers. Biophys.
J. 76, 2625—2639

Chiu S. W., Jakobson E., Mashl R. J., Scott H. L. (2002): Cholesterol-induced modifica-
tions in lipid bilayers: a simulation study. Biophys. J. 83, 1842—1853

Cornelius F. (2001): Modulation of Na,K-ATPase and Na-ATPase activity by phospho-
lipids and cholesterol. I. Steady-state kinetics. Biochemistry 40, 8842—8851

Deamer D. W., Bramhall J. (1986): Permeability of lipid bilayers to water and ionic
solutes. Chem. Phys. Lipids 40, 167—188

Elder M., Hitchcock P., Mason R., Shipley G. G. (1977): A refinement analysis of the crys-
tallography of the phospholipid, 1,2-dilauroyl-DL-phosphatidylethanolamine, and
some remarks on lipid-lipid and lipid-protein interactions. Proc. R. Soc. London,
Ser. A 354, 157—170

Endress E., Heller H., Casalta H., Brown M. F., Bayerl T. M. (2002): Anisotropic motion
and molecular dynamics of cholesterol, lanosterol, and ergosterol in lecithin bilayers
studied by quasi-elastic neutron scattering. Biochemistry 41, 13078—13086

Engelbert H. P., Lawaczeck R. (1985): Isotopic light scattering of lipid vesicles. Water
permeation and effect of alpha-tocopherol. Chem. Phys. Lipids 38, 365—379

Franks N. P. (1976): Structural analysis of hydrated egg lecithin and cholesterol bilayers.
I. X-ray diffraction. J. Mol. Biol. 100, 345—358

Gallová J., Uhríková D., Islamov A., Balgavý P. (2002): Effect of cholesterol on the bilayer
thickness in unilamellar diacylphosphatidylcholine vesicles: a small-angle neutron
scattering study. Chem. Preprint Server, http://preprint.chemweb.com/biochem/
0212002

Gandhavadi M., Allende D., Vidal A., Simon S. A., McIntosh T. J. (2002): Structure, com-
position, and peptide binding properties of detergent soluble bilayers and detergent
resistant rafts. Biophys. J. 82, 1469—1482

Gershfeld N. L. (1978): Equilibrium studies of lecithin-cholesterol interactions. I. Stoi-
chiometry of lecithin-cholesterol complexes in bulk systems. Biophys. J. 22, 469—
500

Gliss C., Randel O., Casalta H., Sackmann E., Zorn R., Bayerl T. (1999): Anisotropic
motion of cholesterol in oriented DPPC bilayers studied by quasielastic neutron
scattering: the liquid-ordered phase. Biophys. J. 77, 331—340

Halstenberg S., Heimburg T., Hianik T., Kaatze U., Krivanek R. (1998): Cholesterol-
induced variations in the volume and enthalpy fluctuations of lipid bilayers. Bio-
phys. J. 75, 264—271

Harroun T. A., Heller W. T., Weiss T. M., Yang L., Huang H. W. (1999): Experimental
evidence for hydrophobic matching and membrane-mediated interactions in lipid
bilayers containing gramicidin. Biophys. J. 76, 937—945

Hofsäss C., Lindahl E., Edholm O. (2003): Molecular dynamics simulations of phospholipid
bilayers with cholesterol. Biophys. J. 84, 2192—2206

Huster D., Jin A. J., Arnold K., Gawrisch K. (1997): Water permeability of polyunsatu-
rated lipid membranes measured by 17O NMR. Biophys. J. 73, 855—864



126 Gallová et al.

Ipsen J. H., Karlstrom G., Mouritsen O. G., Wennerstrom H., Zuckermann M. J. (1987):
Phase equilibria in the phosphatidylcholine-cholesterol system. Biochim. Biophys.
Acta 905, 162—172

James F. (2002): CERN Program Library Long Writeup D506, MINUIT, Function Mini-
mization and Error Analysis, Reference Manual, Version 94.1.
http://wwwinfo.cern.ch/asdoc/minuit/minuit.ps

Jansen M., Blume A. (1995): A comparative study of diffusive and osmotic water per-
meation across bilayers composed of phospholipids with different head groups and
fatty acyl chains. Biophys. J. 68, 997—1008

Johannsson A., Keightley C. A., Smith G. A., Richards C. D., Hesketh T. R., Metcalfe
J. C. (1981): The effect of bilayer thickness and n-alkanes on the activity of the
(Ca2+ + Mg2+)-dependent ATPase of sarcoplasmic reticulum. J. Biol. Chem. 256,
1643—1650

Knoll W., Schmidt G., Ibel K., Sackmann E. (1985): Small-angle neutron scattering study
of lateral phase separation in dimyristoylphosphatidylcholine-cholesterol mixed
membranes. Biochemistry 24, 5240—5246

Kučerka N., Kiselev M. A., Balgavý, P. (2003): Determination of bilayer thickness and
lipid surface area in unilamellar dimyristyolphosphatidylcholine vesicles from small-
angle neutron scattering curves: a comparison of evaluation methods. Eur. Biophys.
J., online first, DOI:10.1007/S00249-003-0349-0

Kučerka N., Uhríková D., Teixeira J., Balgavý P. (2004): The thickness of the phospho-
lipid bilayer in unilamellar liposomes: small-angle neutron scattering using contrast
variation. Biophys. J. 86

Lee A. G., East J. M., Balgavý P. (1991): Interaction of insecticides with biological mem-
branes. Pestic. Sci. 32, 317—327

Lewis R. N., Sykes B. D., McElhaney R. N. (1988): Thermotropic phase behavior of model
membranes composed of phosphatidylcholines containing cis-monounsaturated acyl
chain homologues of oleic acid: differential scanning calorimetric and 31P NMR
spectroscopic studies. Biochemistry 27, 880—887

Léonard A., Escrive C., Laguerre M., Pebay-Peyroula E., Néri W., Pott T., Katsaras J.,
Dufourc E. J. (2001): Location of cholesterol in DMPC membranes. A comparative
study by neutron diffraction and molecular mechanics simulation. Langmuir 17,
2019—2030

MacDonald R. C., MacDonald R. I., Menco B. P., Takeshita K., Subbarao N. K., Hu
L. R. (1991): Small-volume extrusion apparatus for preparation of large, unilamel-
lar vesicles. Biochim. Biophys. Acta 1061, 297—303

Masibay A. S., Balaji P. V., Boeggeman E. E., Qasba P. K. (1993): Mutational analysis of
the Golgi retention signal of bovine beta-1,4-galactosyltransferase. J. Biol. Chem.
268, 9908—9916

McIntosh T. J. (1978): The effect of cholesterol on the structure of phosphatidylcholine
bilayers. Biochim. Biophys. Acta 513, 43—58

Miao L., Nielsen M., Thewalt J., Ipsen J. H., Bloom M., Zuckermann M. J., Mouritsen
O. G. (2002): From lanosterol to cholesterol: structural evolution and differential
effects on lipid bilayers. Biophys. J. 82, 1429—1444

Michelangeli F. (1986): The interaction of hydrophobic molecules with the (C2+-Mg2+)-
ATPase. Minithesis, Department of Biochemistry, University of Southampton

Munter A. (2002): Neutron scattering lengths and cross sections.
http://www.ncnr.nist.gov/resources/n-lengths/list.html

Nagle J. F., Tristram-Nagle S. (2000): Structure of lipid bilayers. Biochim. Biophys. Acta
1469, 159—195



Cholesterol and Bilayer Thickness in Liposomes 127

Nawroth T., Conrad H., Dose K. (1989): Neutron small angle scattering of liposomes in
the presence of detergents. Physica B 156—157, 477—480

Nezil F. A., Bloom M. (1992): Combined influence of cholesterol and synthetic amphiphillic
peptides upon bilayer thickness in model membranes. Biophys. J. 61, 1176—1183

Oldfield E., Meadows M., Rice D., Jacobs R. (1978): Spectroscopic studies of specifically
deuterium labeled membrane systems. Nuclear magnetic resonance investigation
of the effects of cholesterol in model systems. Biochemistry 17, 2727—2740

Ostanevich Yu. M. (1988): Time-of-flight small-angle scattering spectrometers on pulsed
neutron sources. Makromol. Chem. Macromol. Symp. 15, 91—103

Pabst G., Rappolt M., Amenitsch H., Laggner P. (2000): Structural information from
multilamellar liposomes at full hydration: full q-range fitting with high quality x-
ray data. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Topics 62,
4000—4009

Pasenkiewicz-Gierula M., Subczynski W. K., Kusumi A. (1990): Rotational diffusion of
a steroid molecule in phosphatidylcholine- cholesterol membranes: fluid-phase mi-
croimmiscibility in unsaturated phosphatidylcholine-cholesterol membranes. Bio-
chemistry 29, 4059—4069

Pasenkiewicz-Gierula M., Subczynski W. K., Kusumi A. (1991): Influence of phospholipid
unsaturation on the cholesterol distribution in membranes. Biochimie 73, 1311—
1316

Pasenkiewicz-Gierula M., Róg T., Kitamura K., Kusumi A. (2000): Cholesterol effects on
the phosphatidylcholine bilayer polar region: a molecular simulation study. Bio-
phys. J. 78, 1376—1389

Paula S., Volkov A. G., Van Hoek A. N., Haines T. H., Deamer D. W. (1996): Permeation
of protons, potassium ions, and small polar molecules through phospholipid bilayers
as a function of membrane thickness. Biophys. J. 70, 339—348

Pezzullo J. C (2002): Nonlinear Least Squares Curve Fitter. http://members.aol.com/
johnp71/nonlin.html#Y-Precision

Pilot J. D., East J. M., Lee A. G. (2001): Effects of bilayer thickness on the activity of
diacylglycerol kinase of Escherichia coli. Biochemistry 40, 8188—8195

Ren J., Lew S., Wang Z., London E. (1997): Transmembrane orientation of hydropho-
bic alpha-helices is regulated both by the relationship of helix length to bilayer
thickness and by the cholesterol concentration. Biochemistry 36, 10213—10220

Richter F., Rapp G., Finegold L. (2001): Miscibility gap in fluid dimyristoylphosphatidyl-
choline : cholesterol as “seen” by x-rays. Phys. Rev. E, Stat., Nonlin., Soft Matter
Phys. 63, 051914

Ridder A. N. J., van de Hoef W., Stam J., Kuhn A., de Kruijff B., Killian J. A. (2002):
Importance of hydrophobic matching for spontaneous insertion of a single-spanning
membrane protein. Biochemistry 41, 4946—4952

Róg T., Pasenkiewicz-Gierula M. (2001): Cholesterol effects on the phosphatidylcholine
bilayer nonpolar region: a molecular simulation study. Biophys. J. 81, 2190—2202

Sadler D. M., Reiss-Husson F., Rivas E. (1990): Thickness measurements of single walled
dimyristoyl phosphatidylcholine vesicles by neutron scattering. Chem. Phys. Lipids
52, 41—48

Sankaram M. B., Thompson T. E. (1990): Modulation of phospholipid acyl chain order
by cholesterol. A solid- state 2H nuclear magnetic resonance study. Biochemistry
29, 10676—10684

Sears V. F. (1986): Neutron scattering lengths and cross-sections. In: Methods in Exper-
imental Physics (Eds. K. Skold and D. L. Price), pp. 521—550, Academic Press,
New York



128 Gallová et al.

Shieh H.-S., Hoard L. G., Nordman C. E. (1981): The structure of cholesterol. Acta
Crystallogr. Sect. B: Struct. Crystallogr. Cryst. Chem. 37, 1538—1543

Simmonds A. C., East J. M., Jones O. T., Rooney E. K., McWhirter J., Lee A. G. (1982):
Annular and non-annular binding sites on the (Ca2+-Mg2+)-ATPase. Biochim.
Biophys. Acta 693, 398—406

Tristram-Nagle S., Petrache H. I., Nagle J. F. (1998): Structure and interactions of fully
hydrated dioleoylphosphatidylcholine bilayers. Biophys. J. 75, 917—925

Uhríková D., Rapp G., Balgavý P. (2002): Condensed lamellar phase in ternary DNA-
DLPC-cationic gemini surfactant system: a small-angle synchrotron X-ray diffrac-
tion study. Bioelectrochemistry 58, 87—95

Vagov V. A., Kunchenko A. B., Ostanevich Yu. M., Salamatin I. M. (1983): Time-of-
flight small-angle neutron scattering spectrometer at pulsed reactor IBR-2. JINR
Communication P14-83-898

Watts A., Bonev B., Williamson P., Gilbert R., Haddingham T. (2000): Structural inves-
tigation of the M4 transmembrane domain from the subunit of the acetylcholine
receptor. ISIS Experimental Report: www.isis.rl.ac.uk/isis2000/reports/10592.pdf

Webb R. J., East J. M., Sharma R. M., Lee A. G. (1998): Hydrophobic mismatch and the
incorporation of peptides into lipid bilayers: A possible mechanism for retention in
the Golgi. Biochemistry 37, 673—679

Weiss T. M., Chen P.-J., Sinn H., Alp E. E., Chen S.-H., Huang H. W. (2003): Collective
chain dynamics in lipid bilayers by inelastic x-ray scattering. Biophys. J. 84, 3767—
3776
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