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ABSTRACT: Quasi-elastic neutron scattering (QENS) was employed to study the molecular dynamics of
three structurally related sterols, namely, cholesterol, lanosterol, and ergosterol. Oriented bilayers of
dipalmitoylphosphatidylcholine (DPPC) were investigated at 40 mol % sterol content and at three
temperatures (20, 36, and 50°C) for two energy resolutions. Data analysis was concentrated on a direct
comparison of the out-of-plane and the in-plane high-frequency motions of the three sterols in terms of
their rates and amplitudes. The (spatially restricted) diffusive motion of the three sterols in the two directions
was characterized by diffusion constants in the range of (5-30) × 10-12 m2 s-1, with a significantly
faster rate of diffusion along the membrane normal, resulting in a diffusional anisotropy,Da. At low
temperature (20°C), cholesterol showed the highest value (Da ) 4.5), while lanosterol gave the lowest
one (Da ) 2.0). At high temperature (50°C), ergosterol diffusion had the highest diffusion anisotropy
(Da ) 2.0) compared to lanosterol (Da ) 1.8) and cholesterol (Da ) 1.6). Most interestingly, cholesterol
showed at all three temperatures an amplitude of its out-of-plane-motion of 1.0-1.1 nm, more than a
factor of 3 higher than measured for the other two sterols. This finding suggests that the short alkyl chain
of the cholesterol molecule may cross at high frequency the bilayer midplane, while the other two sterols
remain confined within the geometrical limits of each monolayer leaflet. The results provide an example
of how slight structural alterations of sterols can affect their molecular dynamics in bilayers, which in
turn may be relevant to the membrane micromechanical properties.

Cholesterol, the dominant sterol constituent of eukaryotic
cell membranes, has been studied in mixtures with lipids by
a wide variety of methods [cf. (1) and references cited
therein]. Recently, the role of cholesterol in membrane lipid
rafts has attracted interest, which are proposed to comprise
discrete microdomains of sphingolipids and cholesterol,
together with glycosylphosphatidylinositol (GPI)-anchored
membrane proteins (2-5). Besides its unique phase behavior
(6-9) in mixtures with lecithin, and the well-established
modulation of membrane micromechanical properties and
dynamics (10-14), cholesterol exhibits an interesting ani-
sotropy of motion within the bilayer on the molecular
dynamics time scale. In a recent quasi-elastic neutron
scattering (QENS)1 study, we observed this anisotropy in

the gigahertz frequency range at physiological temperature
in synthetic lecithin (dipalmitoylphosphatidylcholine, DPPC)
bilayers at 40 mol % cholesterol content (15). A salient
feature of this anisotropy was a fast (confined) diffusion of
the sterol over distances of more than 1 nm parallel to the
membrane normal (throughout the text, motions parallel to
the membrane normal are denoted as out-of-plane or
transverse motions, motions parallel to the membrane plane
as in-plane or lateral motions). This rather large amplitude
of transverse motion [for comparison, lecithin exhibits an
out-of-plane motion of less than 0.2 nm (16)] suggested that
part of the cholesterol molecule such as its short alkyl chain
can fluctuate at high frequencies into the opposite monolayer
leaflet. In a time-averaged picture, this would correspond to
a dynamic roughness at the bilayer midplane (or to a dynamic
interdigitation of the two monolayers), rendering the frictional
drag between the monolayers significantly higher than in a
cholesterol-free fluid bilayer. This effect might contribute
to the above-mentioned increase of membrane bending
energy by cholesterol, and to the unique phase behavior of
cholesterol/lecithin mixtures (6, 7, 9, 14, 17).

During the evolution of cells and membranes, other sterols
beside cholesterol have gained some importance, most
noteworthy lanosterol (the evolutionary precursor of cho-
lesterol) but also ergosterol. Lanosterol represents the major
sterol constituent of prokaryotic cell membranes, while
ergosterol occurs in the membranes of certain protozoa, yeast,
and other fungi (18). An intriguing question is now whether
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the slight structural differences of these two sterols compared
to cholesterol (cf. Figure 1) may resultsunder otherwise
identical conditionssin differences of their molecular dy-
namics in lecithin bilayers. To address this problem, we
employed quasi-elastic neutron scattering (QENS) in a direct
comparison of DPPC bilayers containing 40 mol % of either
cholesterol, lanosterol, or ergosterol. Since QENS is a method
which can simultaneously measure spatial and temporal
correlations of molecular motion, the comparison can be
expected to shed some light on the possible connection
between sterol structure and its molecular dynamics, and how
such molecular properties may contribute to microscopic or
even macroscopic function.

MATERIALS AND METHODS

Materials and Sample Preparation.Deuterated 1,2-di-
palmitoyl-d31-glycero-sn-3-phosphocholine-d13 (DPPC-d75)
was purchased from Avanti Polar Lipids (Alabaster, AL),
and all sterols were obtained from Fluka (Neu-Ulm, Ger-
many). Highly purified D2O was obtained from Deuchem
(Leipzig, Germany). Solid substrates for multilayer prepara-
tion were highly polished, undoped silicon wafers (Applica-
tions Couches Minces, France) of 150µm thickness, 3× 5
cm area, and surface roughness of less than 1 Å asmeasured
by atomic force microscopy.

Oriented multilayers of DPPC-d75 containing 40 mol %
of sterol were prepared according to procedures described
in detail previously (16). About 1000 bilayers were sand-
wiched between 2 wafers with 10 wafers per sample, i.e., a
total of about 9000 bilayers. This bilayer mass corresponded
to about 500 mg of total weight of lipid and sterol in the
sample. Hydration was adjusted after annealing the samples
for 12 h at 90°C in D2O vapor at 20 wt % D2O. The final
oriented samples showed a mosaic spread of less than 2°
upon examination by X-ray diffraction (16).

Method.Since QENS is a method that is not commonly
used in biophysics, a few basic features of dynamic neutron

scattering should be recalled here. The neutron as a spin-
1/2 particle can be scattered with and without spin flip. As
a result, two scattering cross sections have to be distin-
guished, giving rise to coherent and incoherent scattering.
The former probes the pair-correlation function between
different scatterers in a sample, and thus provides both
structural information and correlated dynamics. By contrast,
incoherent scattering probes the autocorrelation function of
the individual scattering particles, i.e., the molecular dynam-
ics of the molecules. The possibility of distinguishing the
two cross sections makes neutron scattering a unique tool
for the investigation of membrane dynamics. A deliberate
distinction between the two types of scattering is possible
by simply choosing a “convenient” scatterer in the sample.
For biological applications, the most important incoherent
scatterer is the hydrogen atom. Deuterium scatters mainly
coherently but much more weakly than the incoherent
scattering of the proton. Thus, (selective) deuteration offers
a means to mask (parts of) the molecules in incoherent
scattering experiments. In our case, the DPPC-d75 was nearly
fully deuterated along with the hydration water (D2O) to
observe the incoherent scattering arising mainly from the
(nondeuterated) sterols. Since the motional and phase transi-
tion behavior of the lipids is drastically influenced by the
presence of the sterol, the measurement of pure DPPC-d75

in D2O and its subtraction from the sterol-DPPC-d75 spectra
is not a valid procedure for coherent and incoherent
background elimination. This approach would require a fully
deuterated sterol as well, which is not available. However,
since the incoherent signal from the deuterated lipid and the
D2O contributes to the total signal only by less than 10%,
this contribution was neglected. Similarly, the coherent
scattering can lead to a high intensity at aq value of about
2.0 Å-1, but below 1.6 Å-1 incoherent scattering dominates
strongly the signal (19).

The time scale at which the correlation functions are
probed is determined by the energy resolutionΓ of the
spectrometer. By employing various energy resolutions,
different time domains of the correlation function can be
probed selectively. Fourier transformation in space and time
of the measured correlation function leads to the dynamic
structure factorS(q,ω). Hereq is the momentum transfer and
ω the frequency. For data analysis,S(q,ω) can be separated
into the elastic incoherent structure factor (EISF, having a
line shape which depends on the resolution function of the
instrument) and the quasi-elastic incoherent structure factor
(QISF, which has a Lorentzian line shape for all models
considered in the present application). The EISF is solely a
function of q and describes the structure and spatial extent
of the molecular motion, whereas the QISF is a Lorentzian
function of ω and contains information about the motional
rates and dynamics.

Generally, the total incoherent structure factor can be
written in the form:

whereR(q) is the resolution function of the instrument,A0

FIGURE 1: Molecular structures of cholesterol, lanosterol, and
ergosterol.

Sinc(q,ω) ) R(q) X {exp(-pω
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is the amplitude of the EISF,Ai is the amplitude of the
Lorentzian function,L(Γi,ω) is the Lorentzian line shape
function with the line widthΓi, andU is the background.
According to this representation, the EISF is defined as the
ratio of the elastic fraction of the amplitude to the total
amplitude, with the sum of the amplitudes normalized to 1.

The first exponential in eq 1 is called the detailed balance
factor (DBF) which takes into account the asymmetry of the
density of states due to the Boltzmann distribution. Since
the transfer energy is small compared to the thermal energy,
the DBF is approximately unity. The second exponential is
the Debye-Waller factor (DWF), by which the experimental
dynamic structure factor has to be divided to obtain correct
intensities. It arises from fast intramolecular vibrations
exceeding the frequency window of the instrument, and
reduces the signal withq2, where<u2> in eq 1 is the mean
squared amplitude of the vibration. It was determined for
the IN5 instrument by measuring the total integrated intensity
as a function ofq. From the slope of the plot ln [I(q,t)] vs
q2, we obtained<u2> ) 0.1 ( 0.03 Å2.

Our experimental work employed the IN10/IN16 and IN13
backscattering spectrometers and the IN5 time-of-flight
spectrometer at the Institute Max von Laue-Paul Langevin
(Grenoble, France). The backscattering spectrometer was
used in the configuration IN10a [energy analysis by un-
polished Si(111) crystals], with an incident wavelength of
0.6271 nm and an energy resolution of 1µeV (8 µeV for
IN13). The time-of-flight IN5 spectrometer, where the energy
analysis is simply done by measuring the flight time of the
neutrons from sample to detector, was used at an incident
wavelength of 1.0 nm, giving an energy resolution of 14.0
µeV. For the IN13 measurements, the instrument resolution
was set to 8µeV, the energy window covered the range-50
to 50µeV, and theq range studied was 1.2-5.5 Å-1. Since
the flux on IN13 was quite low and the objective of these
experiments was the verification of the models fitted to the
EISF, experiments on IN13 were carried out using the fixed
window technique with the center of the window at∆E ) 0
µeV. This technique yields the scattering which is detected
within the elastic resolution function of the instrument, and
includes motions with frequencies modulated by the Debye-
Waller factor. Thus, no motional correlation times could be
extracted from the IN13 measurements.

To measure the anisotropy of sterol motion and take full
advantage of the use of oriented multilayer samples, two
orientations of the sample in the neutron beam were
measured. The scattering geometry is schematically depicted
in Figure 2. At an orientation of 135° between the incident
neutron beam and the membrane normal ()normal to the Si
wafer), the momentum transfer is mainly directed perpen-
dicular to the membrane normal [i.e., parallel to the bilayer
plane (x-y plane)]. In this case, the in-plane (lateral) motion
of the sterol under study will dominate the incoherent
scattering. On the other hand, at an orientation of 45° the
momentum transfer is mainly parallel to the membrane
normal, and thus the incoherent scattering is dominated by
out-of-plane (transverse) motion of the sterol along the
z-direction ()membrane normal). QENS measurements were
carried out at three temperatures: below and above the
liquid-gel phase transition of pure DPPC-d75 (37 °C) at 20
and 50°C, respectively, and at the physiologically important
temperature of 36°C.

Data Analysis and Reduction.Interpretation of the data
was performed by use of Bayesian analysis (20) in terms of
previously established cholesterol motional models (15). In
a first step, the line shape parametersA0, Ai, and Γi were
fitted to each spectrum separately according to eq 1 and using
a fixed DWF. From these parameters, the EISF and QISF
were calculated. In a second step, the motional models have
been fitted to the parameters simultaneously for allq values.
It should be emphasized that all calculations for the models
take into account the deviations of the differentq vectors
from the perpendicular and the parallel vector. Since we were
mainly interested in a direct comparison of the three samples,
the data sets of all three samples were analyzed by the same
set of motional models. For brevity, we restrict our descrip-
tion of the models used, and point to the references given
below concerning details of the calculations.

(i) Since the QENS spectra at this energy resolution are
dominated by translational diffusion of the whole molecules
(16, 21), we first analyzed the QENS spectral line widths
Γ(q) in terms of long-range diffusion of the sterols. This was
achieved by fitting the QENS spectra by a single quasi-elastic
(Lorentzian) line, as is typical for the case of Fickean
diffusion (19). For the FWHM of the Lorentzian,Γ(q), the
Fickean theory predicts a linear dependence ofΓ(q) vs q2

with the slopeD (long-range diffusion coefficient) in the
limit of small q (i.e., large distances).

(ii) However, it is known that for large values of the
momentum transfer, details of the motion over short distances
require a modification of Fick’s law (19). This is usually
taken into account by the use of jump diffusion models. The
scattering law for anisotropic self-diffusion in liquid crystals
calculated by Rosciszewski (22) was selected as the most
appropriate jump diffusion model for the analysis of our data.

(iii) In-plane motion was considered by a composite model
consisting of jump motion over a mean jump distanced at
a jump rate 1/τ, and a continuous rotational diffusion (19,
23) about the sterol long axis (z-axis, normal to the bilayer)
with a mean radiusr. This model was previously applied to
analyze cholesterol rotation (15). Finally for sterol motion
along the membrane normal (out-of-plane or transverse
motion), we employed a model of two-site jump diffusion
(19) with spatial extentdz and jump rate 1/τz. In cases where
the jump diffusion model alone provided an unsatisfactory
fit of the EISF, this model was superimposed by a spatially
restricted diffusion (19, 24) of the sterol over a distanced1d.

FIGURE 2: Schematic depiction of the QENS scattering geometry
used for orientation-dependent measurements. The scattering angle
between the incident neutron beam and the sample normal was 45°
(135°), resulting in a momentum transfer directed predominantly
parallel (perpendicular) to the sample normal.
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This composite model was previously successfully applied
to lipid motion (21).

RESULTS

The sterol dynamics in DPPC-d75 oriented bilayers were
measured at three partially overlapping frequency regimes
determined by the energy resolution of the QENS instrument.
Correspondingly, the fast lipid dynamics were studied at a
low resolution ofΓ ) 14 µeV using the time-of-flight IN5
spectrometer, while motions having longer correlation times
were detected by the backscattering spectrometer IN10
operating atΓ ) 1 µeV. Between these two resolutions, we
employed the IN13 spectrometer atΓ ) 8 µeV, but at aq
range more than twice as wide than for the other two
spectrometers. These various energy resolutions have been
demonstrated previously to allow a comprehensive descrip-
tion of lipid (21, 25) and of sterol motions (15), covering
the range from fast rotational motion of the sterols at high
frequencies (upper GHz range) to lateral lipid diffusion at
the low-frequency side (lower GHz range). Furthermore, all
measurements were done at two orientations of the sample
normal ()normal direction of the oriented lipid multilayers)
with respect to the incident neutron beam (Figure 2).
Experiments performed at the 135° orientation essentially
detected sterol motions in the plane of the bilayer such as
lateral diffusion, while those conducted at 45° had the
momentum transfer mainly directed along the membrane
normal, and thus were sensitive to the out-of-plane sterol
motion.

Quasi-elastic Neutron Scattering Measurements.As an
example, Figure 3 shows a typical QENS spectrum (energy
representation) measured using the backscattering instrument
IN10. Results are depicted for cholesterol in a liquid-ordered
(lo) DPPC-d75 bilayer at 50°C for the 45° orientation (q )
1.41 Å-1). The separation of the data into a Lorentzian and
a Gaussian part is shown by the dashed and dotted lines,
giving the relative amplitudes of the elastic (EISF)
amplitude of the resolution function/total amplitude) and
inelastic (QISF) amplitude of the Lorentzian/total ampli-
tude) parts, respectively, along with the line width of the
latter.

QENS spectra were obtained for bilayers of DPPC-d75

containing 40 mol % of cholesterol, lanosterol, or ergosterol
with the IN5, IN13, and IN10 spectrometers at temperatures
of 20, 36, and 50°C. Figure 4 (a)-(c) shows representative
sets of QENS spectra obtained using the time-of-flight IN5
spectrometer for bilayers of DPPC-d75 containing cholesterol,
lanosterol, or ergosterol (6:4 molar ratio) at 36°C. In the
top row, the QENS spectra are plotted as a function of the
momentum transferq for the 135° bilayer orientation relative
to the incident neutron beam (in-plane direction), and in the
bottom row for the 45° orientation (out-of plane direction).
As can be seen, changes in the apparent peak heights and
widths occur as a function of the wavenumberq, which are
further interpreted below. Similar results were obtained at
20 and 50°C (not shown).

Figure 5 shows a representative analysis and reduction of
QENS data acquired with the time-of-flight IN5 spectrometer
(energy resolution 14.0µeV; q range of 0.17-1.07 Å-1),
for DPPC-d75/cholesterol (6:4) bilayers at several different
temperatures. The corresponding data for DPPC-d75 contain-
ing 40 mol % of lanosterol or ergosterol were similarly
reduced and analyzed (not shown). The elastic incoherent
structure factor (EISF) is shown in Figure 5(a),(b) for the
in-plane (135°) and out-of-plane (45°) orientations, respec-
tively, and is seen to decrease with increasingq. The
Lorentzian full width at half-maximum (FHWM) of the
quasi-elastic line as shown in Figure 5(c),(d) for the 135°
and 45° orientations increases withq. The models (i)-(iii)
were fitted to the data (cf. Materials and Methods) as
discussed below.

An analysis of the QENS results using the IN13 back-
scattering spectrometer (energy resolution 8µeV; q range
1.2-5.5 Å-1) for DPPC-d75/cholesterol (6:4) bilayers is
presented in Figure 6. Parts (a) and (b) show the data for
the 135° orientation (in-plane) and 45° orientation (out-of-
plane), respectively. Here the extendedq range is proved
most useful in further testing models for the structural
fluctuations (vide infra). However, the neutron flux of the
IN13 instrument was too low in the quasi-elastic mode to
obtain reasonable statistics within an acceptable acquisition

FIGURE 3: Representative QENS spectrum (IN10) of 40 mol %
cholesterol in an oriented DPPC-d75 bilayer stack at a temperature
of 50 °C. The experimental errors correspond approximately to the
size of the data points. The fit to the data (crosses) consists of three
parts: linear background (dashed line), quasi-elastic line (dotted
Lorentzian), and the EISF (Gaussian; in this representation the solid
line is a superposition of all three components). The spectrum was
measured atq ) 1.41 Å-1 at an orientation of the sample normal
relative to the incident neutron beam of 45°, probing the out-of-
plane motion. The thin solid line shows the residual of the fit.

FIGURE 4: Time-of-flight instrument IN5: QENS spectra of 40
mol % (a) cholesterol, (b) lanosterol, and (c) ergosterol in a DPPC-
d75 oriented bilayer stack at 36°C, measured with the sample normal
oriented at 135° (top) and at 45° (bottom) relative to the incident
neutron beam. The spectra are presented from left to right in order
of increasing momentum transferq, ranging from 0.17 to 1.07 Å-1.
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time. Therefore, we concentrated solely on the measurement
of the signal around∆E ) 0 µeV by choosing the fixed
window mode. Figure 6 illustrates clearly that the EISF for
both orientations, parts (a) and (b), decays to zero by about
q ) 3.5 Å-1. The same set of theoretical models was used
to fit the data as for the IN10 data (below). The correspond-
ing IN13 experiments for the bilayers of DPPC-d75 containing
either lanosterol or ergosterol (6:4) were not carried out,
owing to beam time restrictions.

Figure 7 (a)-(c) depicts representative QENS spectra
acquired for DPPC-d75 bilayers containing cholesterol, lano-
sterol, or ergosterol (6:4 molar ratio), respectively, using the
IN10 backscattering spectrometer (energy resolution 1µeV;
q range 0.41-1.95 Å-1) at 36 °C. The top row indicates
spectra for the 135° orientation (in-plane momentum transfer)
as a function ofq, and the bottom row shows the corre-
sponding data for the 45° orientation (out-of-plane momen-
tum transfer). In each case, the QENS spectra exhibit
characteristic peaks and changes in apparent line width as a
function ofq. Similar results were obtained for each of the
three systems at temperatures of 20 and 50°C (not shown).

Finally, the analysis of representative QENS data for
DPPC-d75/cholesterol (6:4) bilayers is shown in Figure 8 for
the case of the IN10 backscattering spectrometer at the
various temperatures. The EISF in Figure 8(a),(b) for the
in-plane (135°) and out-of-plane (45°) scattering is found to
decrease with several peaks resolved in part (a). The FWHM
of the quasi-elastic line shows a broad maximum with
increasingq over the measured range of the momentum
transfer. Data for DPPC-d75 containing either lanosterol or
ergosterol were similarly analyzed and interpreted (not
shown).

Data Fits to Theoretical QENS Spectra.For the bilayers
of DPPC-d75 containing cholesterol, lanosterol, or ergosterol
(6:4), the QENS data at each of the three temperatures (20,
36, 50 °C) were analyzed in terms of models (i)-(iii) as
described above. The results of the fitting procedure are
summarized in Tables 1-3.

Data analysis in terms of the long-range diffusion model
(i) (cf. Materials and Methods) revealed major differences
in the diffusive behavior of the three sterols. TheD values
extracted from the model fits to the line widths of the IN10
quasi-elastic spectra (e.g., as shown for cholesterol in Figure
8, bottom) are summarized in Table 1 for the two sample
orientations and three different temperatures. At low tem-
perature (20°C), cholesterol showed a factor of 4 higher
transverse diffusion coefficientDt than ergosterol, with
lanosterol diffusion in between. In the lateral direction, both

FIGURE 5: Time-of-flight instrument IN5 data analysis: (a) EISF
versusq for bilayers of DPPC-d75 containing 40 mol % cholesterol
having a 135° and (b) 45° orientation at temperatures of 20°C
(circles), 36°C (triangles), and 50°C (squares). The solid lines
represent fits of the following composite models to the data: 135°
orientation (lateral motion), continuous rotational diffusion; 45°
orientation (transverse motion), two-site jumps. (c) Quasi-elastic
line width (FWHM) vsq for DPPC-d75 bilayers containing 40 mol
% cholesterol having a 135° and (d) 45° orientation at temperatures
of 20 °C (circles), 36°C (triangles), and 50°C (squares). The full
lines represent fits of the data to the models which give the lateral
(135°) or transverse (45°) motional rates (cf. text).

FIGURE 6: Backscattering instrument IN13 data analysis: (a) EISF
versusq for bilayers of DPPC-d75 containing 40 mol % cholesterol
at 36 °C for orientations of 135° and (b) 45°. The solid lines
represent fits of the following composite models to the data: 135°
orientation (lateral motion), continuous rotational diffusion, super-
imposed with two-site jumps when necessary; 45° orientation
(transverse motion), two-site jumps, superimposed with a local one-
dimensional diffusion.

FIGURE 7: Backscattering instrument IN10: QENS spectra of 40
mol % (a) cholesterol, (b) lanosterol, and (c) ergosterol in a DPPC-
d75 oriented bilayer stack at 36°C. The spectra were measured with
the sample normal aligned relative to the incident neutron beam at
135° (top) and at 45° (bottom), and are shown from left to right in
order of increasing momentum transferq, ranging from 0.41 to
1.95 Å-1.
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cholesterol and lanosterol diffusionDl was a factor of∼3
higher than for ergosterol. Consequently, the largest diffu-
sional anisotropyDa ) Dt/Dl was obtained for cholesterol
(Da ) 4.5), while ergosterol (Da ) 3.2) and lanosterol
(Da ) 2.0) gave significantly lower anisotropies. A temper-
ature increase caused for all three sterols an increase of the
lateral diffusion rate, with the most pronounced effect for
cholesterol and lanosterol (Dl approximately tripled for each
15 °C temperature increase), while the increase in the
transverse diffusion rate was less significant. Hence, the
anisotropyDa was lower for cholesterol (Da ) 1.6) compared
to ergosterol (Da ) 2.0) at 50°C.

It was shown previously that the IN5 time window is not
suitable for long-range diffusion measurements (21, 25)
owing to the sensitivity of this instrument for motions with
shorter correlation times. Nevertheless, the IN5 data provided
a similar anisotropy of the sterol motion and temperature
dependencies as obtained for IN10.

Further analysis of the EISF and the quasi-elastic line
width Γ of the spectra in terms of the composite motional
models (cf. Materials and Methods) provided more detailed
information about the geometry and correlation times of the
sterol motions in the bilayer. The data in Figures 5, 6, and

8 show as an example the 40 mol % cholesterol/DPPC-d75

bilayers measured using the IN5, IN13, and IN10 spectrom-
eters, along with the fits to the composite model as described
in the data analysis section above. The data for the DPPC-
d75 bilayers containing lanosterol or ergosterol were analyzed
similarly. The results are summarized in Table 2 for lateral
motion [135° orientation, model (ii)] and in Table 3 for
transverse motion [45° orientation, model (iii)].

Considering first the results for lateral motion (Table 2),
the rotational diffusion as measured by the IN5 spectrometer
is the most interesting parameter, since this energy resolution
(14 µeV) is most sensitive for correlation times typical of

FIGURE 8: Backscattering instrument IN10 data analysis: (a) Elastic
incoherent structure factor (EISF) versusq for DPPC-d75 bilayers
containing 40 mol % cholesterol having a 135° and (b) 45°
orientation at temperatures of 20°C (circles), 36°C (triangles),
and 50°C (squares). The solid lines represent fits to the data using
the same set of models as for the IN13 data. (c) Quasi-elastic line
width (FWHM) vs q for DPPC-d75 bilayers containing 40 mol %
cholesterol having a 135° and (d) 45° orientation at temperatures
of 20 °C (circles), 36°C (triangles), and 50°C (squares). The full
lines represent fits of the data to a continuous diffusion model which
gives the lateral (135°) or transverse (45°) long-range diffusion
constantD (cf. text).

Table 1: Long-Range Diffusion ConstantsD in the Transverse
(Out-of-Plane) and Lateral (In-Plane) Directions Obtained from
IN10 (Lower Frequency) Measurements for the Three Sterols in
DPPC-d75 at Three (Two) Temperatures

D/10-12 m2 s-1

at
6:4 DPPC/
cholesterol

6:4 DPPC/
lanosterol

6:4 DPPC/
ergosterol

20 °C lateral 5.2( 2.3 6.7( 1.2 1.8( 1.6
transverse 23.5( 3.8 13.5( 3.3 5.9( 3.4

36 °C lateral 13.5( 3.6 17.9( 2.5 3.5( 1.5
transverse 24.6( 3.9 30.5( 6.6 9.5( 2.5

50 °C lateral 30.3( 6.6 - 9.5( 1.2
transverse 47.8( 12.3 - 18.6( 3.0

Table 2: Results Obtained from QENS Spectra (IN5, IN13, and
IN10) for Lateral Sterol Motion in DPPC-d75 (135° Orientation)a

6:4 DPPC/
cholesterol

6:4 DPPC/
lanosterol

6:4 DPPC/
ergosterol

IN5
20 °C r/Å 1.01( 0.02 0.87( 0.01 0.77( 0.01

Dr/1010 rad2 s-1 2.4( 0.2 2.4( 0.1 2.9( 0.1
36 °C r/Å 1.12( 0.02 1.13( 0.01 0.89( 0.01

Dr/1010 rad2 s-1 2.8( 0.1 2.6( 0.1 2.6( 0.1
50 °C r/Å 1.42( 0.02 - 1.08( 0.01

Dr/1010 rad2 s-1 2.51( 0.09 - 2.75( 0.09
IN13

36 °C r/Å 0.60( 0.01 - -
d/Å 1.80( 0.05 - -

IN10
20 °C r/Å - - -

d/Å 2.48( 0.03 1.94( 0.05 1.12( 0.01
τ/10-9 s 1.05( 0.03 0.86( 0.04 8( 1

36 °C r/Å 0.54( 0.02 0.25( 0.03 -
d/Å 3.26( 0.04 3.25( 0.04 1.43( 0.02
τ/10-9 s 1.00( 0.02 1.01( 0.03 1.53( 0.07

50 °C r/Å 1.11( 0.02 - 0.16( 0.05
d/Å 3.78( 0.08 - 2.85( 0.03
τ/10-9 s 0.87( 0.02 - 1.03( 0.03

a The model employed for this orientation was a continuous rotational
diffusion of radius r and diffusion constantDr, superimposed, if
required, for IN10 and IN13 data, by a two-site jump of amplituded
and jump rate 1/τ.

Table 3: Results Obtained from QENS Spectra (IN5, IN13, and
IN10) for Transverse Sterol Motion in DPPC-d75 (45° Orientation)a

6:4 DPPC/
cholesterol

6:4 DPPC/
lanosterol

6:4 DPPC/
ergosterol

IN5
20 °C dz/Å 1.75( 0.02 2.05( 0.02 1.64( 0.02

τz/10-11s 6.6( 0.4 13.6( 0.6 7.8( 0.4
36 °C dz/Å 2.67( 0.03 2.91( 0.04 1.99( 0.02

τz/10-11s 9.2( 0.3 8.2( 0.3 7.6( 0.3
50 °C dz/Å 3.31( 0.05 - 2.49( 0.03

τz/10-11s 8.3( 0.3 - 7.2( 0.2
IN13

36 °C dz/Å 10.3( 0.1 - -
d1d/Å 1.59( 0.02 - -

IN10
20 °C dz/Å 10.5( 0.1 2.37( 0.04 1.26( 0.01

τz/10-9 s 0.55( 0.02 1.18( 0.06 17( 2
d1d/Å 1.25( 0.03 - -

36 °C dz/Å 10.5( 0.1 3.11( 0.05 1.61( 0.02
τz/10-9 s 0.47( 0.02 0.72( 0.03 3.6( 0.2
d1d/Å 1.25( 0.03 0.72( 0.08 -

50 °C dz/Å 10.4( 0.1 - 2.60( 0.02
τz/10-9 s 0.53( 0.02 - 2.15( 0.09
d1d/Å 2.26( 0.04 - -

a The model employed was a two-site jump of amplitudedz with
jump rate 1/τz, superimposed, if required for IN10 and IN13 data, with
a one-dimensional local diffusion of amplituded1d.
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molecular rotations. The rotational diffusion constantsDr

(Table 2, IN5 results) do not indicate significant differences
for the three sterols; however, cholesterol clearly required
the largest rotational radius at all three temperatures. The
correlation timesτ of the lateral diffusion jump rate as
measured by the IN10 and IN13 spectrometers show a weak
temperature dependence for cholesterol and lanosterol,
whereas ergosterol gave a remarkably high value at 20°C.
The fact that the IN5 fitting results (as shown for cholesterol
in Figure 4 and summarized in Tables 2 and 3) showed no
significant differences between the transverse spatial extent
of the motion is not surprising: The shorter time scale of
this experiment does not allow the observation of motion
over distances of more than 1-2 Å. The jump rates 1/τz were
only slightly temperature-dependent for cholesterol and
lanosterol, whereas this rate changed by nearly an order of
magnitude for ergosterol, with the smallest jump rate at 20
°C (IN10 results, Table 3).

As theq range of both the IN5 and IN10 spectrometers
was insufficient to allow the EISF to decrease down to zero,
we used the IN13 spectrometer with its extendedq range to
verify the cholesterol/DPPC measurements, and thus to
further justify the choice of the models used for data analysis.
Figure 6 clearly shows that the EISF for both orientations
goes down to zero at aboutq ) 3.5 Å-1. The same set of
models was used for fitting the EISF (solid lines) as for the
IN10 data. The results for the lateral and transverse motion
(Tables 2 and 3) are indeed very similar to those obtained
by the other instruments, providing additional strong support
for the choice of models applied in the data analysis. The
most striking result is the drastic difference in the spatial
extensionsdz of the transverse sterol motion (Table 3). Here
we obtained for the IN10 data for all temperatures a spatial
extent ofdz > 1.0 nm for cholesterol, whereas the other two
sterols showed adz of 0.3 nm and less. It is noteworthy that
the high spatial extension of cholesterol transverse motion
was confirmed in the independent IN13 measurement, in
which theq range was extended by a factor of 2 (as compared
to IN10) and allowed a higher fidelity fit to the model (see
above).

The data analysis summarized in Tables 2 and 3 allows
us to conclude that the truly significant differences in the
motion of the three sterols are in the out-of-plane (transverse)
direction, while the in-plane (lateral) motion is rather similar
for the three molecules. To appreciate this, it should be
emphasized that for all three sterols the same set of motional
models has been used.

DISCUSSION

The focus of this work is a comparative study of the
molecular dynamics of sterols in lecithin bilayers. The above
results strongly suggest that cholesterol has the most unusual
molecular dynamics of the three sterols: it showed the largest
motional anisotropyDa of translational long-range diffusion
at low temperature (20°C), and the strongest temperature
dependence ofDa for all three sterols (Da ) 4.5 at 20°C
andDa ) 1.6 at 50°C). Moreover, its amplitude of transverse
(out-of-plane) motion was at least a factor of 3 larger than
for the two other sterols, independent of temperature. In
contrast, ergosterol showed the slowest motion in all
respects: its transverse diffusion was a factor of 2-3 lower

than for cholesterol and lanosterol, and only slightly tem-
perature-dependent. Its lateral motion as seen by the IN10
spectrometer was a factor of 4-5 slower than for the other
two molecules, while the temperature dependence of this
lateral diffusion was comparable to the other sterols.
Moreover, the spatial extent of its transverse motion did not
exceed a maximum value of 0.25 nm, thus being a factor of
4-5 less (depending on temperature) than for cholesterol.
Finally, ergosterol also showed the lowest radius for rota-
tional motion with respect to the membrane normal.

The most obvious reason for these significant variations
in sterol molecular dynamics comes from their structural
differences (26-28) despite their similar overall length
derived from the crystal structures (C3 to C25 distances of
14.9 Å for cholesterol, 14.3 Å for lanosterol, and 14.7 Å for
ergosterol). Cholesterol and ergosterol show a similar sterol
frame with one side being rather flat but have differently
structured alkyl chains (Figure 1), suggesting a crucial effect
of the alkyl chain on the molecular dynamics of these sterols.
Ergosterol, in comparison to cholesterol, features an ad-
ditional double bond and methyl group in this chain. This
may increase the cross section of this chain beyond the limits
of the sterol body cross section (in particular along the sterol
body normal direction), giving the chain a much stronger
interaction potential with the surrounding DPPC chains (26,
29, 30). This is also indicated by the fact that DPPC chains
adopt a significantly higher molecular order in the presence
of 40 mol % ergosterol as compared to the same amount of
cholesterol (31). As a result, the ergosterol alkyl chain
interaction with the lipid chains may be an efficient way to
dissipate thermal energy, thereby rendering the molecule less
mobile within the lipid environment than in the case of
cholesterol. For the latter sterol, we have already provided
a rationale for its high-amplitude transverse motion in a
previous QENS paper (15). There we suggested that a part
of cholesterol, namely, its alkyl chain, may fluctuate at high
frequencies into the opposite leaflet of the bilayer, giving
rise to a dynamically rough boundary between the two
monolayers of the membrane. The bulkier alkyl chain of
ergosterol may prevent such motions by higher molecular
friction and/or repulsion from the opposite monolayer, and
thus maintain the transverse amplitude in the same range as
was previously observed for pure DPPC (25) in fully
hydrated bilayer stacks.

The significantly slower lateral diffusion rate of ergosterol
compared to cholesterol (a factor of 3-4 depending on
temperature; cf. Tables 1 and 3) can be explained in a similar
way. Since ergosterol is bulkier in a region close to the
bilayer center, where usually the lipids exhibit lowest
molecular order, this molecule will reduce the fluidity [as
evident from the increase of lipid chain order parameter, cf.
(31)] in this region, and thus decrease the lateral diffusion
rate.

With the exception of a double bond, lanosterol exhibits
the same alkyl chain as cholesterol, but a much bulkier sterol
frame owing to the three additional methyl groups. In this
case, the site of strongest interaction with the surrounding
lipid chains can be expected to be shifted away from the
bilayer center toward the interface. Thus, lanosterol cannot
impose as high a molecular order to the lipid chains, and
NMR experiments showed that indeed this order parameter
is lower than for the other two sterols (31). Consequently,
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lanosterol is unlikely to exhibit large amplitudes for trans-
verse motion, as the friction between its bulky sterol body
and the lipid chains will dissipate thermal energy efficiently.
There is also a steric argument why this sterol cannot, like
cholesterol, penetrate with its alkyl chain into the opposite
monolayer. Its effective molecular barrel-like shape will
enable the terminal groups of the adjacent lipid chains to
adopt a rather low order; i.e., a high number of kinks is likely
to occur there (29), which is also reflected in the acyl chain
packing. These disordered segments will effectively over-
damp the transverse sterol motion toward the bilayer center
and beyond. At the same time, this low order will allow for
a rather fast lateral diffusion of lanosterol (26). As can be
inferred from Table 1, this sterol indeed showed the fastest
motion in this direction. To sum up, only cholesterol is able
to fluctuate over larger distances (1 nm) in the transverse
direction, and thus provide a dynamically rough interface
between the two monolayer leaflets at the bilayer center,
whereas both lanosterol and ergosterol remain largely
confined to their host monolayer.

Several papers of our group have suggested the possibility
of hydrogen bonding between the cholesterol hydroxyl group
and the oxygen of the glycerol backbone of the lipid (28,
32-35). The definition of a hydrogen bond after Raghaven
(33) is given by (i) a distance between the oxygen in the
lipid glycerol backbone and the oxygen of the cholesterol
of less than 3.25 Å and (ii) an angle between the vector
oxygen(lipid)-oxygen(cholesterol) and the vector of the
cholesterol OH-bond of less than 35°. According to our
results, a hydrogen bond could indeed exist within the
characteristic timeτz of the jump rate, which is about 0.5 ns
(Table 2). Tu et al. have observed a distribution of the
cholesterol hydroxyl position of about 6 Å between the
carbonyl and the choline of the lipid (36). Moreover, NMR
data suggest that cholesterol rotates similarly to the pho-
pholipids, and thus is unable to bind to the lipid more
permanently in a specific manner (12, 37-39).

The influence of the three sterols on the bilayer can be
further discussed in terms of their hydrophobic length match
with the DPPC alkyl chains. The above-mentioned structural
features of cholesterol might lead to a mismatch of the
projected hydrophobic length of cholesterol versus the
interacting DPPC molecules, requiring that the alkyl chain
of cholesterol penetrates more deeply into the apposed
monolayer leaflet of the bilayer, leading to a large influence
on the acyl chain conformational ordering. By contrast, we
propose that lanosterol and ergosterol have a closer hydro-
phobic match to the interacting DPPC molecules, but for
different reasons. In the case of lanosterol, the presence of
the two additional methyl groups on theR-face, together with
the steric hindrance provided by the additional double bond
at the end of the alkyl tail, may result in a matching of the
average hydrophobic lengths with only minimal penetration
or interdigitation into the apposing monolayer leaflet.
Ergosterol differs from the structure of cholesterol by an
additional double bond in the sterol frame and the alkyl tail
and the presence of a third methyl group at the end of the
tail. In this case, the steric hindrance may also lead to a
change in the hydrophobic length of the ergosterol molecule,
thus matching the interacting DPPC molecule without
requiring penetration of the opposing monolayer.

Moreover, fluctuations of the sterols into the headgroup
region or beyond into the aqueous bulk are unlikely to occur
due to the energy balance. Previous2H NMR studies have
indicated that cholesterol acts as a spacer molecule, and does
not greatly perturb the lipid polar headgroups (40). For
example, the estimated energy for the protrusion of a CH2-
group into the aqueous phase is about (5-6) × 10-21 J‚m-1,
while the thermal energy is only about (3-5) × 10-21 J‚m-1

(21). However, toward the bilayer midplane, sufficient free
volume exists due to the fluctuations of the lipid chains. The
rigid sterol body and the fact that over 80% of the cholesterol
side chain favor the all-trans configuration will facilitate
motions in the transverse direction (36, 41). Worcester et
al. (42) measured by neutron diffraction the distribution of
the deuterium-labeled C3 position of cholesterol in a 6:4 egg-
lecithin/cholesterol mixture. They found two peaks separated
by a distance of 17.5 Å, each having a full width at half-
maximum of 4.5 Å. Unfortunately, these authors did not
discuss the smaller two peaks in their paper, which have
about the same FWHM and a distance of 3.5 Å from the
bilayer midplane. In the context of our data analysis, this
observation suggests that the peaks arise from cholesterol
molecules fluctuating into the opposite bilayer leaflet.

It is interesting to note that in a recent molecular dynamics
simulation of a 6:4 DPPC/cholesterol system (unpublished),
we observed that the center-of-mass trajectories of the
cholesterol molecules showed a similar composite motional
behavior as measured by QENS. To date, there has not been
a comparison with the results of other groups in the field of
molecular dynamics, regarding the center-of-mass trajectories
of cholesterol. Early molecular dynamics simulations con-
centrated on pure lipid model systems, which have improved
rapidly. For example, the work of Moore et al. (43) agrees
well with our previous QENS work on pure PC bilayers (21,
25). Although several excellent MD simulations of lipid/
cholesterol systems have been published over the past decade,
their data analysis was largely restricted to the order
parameter profiles of the lipid chains, the interaction of lipids
and cholesterol (e.g., the phase diagram or the hydrogen
bonding), and the tilt angles of the cholesterol molecules
(28, 34-36, 44, 45). Smondyrev and Berkowitz (28)
published lateral and transverse diffusion constants, but did
not analyze the cholesterol trajectories for specific motional
models, nor did other groups.

In a previous work (31) we observed strong correlations
between the molecular ordering and NMR relaxation on one
side, and the micromechanical properties of the sterol-doped
DPPC bilayer on the other side. For example, the area
expansion modulus, which also provides a measure of
membrane bending stiffness (10), was found to be highest
for ergosterol and lowest for lanosterol, with cholesterol
between but closer to lanosterol. It is now tempting to search
for connections between these properties and the molecular
dynamics by comparison to the QENS results. Bending of
the bilayer in general results in a loss of conformational
entropy of the acyl chains, which is largest for the highly
ordered ergosterol-containing bilayers, leading to a larger
bending rigidity than for cholesterol and even more compared
to lanosterol. We may assume that the amplitude of
transverse motion and the anisotropyDa are relevant
parameters for these properties. It follows that ergosterol with
its generally low values of these parameters may be an
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example for the creation of very stiff and less flexible
membranes. On the other hand, cholesterol and to some
extend lanosterol would serve as membrane fluidizers (46,
47), but with the unique option that cholesterol can addition-
ally create a dynamically rough boundary at the bilayer
center, thus rendering the membrane more robust and thus
allowing for larger but still very soft membrane structures.

CONCLUSIONS

The QENS data suggest that modifications of the sterol
frame as in the case of lanosterol, and changes of the sterol
alkyl chain as for lanosterol and ergosterol, have a drastic
effect on the molecular dynamics of these molecules in
lecithin bilayers. The results may shed some light on the
demise of lanosterol and the rise of cholesterol in the course
of cellular evolution at the occurrence of the first metazoa.
As already suggested by Bloch (18) and Bloom (48),
lanosterol may have been unable to provide sufficiently stable
bilayers to allow for larger and highly protein-containing
membranes. The QENS data now furnish a reasoning for
this failure in terms of its molecular dynamics. It seems that
nature coped with this problem by shedding the three methyl
groups from the lanosterol sterol body (this took about 1.5
eons, 1 eon) 109 years) to end up with cholesterol. The
dynamically rough borderline at the bilayer center created
by cholesterol and the high-temperature sensitivity of the
composite bilayer may provide the flexible and soft matrix
required for optimum activity of complex proteins, and a
membrane stability allowing for larger (eukaryotic) cells.
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