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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 8Q) 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 o3 x 1012 m? s71, with a significantly

faster rate of diffusion along the membrane normal, resulting in a diffusional anisofbgpyt low
temperature (20C), cholesterol showed the highest vallly & 4.5), while lanosterol gave the lowest

one Da = 2.0). At high temperature (50C), ergosterol diffusion had the highest diffusion anisotropy
(Da = 2.0) compared to lanosterdd{ = 1.8) and cholesteroD; = 1.6). Most interestingly, cholesterol
showed at all three temperatures an amplitude of its out-of-plane-motion efL1LGhm, 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 the gigahertz frequency range at physiological temperature
cell membranes, has been studied in mixtures with lipids by in synthetic lecithin (dipalmitoylphosphatidylcholine, DPPC)
a wide variety of methods [cf.1] and references cited bilayers at 40 mol % cholesterol contert5). A salient
therein]. Recently, the role of cholesterol in membrane lipid feature of this anisotropy was a fast (confined) diffusion of
rafts has attracted interest, which are proposed to comprisethe sterol over distances of more than 1 nm parallel to the
discrete microdomains of sphingolipids and cholesterol, membrane normal (throughout the text, motions parallel to
together with glycosylphosphatidylinositol (GPI)-anchored the membrane normal are denoted as out-of-plane or
membrane protein®2¢5). Besides its unique phase behavior transverse motions, motions parallel to the membrane plane
(6—9) in mixtures with lecithin, and the well-established as in-plane or lateral motions). This rather large amplitude
modulation of membrane micromechanical properties and of transverse motion [for comparison, lecithin exhibits an
dynamics 10—14), cholesterol exhibits an interesting ani- out-of-plane motion of less than 0.2 nigf] suggested that
sotropy of motion within the bilayer on the molecular part of the cholesterol molecule such as its short alkyl chain
dynamics time scale. In a recent quasi-elastic neutron can fluctuate at high frequencies into the opposite monolayer
scattering (QENS)study, we observed this anisotropy in leaflet. In a time-averaged picture, this would correspond to

a dynamic roughness at the bilayer midplane (or to a dynamic
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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 DRRP{wvas nearly
fully deuterated along with the hydration water,(D) to

Ficure 1: Molecular structures of cholesterol, lanosterol, and observe the incoherent scattering arising mainly from the
ergosterol. (nondeuterated) sterols. Since the motional and phase transi-
tion behavior of the lipids is drastically influenced by the

the slight structural differences of these two sterols comparedpresence of the sterol, the measurement of pure D&BC-
to cholesterol (cf. Figure 1) may restitinder otherwise  in D,O and its subtraction from the sterdDPPCé;s spectra
identical conditions-in differences of their molecular dy- s not a valid procedure for coherent and incoherent
namics in lecithin bilayers. To address this problem, we background elimination. This approach would require a fully
employed quasi-elastic neutron scattering (QENS) in a direct deuterated sterol as well, which is not available. However,
comparison of DPPC bilayers containing 40 mol % of either since the incoherent signal from the deuterated lipid and the
cholesterol, lanosterol, or ergosterol. Since QENS is a methodD,0 contributes to the total signal only by less than 10%,
which can simultaneously measure spatial and temporalthis contribution was neglected. Similarly, the coherent
correlations of molecular motion, the comparison can be scattering can lead to a high intensity af &alue of about
expected to shed some light on the possible connection2.0 A-1, but below 1.6 A incoherent scattering dominates
between sterol structure and its molecular dynamics, and howstrongly the signal X9).
such molecular properties may contribute to microscopic or  The time scale at which the correlation functions are
even macroscopic function. probed is determined by the energy resolutiorof the
spectrometer. By employing various energy resolutions,
different time domains of the correlation function can be
probed selectively. Fourier transformation in space and time

Materials and Sample PreparatiorDeuterated 1,2-di-  of the measured correlation function leads to the dynamic
palmitoyl-ds;-glycerosn-3-phosphocholingh; (DPPCéys) structure facto§q,w). Hereq is the momentum transfer and
was purchased from Avanti Polar Lipids (Alabaster, AL), w the frequency. For data analys&g,w) can be separated
and all sterols were obtained from Fluka (Neu-Ulm, Ger- into the elastic incoherent structure factor (EISF, having a
many). Highly purified BO was obtained from Deuchem line shape which depends on the resolution function of the
(Leipzig, Germany). Solid substrates for multilayer prepara- instrument) and the gquasi-elastic incoherent structure factor
tion were highly polished, undoped silicon wafers (Applica- (QISF, which has a Lorentzian line shape for all models
tions Couches Minces, France) of 156 thickness, 3x 5 considered in the present application). The EISF is solely a
cm area, and surface roughness of lesa thA asmeasured  function of q and describes the structure and spatial extent
by atomic force microscopy. of the molecular motion, whereas the QISF is a Lorentzian

Oriented multilayers of DPP@ys containing 40 mol % function of w and contains information about the motional
of sterol were prepared according to procedures describedrates and dynamics.
in detail previously {6). About 1000 bilayers were sand- Generally, the total incoherent structure factor can be
wiched between 2 wafers with 10 wafers per sample, i.e., awritten in the form:
total of about 9000 bilayers. This bilayer mass corresponded 5
to about 500 mg of total weight of lipid and sterol in the w
sample. Hydration was adjusted after annealing the samplesanc(q’w) =R ® {exr{—%)
for 12 h at 90°C in D,O vapor at 20 wt % BO. The final
oriented samples showed a mosaic spread of less than 2
upon examination by X-ray diffractiorlL).

Method.Since QENS is a method that is not commonly
used in biophysics, a few basic features of dynamic neutronwhereR(q) is the resolution function of the instrumert

MATERIALS AND METHODS

exp(-PG)[Afo(@) + Y AL(T;, w)] + U] (1)
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is the amplitude of the EISKHY is the amplitude of the
Lorentzian function L(I';,w) is the Lorentzian line shape detectors
function with the line widthI';, 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 Kin
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 _ - )
FIGURE 2: Schematic depiction of the QENS scattering geometry

the Debye-Waller factor (DWF), by which the experimental . . ;
- L . used for orientation-dependent measurements. The scattering angle
dynamic structure factor has to be divided to obtain correct peqyeen the incident neutron beam and the sample normal vias 45

intensities. It arises from fast intramolecular vibrations (135, resulting in a momentum transfer directed predominantly
exceeding the frequency window of the instrument, and parallel (perpendicular) to the sample normal.

reduces the signal witt?, where<u?> in eq 1 is the mean

squared amplitude of the vibration. It was determined for i ) )

the IN5 instrument by measuring the total integrated intensity ~Data Analysis and Reductiomnterpretation of the data
as a function ofy. From the slope of the plot Ini[,)] vs was performed by use of Bayesian analy&@) (n terms of

0% we obtained<u?> = 0.1+ 0.03 A previously established cholesterol motional mod&g).(In

Our experimental work employed the IN10/IN16 and IN13 2 first step, the line shape parametées A, andT' were
backscattering spectrometers and the IN5 time-of-flight fittéd to each spectrum separately according to eq 1 and using
spectrometer at the Institute Max von LatRaul Langevin @ fixed DWF. From these parameters, the EISF and QISF
(Grenoble, France). The backscattering spectrometer wasVere calculated. In a second step, the motional models have
used in the configuration IN10a [energy analysis by un- been fitted to the parameters S|multane0L_Jst fogathlues.
polished Si(111) crystals], with an incident wavelength of It sho_uld be emphasized that_ all calculatlo_ns for the models
0.6271 nm and an energy resolution of:&V (8 ueV for take into account the deviations of the dlfferqwt/ectors
IN13). The time-of-flight IN5 spectrometer, where the energy Tom the perpendicular and the parallel vector. Since we were
analysis is simply done by measuring the flight time of the mainly interested in a direct comparison of the three samples,
neutrons from sample to detector, was used at an incidentth® data sets of all three samples were analyzed by the same
wavelength of 1.0 nm, giving an energy resolution of 14.0 set of motional models. For breV|_ty, we restrict our desc_rlp-
ueV. For the IN13 measurements, the instrument resolution tion Of the models used, and point to the references given
was set to eV, the energy window covered the rangs0 below concerning details of the calculations.
to 50ueV, and theg range studied was 1-5.5 AL, Since (i) Since the QENS spectra at this energy resolution are
the flux on IN13 was quite low and the objective of these dominated by translational diffusion of the whole molecules
experiments was the verification of the models fitted to the (16, 21, we first analyzed the QENS spectral line widths
EISF, experiments on IN13 were carried out using the fixed I'(d) in terms of long-range diffusion of the sterols. This was
window technique with the center of the window/E = 0 achieved by fitting the QENS spectra by a single quasi-elastic
ueV. This technique yields the scattering which is detected (Lorentzian) line, as is typical for the case of Fickean
within the elastic resolution function of the instrument, and diffusion (19). For the FWHM of the Lorentziari(q), the
includes motions with frequencies modulated by the Debye ~ Fickean theory predicts a linear dependencé (@) vs o
Waller factor. Thus, no motional correlation times could be With the slopeD (long-range diffusion coefficient) in the
extracted from the IN13 measurements. limit of small g (i.e., large distances).

To measure the anisotropy of sterol motion and take full ~ (ii) However, it is known that for large values of the
advantage of the use of oriented multilayer samples, two momentum transfer, details of the motion over short distances
orientations of the sample in the neutron beam were require a modification of Fick's law1@). This is usually
measured. The scattering geometry is schematically depictedtaken into account by the use of jump diffusion models. The
in Figure 2. At an orientation of 13%etween the incident  scattering law for anisotropic self-diffusion in liquid crystals
neutron beam and the membrane norrraigrmal to the Si calculated by Rosciszewsk??) was selected as the most
wafer), the momentum transfer is mainly directed perpen- appropriate jump diffusion model for the analysis of our data.
dicular to the membrane normal [i.e., parallel to the bilayer (iii) In-plane motion was considered by a composite model
plane &—y plane)]. In this case, the in-plane (lateral) motion consisting of jump motion over a mean jump distadcat
of the sterol under study will dominate the incoherent a jump rate 1/, and a continuous rotational diffusiofq,
scattering. On the other hand, at an orientation df #i& 23) about the sterol long axig-axis, normal to the bilayer)
momentum transfer is mainly parallel to the membrane with a mean radius. This model was previously applied to
normal, and thus the incoherent scattering is dominated byanalyze cholesterol rotatiori). Finally for sterol motion
out-of-plane (transverse) motion of the sterol along the along the membrane normal (out-of-plane or transverse
zdirection Emembrane normal). QENS measurements were motion), we employed a model of two-site jump diffusion
carried out at three temperatures: below and above the(19) with spatial extentl, and jump rate Zi. In cases where
liquid—gel phase transition of pure DPRizs (37 °C) at 20 the jump diffusion model alone provided an unsatisfactory
and 50°C, respectively, and at the physiologically important fit of the EISF, this model was superimposed by a spatially
temperature of 36C. restricted diffusion19, 29 of the sterol over a distanakg.

kﬁul

sample

Out-of-plane configuration
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Ficure 3: Representative QENS spectrum (IN10) of 40 mol % _"W

line is a superposition of all three components). The spectrum was AE / meV
measured aff = 1.41 A™ at an orientation of the sample normal  Fguge 4: Time-of-flight instrument IN5: QENS spectra of 40
relative to the incident neutron beam of°4probing the out-of- mol % (a) cholesterol, (b) lanosterol, and (c) ergosterol in a DPPC-

plane motion. The thin solid line shows the residual of the fit. dys oriented bilayer stack at 36, 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
This composite model was previously successfully applied of increasing momentum transfgrranging from 0.17 to 1.07 A

to lipid motion 1).
P e QENS spectra were obtained for bilayers of DP&E-

RESULTS containing 40 mol % of cholesterol, lanosterol, or ergosterol
with the IN5, IN13, and IN10 spectrometers at temperatures
The sterol dynamics in DPPG@;s oriented bilayers were  of 20, 36, and 50C. Figure 4 (a)-(c) shows representative
measured at three partially overlapping frequency regimessets of QENS spectra obtained using the time-of-flight IN5
determined by the energy resolution of the QENS instrument. spectrometer for bilayers of DPR$5 containing cholesterol,
Correspondingly, the fast lipid dynamics were studied at a |anosterol, or ergosterol (6:4 molar ratio) at 3B. In the
low resolution ofl" = 14 ueV using the time-of-flight IN5  top row, the QENS spectra are plotted as a function of the
spectrometer, while motions having longer correlation times momentum transfeg for the 135 bilayer orientation relative
were detected by the backscattering spectrometer IN10to the incident neutron beam (in-plane direction), and in the
operating al” = 1 ueV. Between these two resolutions, we bottom row for the 4% orientation (out-of plane direction).
employed the IN13 spectrometerlat= 8 eV, but at aq As can be seen, changes in the apparent peak heights and
range more than twice as wide than for the other two widths occur as a function of the wavenumiogevhich are
spectrometers. These various energy resolutions have beefurther interpreted below. Similar results were obtained at
demonstrated previously to allow a comprehensive descrip-20 and 50°C (not shown).
tion of lipid (21, 29 and of sterol motions1f), covering Figure 5 shows a representative analysis and reduction of
the range from fast rotational motion of the sterols at high QENS data acquired with the time-of-flight IN5 spectrometer
frequencies (upper GHz range) to lateral lipid diffusion at (energy resolution 14.@eV; q range of 0.171.07 A1),
the low-frequency side (lower GHz range). Furthermore, all for DPPCéd;s/cholesterol (6:4) bilayers at several different
measurements were done at two orientations of the sampleemperatures. The corresponding data for DRR@ontain-
normal Enormal direction of the oriented lipid multilayers) ing 40 mol % of lanosterol or ergosterol were similarly
with respect to the incident neutron beam (Figure 2). reduced and analyzed (not shown). The elastic incoherent
Experiments performed at the 13brientation essentially  structure factor (EISF) is shown in Figure 5(a),(b) for the
detected sterol motions in the plane of the bilayer such asin-plane (138) and out-of-plane (49 orientations, respec-
lateral diffusion, while those conducted at°4Bad the tively, and is seen to decrease with increasipgThe
momentum transfer mainly directed along the membrane Lorentzian full width at half-maximum (FHWM) of the
normal, and thus were sensitive to the out-of-plane sterol quasi-elastic line as shown in Figure 5(c),(d) for the 2135
motion. and 45 orientations increases witlh The models (i)-(iii)
Quasi-elastic Neutron Scattering Measurememts.an were fitted to the data (cf. Materials and Methods) as
example, Figure 3 shows a typical QENS spectrum (energy discussed below.
representation) measured using the backscattering instrument An analysis of the QENS results using the IN13 back-
IN10. Results are depicted for cholesterol in a liquid-ordered scattering spectrometer (energy resolutione/; g range
(lo) DPPCéys bilayer at 50°C for the 45 orientation ¢ = 1.2-5.5 A1) for DPPCd;s/cholesterol (6:4) bilayers is
1.41 A1), The separation of the data into a Lorentzian and presented in Figure 6. Parts (a) and (b) show the data for
a Gaussian part is shown by the dashed and dotted linesthe 135 orientation (in-plane) and 4%rientation (out-of-
giving the relative amplitudes of the elastic (EISF plane), respectively. Here the extendgdange is proved
amplitude of the resolution function/total amplitude) and most useful in further testing models for the structural
inelastic (QISF= amplitude of the Lorentzian/total ampli- fluctuations (vide infra). However, the neutron flux of the
tude) parts, respectively, along with the line width of the IN13 instrument was too low in the quasi-elastic mode to
latter. obtain reasonable statistics within an acceptable acquisition
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Ficure 5: Time-of-flight instrument IN5 data analysis: (a) EISF FIGURE 7: Backscattering instrument IN10: QENS spectra of 40
versug] for bilayers of DPPQ3;5 containing 40 mol % cholesterol ~ mol % (a) cholesterol, (b) lanosterol, and (c) ergosterol in a DPPC-
having a 135 and (b) 45 orientation at temperatures of 2C d;s oriented bilayer stack at 36. The spectra were measured with
(circles), 36°C (triangles), and 50C (squares). The solid lines  the sample normal aligned relative to the incident neutron beam at
represent fits of the following composite models to the data:°135 135’ (top) and at 45 (bottom), and are shown from left to right in
orientation (lateral motion), continuous rotational diffusiony 45 order of increasing momentum transigrranging from 0.41 to
orientation (transverse motion), two-site jumps. (c) Quasi-elastic 1.95 AL,

line width (FWHM) vsq for DPPCdys bilayers containing 40 mol

% cholesterol having a 13%@nd (d) 43 orientation at temperatures

of 20 °C (circles), 36°C (triangles), and 56C (squares). The full Figure 7 (a)-(c) depicts representative QENS spectra
lines represent fits of the data to the models which give the lateral gcquired for DPPQ¥s bilayers containing cholesterol, lano-
(135) or transverse (43 motional rates (cf. text). sterol, or ergosterol (6:4 molar ratio), respectively, using the

a) Cholesterol 135° IN10 backscattering spectrometer (energy resolutige\;

q range 0.4+1.95 A1) at 36 °C. The top row indicates
0.8 spectra for the 13%orientation (in-plane momentum transfer)

as a function ofg, and the bottom row shows the corre-
0.4- sponding data for the 4%rientation (out-of-plane momen-

tum transfer). In each case, the QENS spectra exhibit
0.0- characteristic peaks and changes in apparent line width as a

function of g. Similar results were obtained for each of the
b) 45 three systems at temperatures of 20 andG@not shown).

Finally, the analysis of representative QENS data for
0.8- DPPCdyg/cholesterol (6:4) bilayers is shown in Figure 8 for
the case of the IN10 backscattering spectrometer at the
0.4- various temperatures. The EISF in Figure 8(a),(b) for the
in-plane (138) and out-of-plane (43 scattering is found to
0.0- decrease with several peaks resolved in part (a). The FWHM
0o 1 2 3 4 5

EISF

EISF

of the quasi-elastic line shows a broad maximum with

B increasingq over the measured range of the momentum
q/A transfer. Data for DPP@;s containing either lanosterol or

FIGURE 6: Backscattering instrument IN13 data analysis: (a) EISF ergosterol were similarly analyzed and interpreted (not

versug for bilayers of DPPQd;s containing 40 mol % cholesterol ~ shown).

at 36 °C for orientations of 135and (b) 48. The solid lines Data Fits to Theoretical QENS Spectiigor the bilayers

represent fits of the following composite models to the data:°135 s
orientation (lateral motion), continuous rotational diffusion, super- of DPPCérs containing cholesterol, lanosterol, or ergosterol

imposed with two-site jumps when necessary? 4fientation  (6:4), the QENS data at each of the three temperatures (20,
(transverse motion), two-site jumps, superimposed with a local one- 36, 50 °C) were analyzed in terms of models{ijii) as
dimensional diffusion. described above. The results of the fitting procedure are
summarized in Tables-13.
_ Data analysis in terms of the long-range diffusion model
time. Thgrefore, we concentrated solely on t.he meas_urement(i) (cf. Materials and Methods) revealed major differences
of the signal around\E = 0 ueV by choosing the fixed  jn the diffusive behavior of the three sterols. Thevalues
window mode. Figure 6 illustrates clearly that the EISF for extracted from the model fits to the line widths of the IN10
both orientations, parts (a) and (b), decays to zero by aboutquasi-elastic spectra (e.g., as shown for cholesterol in Figure
g = 3.5 A" The same set of theoretical models was used 8, bottom) are summarized in Table 1 for the two sample
to fit the data as for the IN10 data (below). The correspond- orientations and three different temperatures. At low tem-
ing IN13 experiments for the bilayers of DPREz-containing perature (20°C), cholesterol showed a factor of 4 higher
either lanosterol or ergosterol (6:4) were not carried out, transverse diffusion coefficienD; than ergosterol, with
owing to beam time restrictions. lanosterol diffusion in between. In the lateral direction, both
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a) Cholesterol 135° b) 45° Table 2: Results Obtained from QENS Spectra (IN5, IN13, and
0.8 IN10) for Lateral Sterol Motion in DPP@7s (135> Orientation}
6:4 DPPC/ 6:4 DPPC/ 6:4 DPPC/
0.44 cholesterol lanosterol  ergosterol
wl . IN5
s : : : , 20°C r/A 1.014+0.02 0.87£0.01 0.77+0.01
DJ/10%racfst 2.440.2 24+0.1 29+0.1
36°C r/A 1.12+0.02 1.13+0.01 0.89+0.01
> ©) g O 4] d) o D/10%racfst 2.840.1 26+0.1 26+0.1
2 o 50°C r/A 1424002 - 1.08+ 0.01
w° 21 D/10%racfs™t 2.5140.09 - 2.75+ 0.09
- IN13
S 1 “ o 36°C r/A 0.60+£001 - -
§ o g d/A 1.80+ 0.05 - -
= ol IN10 A
) ' ' ) ' ' ' ) ' ' 20°C /. - - -
RS TR (I A 2484003 1.94£005 1.124+0.01
7/107°s 1.05+ 0.03 0.86+ 0.04 8+1
FiGURE 8: Backscattering instrument IN10 data analysis: (a) Elastic  36°C r/A 0.54+0.02 0.25+0.03 -
incoherent structure factor (EISF) versy$or DPPCédys bilayers d/A 3.26+0.04 3.25+0.04 1.43+0.02
containing 40 mol % cholesterol having a 238nd (b) 43 7/10°%s 1.00+0.02 1.01+0.03 1.53+0.07
orientation at temperatures of 2C (circles), 36°C (triangles), 50°C r/A 1.11+0.02 - 0.16+0.05
and 50°C (squares). The solid lines represent fits to the data using d/A 3.78+0.08 — 2.85+ 0.03
the same set of models as for the IN13 data. (¢) Quasi-elastic line 7/10°s 0.87+0.02 — 1.03+0.03

width (FWHM) vs g for DPPCédys bilayers containing 40 mol %
cholesterol having a 13%and (d) 43 orientation at temperatures
of 20 °C (circles), 36°C (triangles), and 50C (squares). The full
lines represent fits of the data to a continuous diffusion model which
gives the lateral (139 or transverse (49 long-range diffusion
constantD (cf. text).

2The model employed for this orientation was a continuous rotational
diffusion of radiusr and diffusion constanD;, superimposed, if
required, for IN10 and IN13 data, by a two-site jump of amplitade
and jump rate X,

Table 3: Results Obtained from QENS Spectra (IN5, IN13, and
Table 1: Long-Range Diffusion Constarilsin the Transverse IN10) for Transverse Sterol Motion in DPP$s (45° Orientationy
(Out-of-Plane) and Lateral (In-Plane) Directions Obtained from 6:4 DPPC/ 64 DPPC/ 64 DPPC/
IN10 (Lower Frequency) Measurements for the Three Sterols in cholesterol  lanosterol ergosterol
DPPCédss at Three (Two) Temperatures

— . . . IN5
D/l(le mZS 1 6:4 DPPC/ 6:4 DPPC/ 6:4 DPPC/ 20°C dZ/A 1.75+ 0.02 2.05+ 0.02 1.64+ 0.02
at cholesterol lanosterol ergosterol 7,/1071s 6.6+ 0.4 13.6+ 0.6 7.8+ 0.4
20°C lateral 52£23 67+12 1.8+1.6 36°C  dJA 2.67£0.03 2.91+0.04 1.99+0.02
transverse 23.%3.8 13.5+3.3 5.9+ 3.4 7/10%s 9.2+ 0.3 8.2+0.3 7.6£0.3
36°C lateral 13536 17.9+25 35+15 50°C  dJA 3.31+005 - 2.49+ 0.03
transverse 24.63.9 305+6.6 9.5+25 7/10s  8.3+0.3 - 7.24+0.2
50°C lateral 30.3- 6.6 - 95+1.2 IN13
transverse 47.8:123  — 18.6+ 3.0 36°C  dJA 10.3+0.1 - -
chd/A 1.59+ 0.02 - -
IN10
cholesterol and lanosterol diffusidyy was a factor of~3 20°C  dJA . 10.5+0.1 2.37£0.04 1.26+0.01
higher than for ergosterol. Consequently, the largest diffu- 3{}2 s 325551 8-83 118+0.06 172
. - > i N _ _ - —
sional anlsotrop.)Da = Dy¢D, was obtained for cholesterol 36°C  dyA 105+01  311L005 1.61+002
(Da = 4.5), while ergosterol@. = 3.2) and lanosterol /109  0.47+0.02 0.72£0.03  3.6+0.2
(Da = 2.0) gave significantly lower anisotropies. A temper- di/A 1.25+0.03 0.72+0.08 -
ature increase caused for all three sterols an increase of the 50°C dz/’f(rg %Oéi 8-32 - gigi 8-83
lateral diffusion rate, with the most pronounced effect for gzld/A s 2264 004 B e

cholesterol and lanosterdd(approximately tripled for each — . :
2The model employed was a two-site jump of amplituievith

15 °C temperatu_re increase), Wh”e, th,e_ increase in the jump rate 1,, superimposed, if required for IN10 and IN13 data, with
transverse diffusion rate was less significant. Hence, thej one-dimensional local diffusion of amplitude..

anisotropyD, was lower for cholestero; = 1.6) compared

to ergosterol P, = 2.0) at 50°C. . . ' 8 show as an example the 40 mol % cholesterol/DRIRC-
It was shown previously that the IN5 time window is not  pjlayers measured using the IN5, IN13, and IN10 spectrom-
suitable for long-range diffusion measuremend, (23 eters, along with the fits to the composite model as described

owing to the sensitivity of this instrument for motions with in the data analysis section above. The data for the DPPC-
shorter correlation times. Nevertheless, the IN5 data providedds bilayers containing lanosterol or ergosterol were analyzed
a similar anisotropy of the sterol motion and temperature similarly. The results are summarized in Table 2 for lateral
dependencies as obtained for IN10. motion [135 orientation, model (ii)] and in Table 3 for
Further analysis of the EISF and the quasi-elastic line transverse motion [£#5orientation, model (iii)].

width T" of the spectra in terms of the composite motional  Considering first the results for lateral motion (Table 2),
models (cf. Materials and Methods) provided more detailed the rotational diffusion as measured by the IN5 spectrometer
information about the geometry and correlation times of the is the most interesting parameter, since this energy resolution
sterol motions in the bilayer. The data in Figures 5, 6, and (14 ueV) is most sensitive for correlation times typical of
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molecular rotations. The rotational diffusion constabts than for cholesterol and lanosterol, and only slightly tem-
(Table 2, IN5 results) do not indicate significant differences perature-dependent. Its lateral motion as seen by the IN10
for the three sterols; however, cholesterol clearly required spectrometer was a factor of-% slower than for the other
the largest rotational radius at all three temperatures. Thetwo molecules, while the temperature dependence of this
correlation timesr of the lateral diffusion jump rate as lateral diffusion was comparable to the other sterols.
measured by the IN10 and IN13 spectrometers show a weakMoreover, the spatial extent of its transverse motion did not
temperature dependence for cholesterol and lanosterol,exceed a maximum value of 0.25 nm, thus being a factor of
whereas ergosterol gave a remarkably high value &0  4-5 less (depending on temperature) than for cholesterol.
The fact that the IN5 fitting results (as shown for cholesterol Finally, ergosterol also showed the lowest radius for rota-
in Figure 4 and summarized in Tables 2 and 3) showed notional motion with respect to the membrane normal.
significant differences between the transverse spatial extent The most obvious reason for these significant variations
of the motion is not surprising: The shorter time scale of in sterol molecular dynamics comes from their structural
this experiment does not allow the observation of motion differences 26—28) despite their similar overall length
over distances of more than-2 A. The jump rates % were derived from the crystal structures {@ C,s distances of
only slightly temperature-dependent for cholesterol and 14.9 A for cholesterol, 14.3 A for lanosterol, and 14.7 A for
lanosterol, whereas this rate changed by nearly an order ofergosterol). Cholesterol and ergosterol show a similar sterol
magnitude for ergosterol, with the smallest jump rate at 20 frame with one side being rather flat but have differently
°C (IN10 results, Table 3). structured alkyl chains (Figure 1), suggesting a crucial effect

As theq range of both the IN5 and IN10 spectrometers Of the alkyl chain on the molecular dynamics of these sterols.
was insufficient to allow the EISF to decrease down to zero, Ergosterol, in comparison to cholesterol, features an ad-
we used the IN13 Spectrometer with its extenqqdnge to ditional double bond and methyl group in this chain. This
verify the cholesterol/DPPC measurements, and thus tomay increase the cross section of this chain beyond the limits
further justify the choice of the models used for data analysis. Of the sterol body cross section (in particular along the sterol
Figure 6 clearly shows that the EISF for both orientations body normal direction), giving the chain a much stronger
goes down to zero at abogt= 3.5 AL The same set of  interaction potential with the surrounding DPPC cha, (
models was used for fitting the EISF (solid lines) as for the 29, 30. This is also indicated by the fact that DPPC chains
IN10 data. The results for the lateral and transverse motionadopt a significantly higher molecular order in the presence
(Tables 2 and 3) are indeed very similar to those obtained 0f 40 mol % ergosterol as compared to the same amount of
by the other instruments, providing additional strong support cholesterol 81). As a result, the ergosterol alkyl chain
for the choice of models applied in the data analysis. The interaction with the lipid chains may be an efficient way to
most striking result is the drastic difference in the spatial dissipate thermal energy, thereby rendering the molecule less
extensions), of the transverse sterol motion (Table 3). Here mobile within the lipid environment than in the case of
we obtained for the IN10 data for all temperatures a spatial cholesterol. For the latter sterol, we have already provided
extent ofd, > 1.0 nm for cholesterol, whereas the other two @ rationale for its high-amplitude transverse motion in a
sterols showed €, of 0.3 nm and less. It is noteworthy that Previous QENS papetlf). There we suggested that a part
the high spatial extension of cholesterol transverse motion Of cholesterol, namely, its alkyl chain, may fluctuate at high
was confirmed in the independent IN13 measurement, in frequencies into the opposite leaflet of the bilayer, giving
which theq range was extended by a factor of 2 (as compared fise to a dynamically rough boundary between the two

to IN10) and allowed a higher fidelity fit to the model (see Mmonolayers of the membrane. The bulkier alkyl chain of
above). 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 DPP@5) in fully
hydrated bilayer stacks.

The significantly slower lateral diffusion rate of ergosterol
|compared to cholesterol (a factor of-8 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
DISCUSSION bilayer center, where usually the lipids exhibit lowest

molecular order, this molecule will reduce the fluidity [as

The focus of this work is a comparative study of the evident from the increase of lipid chain order parameter, cf.
molecular dynamics of sterols in lecithin bilayers. The above (31)] in this region, and thus decrease the lateral diffusion
results strongly suggest that cholesterol has the most unusuatate.
molecular dynamics of the three sterols: it showed the largest With the exception of a double bond, lanosterol exhibits
motional anisotropyD, of translational long-range diffusion  the same alkyl chain as cholesterol, but a much bulkier sterol
at low temperature (20C), and the strongest temperature frame owing to the three additional methyl groups. In this
dependence ob, for all three sterols, = 4.5 at 20°C case, the site of strongest interaction with the surrounding
andD, = 1.6 at 50°C). Moreover, its amplitude of transverse lipid chains can be expected to be shifted away from the
(out-of-plane) motion was at least a factor of 3 larger than bilayer center toward the interface. Thus, lanosterol cannot
for the two other sterols, independent of temperature. In impose as high a molecular order to the lipid chains, and
contrast, ergosterol showed the slowest motion in all NMR experiments showed that indeed this order parameter
respects: its transverse diffusion was a factor-eB2ower is lower than for the other two sterol81). Consequently,

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 motiona
models has been used.
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lanosterol is unlikely to exhibit large amplitudes for trans- ~ Moreover, fluctuations of the sterols into the headgroup
verse motion, as the friction between its bulky sterol body region or beyond into the aqueous bulk are unlikely to occur
and the lipid chains will dissipate thermal energy efficiently. due to the energy balance. PrevigtsNMR studies have
There is also a steric argument why this sterol cannot, like indicated that cholesterol acts as a spacer molecule, and does
cholesterol, penetrate with its alkyl chain into the opposite not greatly perturb the lipid polar headgroup$0), For
monolayer. Its effective molecular barrel-like shape will example, the estimated energy for the protrusion of &CH
enable the terminal groups of the adjacent lipid chains to group into the aqueous phase is aboutpx 10721 J}m™2,
adopt a rather low order; i.e., a high number of kinks is likely while the thermal energy is only about{8) x 1021 Jm™

to occur thereZ9), which is also reflected in the acyl chain  (21). However, toward the bilayer midplane, sufficient free
packing. These disordered segments will effectively over- volume exists due to the fluctuations of the lipid chains. The
damp the transverse sterol motion toward the bilayer centerrigid sterol body and the fact that over 80% of the cholesterol
and beyond. At the same time, this low order will allow for side chain favor the all-trans configuration will facilitate
a rather fast lateral diffusion of lanoster@6j. As can be ~ motions in the transverse directioBg; 4]). Worcester et
inferred from Table 1, this sterol indeed showed the fastestal. (42) measured by neutron diffraction the distribution of
motion in this direction. To sum up, only cholesterol is able the deuterium-labeleds@osition of cholesterol in a 6:4 egg-
to fluctuate over larger distances (1 nm) in the transverse lecithin/cholesterol mixture. They found two peaks separated
direction, and thus provide a dynamically rough interface by a distance of 17.5 A, each having a full width at half-
between the two monolayer leaflets at the bilayer center, Maximum of 4.5 A. Unfortunately, these authors did not

whereas both lanosterol and ergosterol remain largely discuss the smaller two peaks in their paper, which have
confined to their host mono]ayer_ about the same FWHM and a distance of 3.5 A from the

.- Dilayer midplane. In the context of our data analysis, this
Several papers of our group have suggested the p053|b|I|t)P . .

of hydrogen bonding between the cholesterol hydroxyl group observation suggests _that the peak§ arise from cholesterol
and the oxygen of the glycerol backbone of the lipa8,( molgcgles ﬂu_ctuatmg Into th? opposite bilayer leaflet, .
32-35). The definition of a hydrogen bond after Raghéven Itis interesting to note that in a recent molecular dynamics
(33) is given by (i) a distance between the oxygen in the simulation of a 6:4 DPPC/cholesterol system (unp_ublished),
lipid glycerol backbone and the oxygen of the cholesterol we observed that the center-of-_mz_ass trajectories Of the
of less than 3.25 A and (ii) an angle between the vector chole;terol molecules showed a similar composite motional
oxygen(lipid)-oxygen(cholesterol) and the vector of the behavior as megiurﬁd by QlEN?' Tr? date, ther_e hﬁs fr)OIt befen
cholesterol OH-bond of less than “35According to our a comparison W't. the resu'ts of other groups in the _|edq
results, a hydrogen bond could indeed exist within the molecular dynamics, regarding the center-of-mass trajectories
charac,teristic time, of the jump rate, which is about 0.5 ns of cholesterol. Ear_ly_ molecular dynamlcs_5|mulat|(_)ns con-
(Table 2). Tu et al. have observéd a distribution of the centrated on pure lipid model systems, which have improved

g rapidly. For example, the work of Moore et adl3) agrees
cholesterol hydroxyl position of abbw A between the . . .
carbonyl and the choline of the lipi®®). Moreover, NMR well with our previous QENS work on pure PC bilayegd (

data suggest that cholesterol rotates similarly to the pho- 25). Although several excellent MD simulations of lipid/
- Sugg : . y o PO~ holesterol systems have been published over the past decade,
pholipids, and thus is unable to bind to the lipid more

. o their data analysis was largely restricted to the order

permanently in a specific mannetd, 37-39). parameter profiles of the lipid chains, the interaction of lipids

The influence of the three sterols on the bilayer can be and cholesterol (e.g., the phase diagram or the hydrogen
further discussed in terms of their hydrophobic length match ponding), and the tilt angles of the cholesterol molecules
with the DPPC alkyl chains. The above-mentioned structural (28, 34-36, 44, 45. Smondyrev and Berkowitz 28)
features of cholesterol might lead to a mismatch of the published lateral and transverse diffusion constants, but did
projected hydrophobic length of cholesterol versus the not analyze the cholesterol trajectories for specific motional
interacting DPPC molecules, requiring that the alkyl chain models, nor did other groups.
of cholesterol penetrates more deeply into the apposed |n a previous work 31) we observed strong correlations
monolayer leaflet of the bilayer, leading to a large influence between the molecular ordering and NMR relaxation on one
on the acyl chain conformational ordering. By contrast, we side, and the micromechanical properties of the sterol-doped
propose that lanosterol and ergosterol have a closer hydroDPPC bilayer on the other side. For example, the area
phobic match to the interacting DPPC molecules, but for expansion modulus, which also provides a measure of
different reasons. In the case of lanosterol, the presence ofmembrane bending stiffnes$d), was found to be highest
the two additional methyl groups on theface, together with  for ergosterol and lowest for lanosterol, with cholesterol
the steric hindrance provided by the additional double bond between but closer to lanosterol. It is now tempting to search
at the end of the alkyl tail, may result in a matching of the for connections between these properties and the molecular
average hydrophobic lengths with only minimal penetration dynamics by comparison to the QENS results. Bending of
or interdigitation into the apposing monolayer leaflet. the bilayer in general results in a loss of conformational
Ergosterol differs from the structure of cholesterol by an entropy of the acyl chains, which is largest for the highly
additional double bond in the sterol frame and the alkyl tail ordered ergosterol-containing bilayers, leading to a larger
and the presence of a third methyl group at the end of the bending rigidity than for cholesterol and even more compared
tail. In this case, the steric hindrance may also lead to ato lanosterol. We may assume that the amplitude of
change in the hydrophobic length of the ergosterol molecule, transverse motion and the anisotrof, are relevant
thus matching the interacting DPPC molecule without parameters for these properties. It follows that ergosterol with
requiring penetration of the opposing monolayer. 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 fluidizé6s (
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 18-
19.

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 21,

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 BlocH8) 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= 1(° 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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