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Anisotropic Motion of Cholesterol in Oriented DPPC Bilayers Studied by
Quasielastic Neutron Scattering: The Liquid-Ordered Phase
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ABSTRACT Quasielastic neutron scattering (QENS) at two energy resolutions (1 and 14 peV) was employed to study
high-frequency cholesterol motion in the liquid ordered phase (lo-phase) of oriented multilayers of dipalmitoylphosphatidyl-
choline at three temperatures: T = 20°C, T = 36°C, and T = 50°C. We studied two orientations of the bilayer stack with
respect to the incident neutron beam. This and the two energy resolutions for each orientation allowed us to determine the
cholesterol dynamics parallel to the normal of the membrane stack and in the plane of the membrane separately at two
different time scales in the GHz range. We find a surprisingly high, model-independent motional anisotropy of cholesterol
within the bilayer. The data analysis using explicit models of molecular motion suggests a superposition of two motions of
cholesterol: an out-of-plane diffusion of the molecule parallel to the bilayer normal combined with a locally confined motion
within the bilayer plane. The rather high amplitude of the out-of-plane diffusion observed at higher temperatures (T = 36°C)
strongly suggests that cholesterol can move between the opposite leaflets of the bilayer while it remains predominantly
confined within its host monolayer at lower temperatures (T = 20°C). The locally confined in-plane cholesterol motion is
dominated by discrete, large-angle rotational jumps of the steroid body rather than a quasicontinous rotational diffusion by
small angle jumps. We observe a significant increase of the rotational jump rate between T = 20°C and T = 36°C, whereas

a further temperature increase to T = 50°C leaves this rate essentially unchanged.

INTRODUCTION

The effect of cholesterol on the physical properties of phos-
pholipid bilayers has been studied extensively by a wide
variety of methods, particularly for binary phospholipid/
cholesterol mixtures (recently reviewed in McMullen and
McElhaney, 1996). Because cholesterol may account for up
to 50% of the total lipid in biological membranes, consid-
erable experimental (Vist and Davis, 1990; Finegold, 1993;
Ipsen et al., 1990; Almeida et al., 1992; Smaby et al., 1994)
and theoretical (Ipsen et al., 1987; Gabdoulline et al., 1996;
Tobias et al., 1997; Tu et al., 1998; Ipsen et al., 1989)
research has been focused on the cholesterol-rich, so-called
liquid-ordered phase (lo-phase) of binary lipid/cholesterol
mixtures. This phase was found to exhibit fluid-like mem-
brane properties and high molecular order of the lipid
chains. The studies suggest that a comprehensive under-
standing of the properties of the lo-phase cannot be reached
without considering its molecular dynamics. Although lipid
dynamics has been studied up to the terahertz frequency
range (Konig et al., 1992; Konig and Sackmann, 1996),
information about the cholesterol dynamics in this fre-
quency range is scarce. In particular, there is a lack of
information on the motional anisotropy of cholesterol in a
phospholipid bilayer with respect to directions parallel and
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perpendicular to the bilayer normal. There are some results
for motions within the plane of the bilayer: NMR relaxation
studies have revealed details of the rotational motion of this
steroid in the bilayer plane (Brown, 1990; Bonmatin et al.,
1990). NMR and IR studies showed the conformational
order and the chain dynamics of lipid/cholesterol systems
(Davies et al., 1990; Siminovitch et al., 1987, 1988). The
dynamics along the membrane normal is of particular im-
portance for our understanding of the liquid-ordered phase.
It has been suggested that cholesterol may bind via hydro-
gen bonds to moieties in the choline headgroup. This would
drastically restrict its motional freedom in direction along
the membrane normal. Furthermore, a number of recent
experimental results have questioned the alleged homoge-
neity of the liquid-ordered phase with respect to changes in
cholesterol concentration and temperature (Bayerl and
Sackmann, 1993; Reinl et al., 1992; Huang et al., 1993). So
far, no evidence from the dynamics of cholesterol in bilay-
ers has been provided that would allow researchers to de-
cide whether this phase is homogeneous or heterogeneous.
In previous studies we have employed quasielastic neutron
scattering (QENS) to resolve the high-frequency dipalmi-
toylphosphatidylcholine (DPPC) dynamics in tin bilayers
(Konig et al., 1992; Konig and Sackmann, 1996).

Here we report the first QENS study on the dynamics of
cholesterol in fully hydrated oriented multilayers of binary
DPPC/cholesterol mixtures in the concentration range cor-
responding to the liquid-ordered phase (40 mol% cholester-
ol). By measuring at different energy resolutions, our QENS
results selectively cover the gigahertz to low terahertz fre-
quency range. We have focused on two questions that
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QENS is uniquely suited to tackle: What is the contribution
of the cholesterol motion along the bilayer normal to its
overall dynamics, and how does its high-frequency dynam-
ics change with temperature? We present possible geomet-
rical models for the motion that may also explain some of
the well-established changes of the micromechanical prop-
erties of the bilayer caused by this steroid. A particular
advantage of the method is that its time scale matches
current molecular dynamics (MD) simulations of bilayers.
Comparisons between MD and QENS results may improve
the molecular interpretation of experimental results and help
to refine the force fields and boundary conditions used in
the simulations.

MATERIALS AND METHODS
Materials and sample preparation

Deuterated 1,2-dipalmitoyl-d31-glycero-3-phosphocholine-d13 (DPPC-
d75) was purchased from Avanti Polar Lipids (Alabaster, AL), and cho-
lesterol was obtained from Fluka (Neu-Ulm, Germany). The DPPC-d75 is
perdeuterated, with the exception of the five hydrogen atoms of the
glycerol backbone. Highly purified D,O was purchased from Deuchem
(Leipzig, Germany). For the solid substrates for multilayer preparation,
highly polished, undoped silica wafers of 150-um thickness and 5.0-cm
diameter were used (Virginia Semiconductors, Fredericksburg, VA). The
oriented multilayer samples of DPPCd-75 containing 40 mol% cholesterol
and of pure DPPC-d75 were prepared according to procedures described in
detail previously (Konig et al., 1992). Each sample consisted of a stack of
9-10 wafers with ~3000 bilayers sandwiched between adjacent wafers,
giving a total of 0.4 g lipid per sample. The hydration of the multilayers (20
wt% water) was achieved by equilibrating them against saturated water
vapor at a slightly elevated temperature (7"~ 30°C) for a minimum of 30 h
before they were stacked. After this the sample was annealed, in saturated
vapor, at 7 = 95°C for 10 h. Then the samples were transferred to the
gas-tight aluminum sample holder for the QENS measurements.

Method

Because QENS is a method rarely used in biophysics, a few basic features
of dynamic neutron scattering should be recalled here. In neutron scatter-
ing, two scattering cross sections have to be distinguished, the coherent and
the incoherent. The former probes the pair-correlation function between
different scatterers in a sample and thus provides both structural informa-
tion and correlated dynamics. Incoherent scattering probes the autocorre-
lation function of the scattering particles, i.e., the molecular dynamics of
the molecules. The possibility of distinguishing the two cross sections
makes neutron scattering a unique tool for the determination of dynamical
parameters. It is possible to make a deliberate distinction between the two
types of scattering simply by choosing a “convenient” scatterer in the
sample. For biological applications the most important incoherent scatterer
is the hydrogen atom. The deuteron scatters mainly coherently but much
more weakly than the incoherent scattering of the proton. Thus (selective)
deuteration offers a means of masking (parts of) molecules in incoherent
scattering experiments. In our case, the DPPC-d75 was nearly fully deu-
terated along with the hydration water (D,0) so that we could selectively
observe the incoherent scattering arising from cholesterol. The time scale
on which the correlation functions are probed is determined by the energy
resolution of the spectrometer used. Hence, by employing various energy
resolutions, one can selectively probe different time domains of the cor-
relation function. We used the IN10 backscattering spectrometer and the
INS time-of-flight spectrometer at the Institute Max von Laue—Paul Lan-
gevin (Grenoble, France). The backscattering spectrometer was used in the
configuration IN10a (energy analysis by unpolished Si (111) crystals), with
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an incident wavelength of 6.271 A and an energy resolution of 1 weV. The
time-of-flight spectrometer was used at an incident wavelength of 10 A,
giving an energy resolution of 13.67 weV (Institut Laue-Langevin, 1994).
To measure the anisotropy of cholesterol motion and take full advantage of
the use of oriented multilayer samples, two orientations of the sample in the
neutron beam were measured. At an orientation of 135° between the
incident neutron beam and the membrane normal (= normal to the silica
wafer), the momentum transfer is directed predominantly perpendicular to
the membrane normal (i.e., parallel to the bilayer plane (x-y plane)). In this
case the in-plane motion of cholesterol will dominate the incoherent
scattering. In contrast, at an orientation of 45°, the momentum transfer is
directed predominantly parallel to the membrane normal, and thus the
incoherent scattering is dominated by out-of-plane motions of cholesterol
along the z-direction (= membrane normal). The scattering geometry is
schematically depicted in Fig. 1. Because we were particularly interested in
the out-of-plane diffusive motion, we did IN10 measurements at three
temperatures for this orientation, 7 = 20°C, T'= 36°C, and T = 50°C, i.e.,
symmetrically above and below the eutectic temperature (7 = 36°C) of the
DPPC-d75/cholesterol phase diagram. The in-plane motion (135° orienta-
tion) was measured by IN10 at the eutectic temperature (7 = 36°C) only.
For the higher frequency motions detected by IN5, we measured the
in-plane motion at the above three temperatures (7 = 20°C, T'= 36°C, and
T = 50°C) and the out-of-plane motion (45° orientation) at 7’ = 36°C and
T = 50°C. Background subtraction to minimize the contributions of the
five glycerol hydrogen atoms per DPPC-d75 molecule to the spectra was
achieved by subtracting the corresponding IN10 or IN5 spectra of a pure
DPPC-d75 sample measured at 7= 50°C. Further standard ILL procedures
for background and cell correction as well as normalization of the inco-
herent scattering to a vanadium standard sample were applied.

Data analysis

The two types of data fitting procedures applied, the single spectrum fitting
and the simultaneous fitting procedure, have been described in detail
previously (Konig et al., 1992). The dynamic structure factor S(g, w) of
each motion considered is represented by a sum of Lorentzians (plus an
elastic line for motions restricted in space). For a superposition of inde-
pendent motions contributing to the scattering, the resulting S(¢, ) is the
convolution of the corresponding dynamic structure factors for each mo-
tion. Fitting the IN10 data to a single Lorentzian (= quasielastic line) gave

1350-orientation

[ 1 459-orientation

FIGURE 1 Schematic depiction of the scattering geometry used for
QENS measurements for oriented membrane stacks. ¢ is the momentum
transfer with its components parallel (¢;) and perpendicular (L) to the
membrane normal n. k; (k) is the incoming (final) neutron beam. B ~
90° — B — 6 determines the orientation in quasielastic approximation. The
scattering vectors, angles, and n are drawn for the case B = 135°.
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a model-independent measure of the translational long-range diffusion
coefficient D as listed in Table 1. Note that the term long-range refers to
any translations over a length of more than 5 A, the experimental length
scale determined by the g-range covered. The second step in data evalua-
tion was to find a model for the motion that is compatible with the observed
g-dependencies of the elastic incoherent structure factor (EISF) and line-
width. The model function convoluted with the instrument resolution
function is then fitted simultaneously to all spectra. The free parameters are
the model parameters like long-range diffusion rate (IN10) or jump angle
(INS5). For IN10 data, local and long-range diffusions were used simulta-
neously to describe the data. For the INS data analysis, rotational diffusion
was considered as the dominant scattering contribution. Three different
models were considered (see Appendix), and the number of Lorentzians
used in the fit depended on the particulars of the corresponding rotational
diffusion model as given in the Appendix. The Debye-Waller factor de-
scribes motions that are too fast to be resolved in the time domain used. It
was considered in the data analysis analogously to the case described by
Konig et al. (1992).

RESULTS

For a binary mixture of 40 mol% cholesterol in DPPC,
QENS measurements were performed for two orientations
of the oriented multilayer samples: at 45° and at 135°,
corresponding to an energy transfer normal and parallel to
the membrane plane. Furthermore, we measured at different
energy resolutions (1 weV (IN10) and 14 weV (INS)) cor-
responding to motional frequencies of the molecules rang-
ing from 0.2 to 50 GHz. The frequency range given here is
the range within which one can actually fit a Lorentzian line
broadening to our spectra, and not the frequency range
accessible to the instruments (IN5 and IN10).

Cholesterol motions along the membrane
normal (z direction)

The most striking result at 45° orientation and at the high
energy resolution (IN10) is the model-independent evidence
for the existence of long-range cholesterol motions in the
direction of the membrane normal (z-direction) over dis-
tances that are significantly longer than those observed in
the plane of the bilayer (x-y plane). This motional anisot-
ropy is clearly seen by comparing the plots of the quasielas-
tic broadening as a function of the squared momentum
transfer for both orientations (45° and 135°). This is shown
in terms of the half-width at half-maximum (hwhm) in Fig.
2 for the case of 7 = 36°C, where a significantly stronger

TABLE 1 Model-independent long-range diffusion
coefficients of cholesterol in DPPC/cholesterol bilayers
(lo-phase) in the direction of the bilayer normal (45°) and in
the bilayer plane (135°), obtained from the IN10 data fits
shown in Fig. 2

Orientation Temperature Long-range diffusion
) (§®)] coefficient (m?/s)
45° 20 121072 = 13%

36 1710712 = 11%
50 16+ 10712 = 7%
135° 36 5%10712 = 15%
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broadening can be observed for the z-direction (orientation
45°). Assuming long-range diffusion as the dominant source
of broadening in the IN10 experiments, the corresponding
diffusion coefficients D can be estimated from the slope of
the straight lines fitted to the data (Konig et al., 1992) in Fig.
3. Our results for D are listed in Table 1. These results
indicate a difference in D of a factor of more than 3 for the
two directions (cf. Fig. 2) at a temperature of 7 = 36°C. In
contrast, a plot of the IN5 data in the same way as in Fig. 3
does not give any linear dependence (data not shown). This
clearly demonstrates that for the significantly shorter time
scale accessible by the IN5 measurement, long-range pro-
cesses are rendered undetectable, whereas local restricted
diffusion is the dominant contribution to the broadening of
the signal. We wish to point out that a comparison of the
absolute values of D shown in Table 1 with those obtained
by NMR or fluorescence methods could be ambiguous for
two reasons. First, it should be noted that with a minimum
g-value of ~0.2 A™' as used in our measurements, the
motion can be observed maximally on a length scale of 5 A;
any restricted motion of cholesterol with amplitudes beyond
5 A will be seen as long-range diffusion. Second, a detailed
data analysis (see below) showed that long-range diffusive
motion alone does not describe the IN10 data accurately.
There is another, probably local, motional process superim-
posed within the frequency range of the experiment. There-
fore D is not determined solely by pure Fick’s diffusion
(Bee, 1988) or by hindered diffusion (Egelstaff, 1992).
Measurements at even lower energy resolution (e.g., 50
neV) would be required to separate out even faster and
more local motions, as we have demonstrated previously for
the case of DPPC motions in a pure DPPC bilayer (Konig et
al., 1992). For a more detailed analysis of cholesterol mo-
tion in the normal direction of the bilayer, we assumed that
the two overlapping motions are independent, so that the
resulting structure factor Sg,,(¢, w) is the convolution of the
structure factors of the two motions denoted by a and b; thus
Seum(@> ®) = S,(q, ®)®S,(¢, ). In close analogy to our
previous QENS work of pure DPPC, we interpret our mea-
sured D as a superposition of a long-range diffusion char-
acterized by D, and a restricted one-dimensional diffusion
described by a local diffusion coefficient D, along with its
spatial extension d,4. To separate the two diffusion coeffi-
cients, we used the IN5 data obtained at 7 = 36°C for a
determination of D, and d,4. In a second step, we used
these results as fixed parameters in the analysis of the IN10
data to obtain D,. The results of this procedure are shown in
Table 2, and an example of the improved fit in comparison
with IN10 raw data is given in Fig. 4.

A second interesting feature of the cholesterol motion in
the direction of the bilayer normal is its temperature depen-
dence. We observed an increase of D from 7' = 20°C to
T = 36°C by 30%, whereas no further increase in D is
observed when T is raised by about the same amount from
T =36°Cto T = 50°C (cf. Table 1). Table 2 shows that the
observed increase in D from 7 = 20°C to 7 = 36°C can be
attributed to both the localized and the long-range process.
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FIGURE 2 Quasielastic line broadening I (hwhm) of %
the IN10 data versus ¢* due to cholesterol motions in the £
membrane normal direction (orientation = 45°, <, =
——-) and due to motions in the membrane plane (ori- =
entation = 135°, O, ) at T = 36°C in the Dg? limit. £
The lines represent best fits to the data points. E

In contrast, between 7 = 36°C and T = 50°C the one-
dimensional restricted process increases in D4 while D,
decreases, resulting in a rather unchanged value of D over
this temperature range.

Cholesterol motions within the plane of the
bilayer (x-y direction)

For the two energy resolutions used, we analyzed our data
in terms of the following motional models: for the high
resolution of IN10 (sensitive to motions with longer corre-
lation times), a superposition of long-range and restricted
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FIGURE 3 Quasielastic line broadening I (hwhm) of —
the IN10 data versus ¢* due to cholesterol motions in the [
membrane normal direction (orientation = 45°) at three £
temperatures (7 = 20°C, O, ———; T = 36°C, O, ——; c
T = 50°C, ><, — . —). The lines represent best fits, the E

slope of which gives the long-range diffusion coefticient
D listed in Table 2.
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diffusion as well as two-site jump motions (Konig et al.,
1992) was considered. For the higher frequencies sampled
by the IN5 energy resolution, models of either continuous
rotation (small-angle jumps) (Dianoux et al., 1975), discrete
rotation (large-angle jumps) (Barnes, 1973), or a restricted
discrete rotation (cf. second section and Fig. 5 4) were fitted
to the data. The latter model describes discrete rotational
jumps (one jump = 60° rotational angle), where the jump
direction is changed after two successive jumps (i.e., no full
rotation). Fig. 6 shows the comparison of the INS raw data
with the fits according to two of the above-mentioned
models (restricted and discrete rotation). The rotational




Gliss et al.

TABLE 2 Results of the model-dependent IN10 and IN5 data
fits at three temperatures in the direction of the bilayer
normal (45° orientation) and in the bilayer plane

(135° orientation)

Orientation Temperature Long-range diffusion
©) (°C) coefficient (m?/s)
45 20 Dyq = 0.4 % 10~ "2 m%s

dig=09A
D, = 1.4 %1072 m%s
36 Diq =30 1072 m%s
dig=19A
D, = 6.4 %1072 m%s
50 Diq = 34 #1072 m%s
dig=25A
D, = 1.8 % 1072 m%s
135 20 Toor = 1.6 % 10° 1/s
P = 1.9 A
36 Toor = 2.6 % 10° 1/s
Frot = 2.0 A
Dy =2%10""2m%s
dig=25A
50 Tres = 2.5 % 10° 1/s
Fres = 2.6 A

D4, one-dimensional restricted diffusion; d,4, diffusion length of the
one-dimensional restricted diffusion; D,, long-range diffusion; ., dis-

rot>
crete rotation; r,.,, radius of the discrete rotation; T,.,, restricted discrete
rotation; r,., radius of the restricted discrete rotation.

jump rates and radii extracted from our model fits to the
data were in general rather similar for the three models
considered. This is illustrated by Fig. 5 B, where the elastic
incoherent structure factor (EISF) versus momentum trans-
fer obtained from the IN5 data at 7 = 50°C is compared
with the corresponding theoretical EISF dependencies for
rotational and restricted rotational diffusion. Although the
model fits show distinct differences with respect to the
minimum EISF values around 1 A, the experimental error of
our IN5 data did not permit us to rule out any particular
model. Nevertheless, a global IN5 data analysis of all
g-values shows that the two discrete models generally fit the
data better than the continuous model. Of the two discrete
models, the discrete rotational diffusion with a radius of
rotation of 2.0 A gave the best fits for 7 = 20°C and
T = 36°C. In contrast, at 7 = 50°C the model of restricted
rotation proved superior in fitting the data. The results of
these discrete rotational model fits as listed in Table 2
indicate a drastic increase in the rotational jump rates by
~T70% between T = 20°C and T = 36°C, whereas no
further increase is observed between 7' = 36°C and
T = 50°C.

To obtain the in-plane long-range diffusion coefficient D,
from the IN10 data at 7 = 36°C, we used the INS5 results of
the discrete rotation model as fixed parameters in the data
fitting while D, was considered as a free parameter. The
results of this data analysis are listed in Table 2. For
T = 20°C and T = 50°C, only IN5 data were available, so
that no information about the temperature dependence of D,
in the plane of the bilayer can be obtained. Other models
employed to fit the IN10 data at 7 = 36°C like two-site
jumps gave no physically meaningful results.
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Fig. 7 summarizes the results of our data analysis. At the
two lower temperatures, the spatially restricted motion of
cholesterol can be considered to fill a cylinder with its axis
parallel to the membrane normal. The height of the cylinder
increases with temperature and scales with the length over
which the restricted diffusion of cholesterol is observed. Its
diameter is given by the spatial extension of the diffusive
motion in the membrane plane. Beside translations, the
molecule performs rotational motions within the cylinder
that can be considered as a discrete jump rotation (angle
a = 60°) at the two lower temperatures and that may
become a spatially restricted large angle jump rotation at
T = 50°C. Most importantly, these restricted translational
and rotational motions are superimposed on a “long-range”
diffusion of the whole cylinder parallel to its axis over
distances that are significantly larger than the length scale of
the experiment (5 A).

DISCUSSION

The physical properties of the liquid ordered (lo-) phase
have been studied previously by a great variety of methods
(recently reviewed by McMullen and McElhaney, 1996),
and many structural and dynamical features are well estab-
lished. Nevertheless, no experimental results have been
published describing the motion in the direction of the
bilayer normal. Incoherent QENS allows such measure-
ments on time and length scales optimally suited for the
detection of molecular motions. The above results present
the first direct experimental evidence for a motional anisot-
ropy and the existence of a pronounced high-frequency
motion of cholesterol in the membrane normal (z) direction.
This motion extends over a considerably longer range than
that of the lipids in the z-direction. We have demonstrated
previously (Konig et al., 1992) that DPPC alone exhibits a
high-frequency, root mean square displacement in the z-
direction of 2-3 A at T = 50°C (Kénig et al., 1992) under
comparable measurement conditions. For cholesterol, how-
ever, this displacement is more than 5 A in z-direction.
Moreover, the motional anisotropy of DPPC is opposite that
observed here for cholesterol; DPPC shows long-range dif-
fusion in the plane of the bilayer, but only restricted diffu-
sion in the z-direction.

The observed cholesterol long-range diffusion along the
bilayer normal is not obvious from purely geometrical con-
siderations. The presence of cholesterol causes local defects
in the bilayer that are likely to extend over at least the whole
monolayer thickness of the bilayer. The maximum length of
the cholesterol molecule (assuming an all-frans conforma-
tion of its short alkyl chain) is 22 A (Craven, 1976). For
cholesterol in bilayers, it is generally accepted that the
(weakly hydrophilic) OH group is oriented toward the lipid
headgroup region and that the steroid body penetrates
deeply into the hydrophobic tail region of the lipids, down
to the bilayer midplane. Assuming now that cholesterol is
trapped within an asymmetrical potential in the bilayer with
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400

FIGURE 4 Example of the model-dependent fit re-
sults of the IN10 data measured at 45° orientation (i.e.,
momentum transfer parallel to the membrane normal),
T = 36°C, for Q = 0.8 A~ in comparison with the raw
data. The experimental data (), the result of the model
calculation (: ) and its components, elastic (——-),
quasielastic (-----), and background (-------), are shown.

200

intensity [a.u.]
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a hard wall toward the headgroup region (for the prohibi-
tively high energy required to transfer its hydrophobic parts
into this aqueous region), there should be no motional
freedom left in the normal direction, because the monolayer

FIGURE 5 (4) EISF versus momentum transfer ¢

energy transfer [meV]

thickness including the headgroup is just 25 A at T = 30°C
(Reinl et al., 1992). Even if we assume that cholesterol can
penetrate the whole headgroup region of DPPC, the maxi-
mum accessible space would be less than 3 A per monolayer

(IN5 data) at 7 = 36°C (®) compared with models of
continuous rotational diffusion (———) and of discrete
rotational diffusion (——). The radius of rotation is =
2.0 A for both models. (B) As in 4, but at T = 50°C.
Here the data (V) are compared with the model of
continuous rotational diffusion (——) and of restricted
rotational diffusion (———); see Appendix A. The radius
of rotation is » = 2.6 A for both models.
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FIGURE 6 (4) Example of the model-dependent fit results (discrete rotation model) of the IN5 data measured at 135° orientation (i.e., momentum transfer

in the membrane plane), T = 36°C for O = 0.4 A~' in comparison with the raw data. The experimental data (), the result of the model calculation (

)s

and its components, elastic (— ——), quasielastic (-----), and background (-------), are shown. (B) As in 4, but at a higher temperature 7' = 50°C.

and thus similar to the amplitude of the spatially restricted
diffusion observed by IN5 (Table 2).

In contrast to these geometrical considerations, the IN10
results indicate a rather long range of cholesterol diffusion
in normal direction over distances of more than 5 A. To
reconcile geometrical considerations with experimental re-
sults, we suggest that cholesterol protrudes dynamically into
the opposite monolayer, i.e., that the bilayer midplane is
dynamically rough on a molecular scale, at which the ste-
roid bodies are (fluctuating) pillars in a fluid-like environ-
ment. Three factors may facilitate this motion:

1. The weak hydrophilicity of the cholesterol headgroup.

2. The free volume required for this dynamic protrusion
into the opposite monolayer may result from spatial
fluctuations of the terminal groups of the lipid tails,
owing to the gauche conformer formation along the
chain. It has been demonstrated previously that such
high-frequency displacements of the terminal tail pro-
tons over amplitudes of up to 7 A exist even in pure

=200
FIGURE 7 Schematic depiction of the spatial con- T=200C

finement of cholesterol motions in DPPC bilayers
(lo-phase) at three temperatures (7 = 20°C, left; T = o
36°C, center; T = 50°C, right). Vertical arrows depict

(full arrows) and of long-range diffusion (open ar-
rows), and curved arrows indicate discrete (leff, cen-
ter) and discrete restricted (right) rotational diffusion.
The vertical extension of the cylinders indicates the
limits of one-dimensional restricted diffusion.

the direction of one-dimensional restricted diffusion f

DPPC bilayers (Konig et al., 1992; Mendelsohn et al.,
1989). Davies et al. showed that kinks and single gauche
conformers dominate the chain disordering in a binary
DPPC/cholesterol 2:1 mixture (Davies et al., 1990).
Kinks are often considered a driving force for transmem-
brane movement.

3. The steroid body of cholesterol is rigid, and its short
alkyl chain is predominantly in an all-frans conformation
according to recent molecular dynamics simulations and
x-ray studies (Rohrer et al., 1980; Tu et al., 1998).

Hence it may be sufficient that just one palmitoyl chain
fluctuates away from the bilayer center to give enough free
volume for the partial entry of a cholesterol molecule from
the opposite monolayer. The interpretation of our results in
terms of a cholesterol fluctuation beyond the confinement of
the host lipid monolayer would also explain the presence of
both local and long-range diffusion in the z-direction: local
motions with amplitudes of d,; = 2 A (Table 2) can be
considered as cholesterol motions within the host mono-
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layer, whereas the long-range contribution reflects those
events where the molecule penetrates partially into the
opposite monolayer. Among the most striking effects of the
presence of cholesterol in the lipid bilayer is the increase of
the molecular order parameter (Seelig and Seelig, 1980;
Nezil et al., 1992; Vist and Davis, 1990) of the lipid tails
and of the bilayer curvature modulus. These effects may be
connected with this dynamical process. In particular, it is
possible that the fluctuation of cholesterol into the opposite
monolayer causes a drastic increase in the frictional drag
between the two monolayers, which in turn may increase the
bilayer curvature modulus (Needham et al., 1992; Finegold,
1993).

Recent MD simulations of fluid DPPC/cholesterol mix-
tures suggest a wide distribution of the cholesterol hydroxyl
position over a range of ~6 A between the carbonyl and
choline positions of the DPPC/cholesterol bilayer (Tu et al.,
1998). Although MD and QENS data can, in principle, be
compared very directly for their similar time scales, these
particular MD results were obtained at a cholesterol con-
centration of only 12.5 mol%. Thus, they do not reflect
exactly the characteristic physical properties of the lo-phase,
rendering a detailed comparison ambiguous. Other authors
(Gabdoulline et al., 1996) simulated a system closer to ours
(DMPC:cholesterol 1:1) but concentrated on the lipid for
their data evaluation.

The temperature dependence of the cholesterol motion in
the z-direction provides some important clues to the phys-
ical properties of the lo-phase. As can be seen from Table 2,
both local and long-range diffusion coefficients show
a drastic decrease when the temperature is lowered from
T =36°C to T = 20°C. Simultaneously, a 50% reduction in
the amplitude d,, of the local motion is observed. In con-
trast, an increase in 7 over a similar temperature range but
above the eutectic temperature (from 7 = 36°C to T =
50°C) causes only a modest increase in the localized diffu-
sion at a rather unchanged d, 4 but, concomitantly, a drastic
decrease in the long-range diffusion coefficient by a factor
of 3. These results appear somewhat contradictory to the
established DPPC/cholesterol phase diagram (Vist and
Davis, 1990), which considers the lo-phase as homogeneous
over the whole temperature range considered in this work.
On the other hand, the existence of a phase boundary has
been suggested previously on the basis of neutron (Bayerl
and Sackmann, 1993) and NMR (Reinl et al., 1992) data.
From the dynamical QENS point of view, the drastic
changes of the overall cholesterol dynamics between 7 =
20°C and T = 50°C strongly suggest a transition between
different dynamical states that might be connected with the
existence of a hidden phase boundary.

It is interesting to compare our temperature dependence
of high-frequency cholesterol motion with that obtained for
the lipid component (DPPC) in the lo-phase by other spec-
troscopic methods. Deuterium NMR and Fourier transform
infrared (FTIR) spectroscopies of oriented DPPC/choles-
terol multilayers have provided evidence for a largely un-
changed molecular order parameter of the methylene groups
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along the palmitoyl chains in the same temperature range
(Reinl et al., 1992). However, in the same publication, FTIR
also showed a significant increase in end-gauche states of
their methyl groups between 7 = 36°C and 7 = 41°C.
Based on an analysis of the terminal methyl quadrupolar
splittings, it was suggested that cholesterol is driven away
from the bilayer center, toward the aqueous interface with
increasing temperature. Therefore, these FTIR results seem
to support our findings regarding the change of the vertical
dynamics of cholesterol with temperature.

Taking the above NMR results into account, we interpret
our QENS results in terms of a change in the dynamical
state of cholesterol with temperature as follows:

1. At T = 20°C, cholesterol vertical motion is largely
restricted to the confinement of the host monolayer due
to the high order of the lipid tails, including their termi-
nal methyl groups.

2. At T = 36°C, an increase in the number of end-gauche
conformers of the lipid tails allows the cholesterol to
fluctuate into the opposite monolayer.

3. At T = 50°C, the decrease in bilayer thickness by at least
4 A, due to an increased number of gauche conformers
along the palmitoyl chains, forces the cholesterol off the
bilayer center toward the interface. This lowers the long-
range contribution D, (cf. Table 2), because a penetra-
tion into the opposite monolayer becomes less likely and
a diffusion into the aqueous bulk is unfavorable for
energetic reasons.

Our results obtained for cholesterol motions in the bilayer
plane (x-y plane) agree well with conclusions drawn from
deuterium NMR relaxation experiments using selectively
deuterated cholesterol in DPPC bilayers. In agreement with
our data analysis, the NMR measurements exclude a con-
tinuous rotation of cholesterol, i.e., the cholesterol mole-
cule’s residence time on a site cannot be neglected in
comparison to the time required for a jump to the next site.
Regarding the distinction between discrete and restricted
discrete rotation (jumps between a fixed number of sites on
a circle), the NMR comes to somewhat contradictory re-
sults. Whereas Bonmatin et al. (1990) suggested a model of
discrete rotation with a jump frequency of 30 MHz, a
restricted rotational diffusion with a frequency of 1 GHz
was postulated in the work of Weisz (Weisz et al., 1992).
Even though all three models used are possible as judged
from the model-independent analysis, global fits to the data
suggest discrete models.

The temperature dependence of the INS in-plane results
can be interpreted in terms of a significant reduction of the
rotational motion upon cooling the system from 7' = 36°C
to 7 = 20°C (Table 2). This process seems to be coupled
with a change of the lipid rotation, as suggested previously
from lineshape changes of deuterium NMR spectra of
chain-deuterated DPPC in the lo-phase (Vist and Davis,
1990). It is remarkable that no significant changes in cho-
lesterol rotation were observed for the temperature range
T =36°Cto T = 50°C. A possible explanation could be the
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dominance of a rattling motion of cholesterol at elevated
temperatures, which would leave its rotational jump rates
essentially unchanged. A similar feature was observed pre-
viously for the lipid motion in pure DPPC bilayers (Koenig
and Sackmann, 1996).

CONCLUSIONS

We have shown that cholesterol motion in DPPC bilayers is
highly anisotropic in the high-frequency regime (~1 GHz)
with respect to the two orientations studied and exhibits a
surprisingly large extension of diffusive motions parallel to
the membrane normal. The latter exceeds the geometrical
limits of the host DPPC monolayer leaflet at elevated tem-
peratures. The formation of hydrogen bonds between cho-
lesterol and DPPC headgroups seems unlikely at higher
temperatures but might become important at the lower tem-
perature limit of our experiments (7 = 20°C). At this
temperature, a clustering of cholesterol into more immobile
aggregates could be possible, as proposed by Knoll et al.
(1985), but our results do not allow us to draw any conclu-
sions in this direction. Nevertheless, we have clearly shown
that the lo-phase is not homogeneous from the dynamical
point of view in the lower temperature range. This dynam-
ical phase boundary may be connected with the above-
mentioned confinement of the cholesterol motion vertical to
the host monolayer observed at low temperature (7 =
20°C).

APPENDIX: CALCULATION OF RESTRICTED,
DISCRETE ROTATION

Different models of rotation and other in-plane motions have been sug-
gested for cholesterol, such as discrete rotation (Barnes, 1973), rotational
diffusion (Dianoux et al., 1975), diffusion inside a circle (Dianoux et al.,
1982), and two-site jump models (Bee, 1988). However, none of them
consider the possibility that the rotation is spatially restricted because of
the presence of obstacles formed by adjacent molecules like the lipid tails
under tight packing conditions. In the following, we will present a model
for such a partial rotational diffusion that considers a discrete rotation
(Bonmatin et al., 1990) constrained by the presence of obstacles that
prevent a full rotation. Fig. 8 depicts schematically a top view of this

Dosmon 1 \ 3

\flat
Jumps cholesterot
possible molecule

FIGURE 8 Schematic depiction (top view) of our model of a restricted
discrete rotation of cholesterol within a lipid bilayer. The direction of
rotation is reversed after two consecutive jumps in the same direction over
a 60° angle.
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model. The calculation of the scattering law is analogous to the procedure
suggested by Barnes (1973). Starting from the intermediate scattering
function,

1,:(q, 1) = (EO-F0)

1 X o
= RN GEE (AD)

j=1

where % is the probability matrix that a jump will occur, N is the number
of lattice sites, ¢ is the momentum transfer, 7 is the space, and 7 is the time
dependence of the motion. The brackets ( ) denote the thermal average. To
obtain this result (Eq. Al), we make use of the fact that all starting
positions have equal probabilities. Assuming uncorrelated jumps, the prob-
ability matrix and its eigensystem (eigenvector £, eigenvalue A) are

1=p p 0
@(l): p z_pp B
0 l=-p p

M=1, L=1-3p, M=1-p,

B0 — I 1 1 50 _ ( 1 -2 1
- \/]g’ V@’ \/g ’ /g, ]6 ’ \/]6 ’
(A2)

Following the procedure of Barnes et al. (Barnes, 1973), we transform the
steps in a random walk problem to a time-dependent function by defining
a rate constant K such that p = K * Az, where At is the time needed for one
step. Let n = #/At, and allow At to approach 0. We then Fourier transform
the result from the time to the energy domain and average over all in-plane
positions. This gives the dynamic incoherent structure factor S(¢, w), which
is the space and time Fourier transform of the autocorrelation function (van
Hove, 1954) and can be written as an elastic line (8-function) and a sum of
Lorentzian broadening lines L:

S(Z]n w) = AO(Z])S(Q’) + Al(Z])Ll(Fla ‘})) +

= 1#8(w) + % cos(g7,)cos()/o( ,7,sin(6))

* Ll(rl = _3]7, 5)

+ %COS(Z]H?%)COS(G)Jo(gh;bsm(9))*L2(F2 =D Z1),

(A3)

where w is the energy transfer, and 6 is the angle between the membrane
normal 7 and the direction of the jump 7 (assumed to be 6 = 90° in our
model). J, is the cylindrical Bessel function of Oth order. L (', ¢) is the
nth quasielastic broadening of Lorentzian lineshape of the width I',, (half-
width at half-maximum, hwhm). The 4,, are the amplitudes of the Lorent-
zian broadening L,, %, 4, = 1. g and ¢, denote the g-vectors parallel and
perpendicular to the membrane normal. Further assuming a jump angle of
a = 60°, we obtain

Fa =T, (A4)
This model gives theoretical EISF versus ¢ and hwhm versus ¢ dependen-
cies, which were compared to those obtained experimentally. The results
are shown for the IN5 data in Fig. 5.
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