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Lipid dynamics in the cholesterol-rich (40 mol%) liquid-ordered (l,) phase of dimyristoylphosphatidylcholine
membranes were studied using neutron spin-echo and neutron backscattering. Recent theoretical and
experimental evidence supports the notion of the liquid-ordered phase in phospholipid membranes as a
locally structured liquid, with small ordered ‘domains’ of a highly dynamic nature in equilibrium with a
disordered matrix [S. Meinhardt, R. L. C. Vink and F. Schmid, Proc. Natl. Acad. Sci. U. S. A., 2013, 110(12),
4476-4481, C. L. Armstrong et al., PLoS One, 2013, 8(6), €66162]. This local structure was found to have a
pronounced impact on the membranes’ dynamical properties. We found that the long-wavelength
dynamics in the liquid-ordered phase, associated with the elastic properties of the membranes, were faster

by two orders of magnitude as compared to the liquid disordered phase. At the same time, collective
Received 26th June 2013 le diffusi ignificantly sl Th . ft-mode (a slowing d ) in the 1 ~
Accepted 10th January 2014 nanoscale diffusion was significantly slower. The presence of a soft-mode (a slowing down) in the long
wavelength dispersion relationship suggests an upper size limit for the ordered lipid domain of =220 A.
DOI: 10.1039/c3sm51757h Moreover, from the relaxation rate of the collective lipid diffusion of lipid-lipid distances, the lifetime of

www.rsc.org/softmatter these domains was estimated to be about 100 nanoseconds.
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1. Introduction
o H j\/\/\/\/\/\/\
Cholesterol (Fig. 1a) is an essential component of eukaryotic cell < ‘f\/o—!,!—oj\/o
=N Y\/\/\/\/\/\/
membranes and is capable of modulating the membrane's ' ° °

permeability.’ In association with rafts, cholesterol has been

Cholesterol
implicated in a variety of cell signalling processes.”® Phase :
separation of cholesterol and other biomolecules (e.g., sphin- - .@C
golipids, phospholipids, proteins) into functional domains is a

b) IN15

key element of rafts.

Although much is known about lipid-cholesterol mixtures,
this remains an active area of research due to cholesterol's role
in domain formation.”™® It has been speculated that the ‘stiff’
cholesterol molecules align parallel to the hydrocarbon lipid
tails, suppressing lipid tail fluctuations,' and in turn affecting
the membrane's dynamical properties. Most lipid/cholesterol

. Fig. 1 (a) Schematic representation and molecular structures of
studies (see for example, ref. 7-12, 14 and 17) concur that, pPMPC and cholesterol molecules. (b) Picture of a DMPC—cholesterol
depending on the temperature and cholesterol concentration, lipid bilayer and its corresponding dynamical processes, as determined

four phases are observed, namely: (1) the gel phase (Ly) at low by neutron spin-echo and (c) neutron backscattering.
temperatures; (2) the solid-ordered, Py (ripple), phase;*® (3) the
liquid-disordered, L,, phase; and (4) the liquid-ordered, I,

phase. The solid-ordered (gel) and liquid-disordered (fluid) PPases are well known from single component phospholipid

bilayers; however, the liquid-ordered phase is only observed at
high concentrations of cholesterol. This phase is somewhat
peculiar as it appears to be well ordered (similar to the gel
phase), but at the same time, its lipids diffuse at a rate similar to
those found in fluid bilayers. The ripple (Py) phase was reported
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to disappear at high cholesterol contents."
At low cholesterol contents, bilayers undergo a phase tran-
sition from the solid-ordered to the liquid-disordered phase, as
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is observed in pure lipid bilayers, and the temperature of the
main transition, Ty, is slightly shifted towards higher temper-
atures. However, at high cholesterol concentrations (=30 mol
%), the main transition of I, membranes is suppressed, while at
intermediate cholesterol concentrations (i.e., between about
10-30 mol%), most studies report a coexistence of Py and 1,, or
L, and 1, phases.

Recently, Meinhardt, Vink and Schmid"™ reported a
computer simulation study of a dipalmitoylphosphatidylcho-
line (DPPC)-cholesterol system. Using a coarse grained model
that included 20 000 lipid molecules, a microemulsion-type
state was observed containing nanometer-sized liquid-ordered
domains in a liquid disordered environment. The existence of
nanometer sized domains was also recently reported experi-
mentally. Neutron diffraction experiments by Armstrong et al.**
reported gel-like domains in equilibrium with a disordered
matrix, which were thought to be saturated with cholesterol (66
mol%, in agreement with the umbrella model). The above-
mentioned studies brought to light two important results.
Firstly, that raft formation can occur in a binary system - it was
previously thought that cholesterol in the presence of several
different types of lipids was needed to form raft-like domains.
Secondly, small, nanometer sized domains on the order of 100 A
were observed, in equilibrium with a disordered matrix.

In this paper we used dynamical neutron scattering tech-
niques to study the dynamics of dimyristoylphosphatidylcholine
(DMPC-40 mol% cholesterol) membranes in the liquid-ordered
phase. By combining neutron spin-echo (NSE) and neutron
backscattering (BS) data, long-wavelength elastic fluctuations, as
well as dynamics on short lipid-lipid distances, were determined,
giving insight into the dynamical processes of domain structures.
From these results, an estimate of the size and lifetime of the
lipid—cholesterol domains in phospholipid membranes was
made.

2. Results

To determine lateral membrane dynamics, quasi-elastic in-
plane neutron scattering was used to study the liquid-ordered
phase of DMPC bilayers. The experiments were carried out at
T = 30 °C and a D,0 relative humidity of 100%, ensuring full
hydration of the membranes. Highly oriented, multilamellar
DMPC membranes on a solid support containing 40 mol%
cholesterol were used. Experiments were predominantly sensi-
tive to the molecular dynamics of the lipid acyl chains, and their
contribution to the scattering signal was enhanced by using the
chain perdeuterated lipid DMPC-d54. The sample was aligned
in the neutron beam such that one component of the
momentum transfer was in the plane of the membranes. This
in-plane component of the scattering vector is referred to as g;.

2.1. Long-wavelength dynamics studied by neutron spin-
echo spectrometry

Thermal fluctuations in lipid membranes, primarily using
multilamellar stacks, have been investigated by thermal diffuse
scattering, i.e., X-ray lineshape analysis.”>** Elastic scattering
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led to a detailed understanding of the static properties of
thermal fluctuations taking place in lipid membranes,
including the membrane's elasticity which influences these
fluctuations. According to linear smectic elasticity theory,”>*
thermal fluctuations in the fluid phase of the membrane are
governed by the free energy functional (Hamiltonian)

H= dzﬂN_l LB M ka (vn)’ 1
—L ’;(Ez(uwrl_un) +§ :( Il un) >, [)
where A denotes the area in the xy-plane, N is the number of
bilayers, u, is the deviation from the average position of the n-th
bilayer, and d, is the lamellar repeat spacing. B and K = «/d, (k
denotes the bilayer bending rigidity) are elastic coefficients which
govern the compression and bending modes of the smectic phase,
respectively. A fundamental length scale in these systems is given
by the smectic penetration length 4 = /K/B. Aligned lipid bila-
yers allow an independent determination of K and B.>*?>°

The mesoscopic scale fluctuations that are used to determine
B and K occur in the nanosecond time range. As such, these
moduli can be directly determined by measuring their corre-
sponding fluctuation frequencies as a function of the scattering
vector g|. This can be achieved using the NSE technique, which
is capable of probing nanometer length scales and nanosecond
dynamics. NSE offers extremely high energy resolution through
the Larmor ‘tagging’ of neutrons, and is in essence a
measurement of neutron polarization” - as detailed in the
Experimental section.

The fluctuation spectrum of a solid supported membrane
stack was analytically modelled by Romanov and Ul'yanov.?®
Quasi-acoustic (quasi because the modes are not propagating
due to the solid support) and optical modes were found with
increasing fluctuation amplitudes towards the middle of the
membrane stack. The layer fluctuations of lowest energy are the
undulation modes, ie., highly correlated (conformal) layer
displacements, which keep the inter-layer distances approxi-
mately constant.

Following the work of Ribotta® the dispersion is then
calculated by

4 AD))
v ay) = %qnz AT (T/( ) ) (2)
M ‘1”4 + —(7'C/D)2
MM

with 7y being an effective sliding viscosity and u being a
transport coefficient, u = d,*/(121,) (10 is the viscosity of the
solvent (water)).**** This equation does not describe a pure
undulation mode, which would be probed at g, values of g, =
2m/d,, where d, is the lamellar spacing, i.e. the distance between
neighbouring membranes in the stack. If the scattering is pro-
bed at finite components Ag, = (g, — 27/d,) or measured with
coarse ¢, resolution, there is mixing with baroclinic modes,
which are distinctly slower than pure bilayer undulations as
they involve a relocation motion of the water layer. The
parameter D describes an effective finite size cut off length,
which is related to the instrumental resolution D = 7/Ag,.

As shown by Bary-Soroker and Diamant,*** additional slow
dispersion branches with relaxation rates of hundreds of
nanoseconds can be attributed to a surface relaxation mode, a
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feature which is inherent in stacked membranes on a substrate.
The corresponding dispersion relationship t~'(g)) is set by the
boundary conditions for the stress tensor at the stack surface:

)
(3)

where 7 is the surface tension. As pointed out by Bary-Soroker
and Diamant, v in eqn (3) is a dynamic surface tension, in
contrast to the static surface tension, vy, = VKB. The general
surface dynamics of membrane stacks depend on several
restoring and dissipation mechanisms. Three moduli are
associated with the restoring forces: the compression modulus
B and bending modulus «, which are also relevant for the bulk
dynamics in eqn (2), as well as the surface tension vy. Viscous
dissipation is characterized by three viscosity coefficients: 7y,
nr and ny. 1y is the sliding viscosity, which is predominantly
the viscosity of the water layer between two membranes in the
membrane stack. nr and 7y correspond to viscous response of
the membranes. 7, = (9 + nv)d,/2 is an effective two-dimen-
sional viscosity. 6 is defined as 6 = 2(nt + 7v)/Mum-

These two modes were previously observed in an NSE
experiment using DMPC membranes,* ie., a fast, baroclinic
mode of the bulk lamellar phase with relaxation rates of 0.01-
0.1 ps~ ' and a second, slower surface mode with relaxation rates
of 1-10 us~". The following results were obtained for DMPC at
30 °C: k = 14.8 kgT and 1y = 0.016 Pa s. B was calculated to be
2.0 x 10" ] m~* (with d, = 54 A).

Additionally, a localized deviation from the undulation
branch was observed at T = 22 °C, just above the main phase
transition of deuterated DMPC, indicating a bilayer softening at
a well defined wavenumber of g, = 0.015 A~*. The phospho-
lipid membrane was ‘softened’ upon approaching Ty, from the
fluid phase, i.e. in the regime of critical swelling or anomalous
swelling®* at a length scale of 27/q = 420 A. Rheinstidter
et al”® tentatively related this softening to the formation of
solid-ordered (gel) and liquid-disordered (fluid) domains in the
coexistence region, with bending occurring at the interface
between two domains, as the corresponding elastic modulus is
significantly reduced relative to the bending of a pure gel or
fluid phase. Experimental evidence for the coexistence of gel
and fluid nanodomains near the main phase transition has
been recently reported®® from neutron diffraction using the
small coherence length of a neutron beam. In the past, it was
thought that a single component membrane system exhibited
pseudo-critical behaviour at the main phase transition (under-
went a continuous second order phase transition) - the coex-
istence of gel and fluid domains is indicative of a classical first
order phase transition.

Fig. 2 shows the intermediate scattering function (ISF)
I(qy, t)/1(qy, 0) for DMPC-40 mol% cholesterol. g values in the
interval 0.002 A~ < q,<0.1 A~ were measured, corresponding
to length scales of 60 A < d < 3100 A. Data were fitted using a
single exponential decay,

- 1 1
) = 0 d {“nh <§0”qquﬂﬂ) +sinh 1(59 ey

Kq), 0)/I(gy, 0) = Ae™ ", (4)

2602 | Soft Matter, 2014, 10, 2600-2611

View Article Online

Paper

consistent with a single relaxation process. The resulting
dispersion relationship is shown in Fig. 3. This relaxation is
clearly dispersive. A soft mode appears in the dispersion, indi-
cating a significant softening of the bilayer at a well defined
wavenumber of g, = 0.029 A~* (corresponding to a length scale
of 27t/0.029 A = 220 A), as shown by the dotted line in Fig. 3.

The solid line is a fit using eqn (3). A lamellar spacing of d, =
57.39 A was determined from reflectivity scans. 5y was fitted to
v = 0.0015 Pa's, vy to y = 269.7 mN m " and 6 to § = 422.2.
Bary-Soroker and Diamant presented a fit to the neutron
experimental surface mode data by Rheinstadter et al. from
pure DMPC bilayers, and determined values for 6, v and 7 for
the fluid and gel phases, as listed in Table 1.

In pure DMPC bilayers®**** a viscous water layer with a
viscosity of ny = 0.016 Pa s was reported, about 20 times the
viscosity of bulk water. 1y, in the presence of cholesterol of 7y =
0.0015 Pa s was only =2 times larger than the viscosity of bulk
water at 25 °C of n = 8.90 x 10~ * Pa s. The membrane viscos-
ities, 7r,v, determined by Bary-Soroker and Diamant**** for pure
DMPC were found to be 1.76 Pa s for the fluid phase, and 5.6 Pa
s for the gel phase. The value for DMPC-40 mol% cholesterol
was found to be significantly smaller, namely 7y = 0.16 Pa s.

1 T T T
09f = §
08
07F
06—}
a
z
=051
s
T 047 q=0002 A"
q,=0.004 A"
03— q=0.006 A"
— q,=0.008 A"
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q| =0.013 A"
o1l 9 =0.024 A"
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time(ns)

Fig. 2 The intermediate scattering function l(q” /gy, O) was
measured for g-values in the interval 0.002 A < g <0.1 A™%, cor-
responding to length scales of 60 A <d < 3100 A. g, was centred on the
first Bragg reflection at g, = 0.109 A~ for DMPC-40 mol% cholesterol
bilayers. Selected g)-values are shown as examples and show one
pronounced relaxation process at about 100 ns. Solid lines in the figure
represent least-square fits to the data using a single exponential decay.
NSE data were collected at T = 30 °C.
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Fig. 3 Measured and theoretical dispersion relationships. Data are
represented by symbols. A fit to eqn (3) is shown as a solid line. Fitted
values for nu, v and @ are given in the figure with their corresponding
errors. A soft mode was observed at a wavenumber of go = 0.029 A~?
(=220 A), indicated by the dotted vertical line. The experimental
dispersion relationship was determined from the data in Fig. 2 for
DMPC-40 mol% cholesterol using the NSE technique at T = 30 °C.

The fitted values for # and the surface tension v in the 1,
phase were significantly larger than the values determined
for DMPC in its fluid (¢ = 110 and y = 5.4 mN m™ ")
phase. However, a # of =420 is comparable to DMPC gel phase
values of § = 350. Remarkably, the presence of cholesterol was
found to increase the dynamic surface tension of the gel
membrane stack by a factor of =10, from y =28 mNm 'toy =
270 mN m ™. As can be seen from eqn (3), this increase in vy
leads to an increase of the relaxation rates of the surface mode,
as compared to pure DMPC, suggesting much faster mesoscopic
relaxation dynamics in membranes containing cholesterol.

2.2. Short-wavelength dynamics studied by the neutron
backscattering technique

Neutron BS typically measures nanosecond dynamics from = 3-
15 A, significantly smaller than those measured by NSE,
enabling the determination of different types of motion.
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The different dynamics can be distinguished based on their
length scale dependence.”** The nearest neighbour distance of
hydration water molecules leads to a (coherent) correlation peak
centered at 1.85 A~', corresponding to a nearest neighbour
distance of 3.4 A between hydration water molecules. The lipid
acyl chain correlation peak in DMPC is the result of the close
packing of lipid tails in the hydrophobic membrane core. This
correlation peak occurs at =1.5 A™! in the gel phase and at
~1.4 A" in fluid membranes,*****% corresponding to nearest
neighbour distances of 4.8 A and 5.2 A, respectively (the tails form
a hexagonally packed structure with dp = 47/(v/3qr) (ref. 14)).
Fast, picosecond dynamics on these length scales correspond to
propagating, phonon-like dynamics,*** while the slow, nano-
second dynamics relate to the motional coherence of the
lipids.*»** These slow lipid dynamics were found to be coupled
over =30 A size patches, for times of up to tens of nanosec-
onds.*»*** This coherent diffusion is relevant for the diffluence of
domain structures and, therefore, for the lifetime of those
domains. The corresponding scattering measured at the position
of the lipid acyl tail correlation peak measures the diffluence of
the tail pattern, while scattering measured at the lipid head group
distance is sensitive to collective diffusion of the lipid molecules.

The quasi-elastic dynamics at g; values corresponding to the
positions of the lipid head group (g; = 0.65 A™Y), the lipid acyl
chain (g = 1.4 A1), and the hydration water (qy = 1.9 A ") are
shown in Fig. 4. The data were well fitted by two Lorentzians,
i.e., a two relaxation processes, 7, and 7, with an energy width
(AEpwnm) and the corresponding relaxation time t = 2/(1.52 x
AEpwnm), as derived in the Materials and Methods section.
Because of the limited dynamical range of 15 peV, the shortest
time accessible was =0.1 ns, at which point the faster process,
71, was already partially out of the accessible time window, i.e.,
the quasi-elastic broadening is slightly greater than the energy
window. Because of this large uncertainty, we limit the discus-
sion to 7y, which falls perfectly into the backscattering time
window. The resulting relaxation rates, t, ', are depicted in
Fig. 5. Data for pure DMPC are included for comparison.

While 7," for pure DMPC and DMPC-40 mol% cholesterol
coincide at the water position at g = 1.9 A™", the 7, ' values
increasingly differ for larger length scales (smaller g values).
The relaxation rate at the lipid head group position was
decreased by an order of magnitude, indicating that the
collective diffusion for nearest neighbour distances of lipid
molecules was retarded significantly in the presence of choles-
terol. As the time for this relaxation process was previously
reported to be =10 ns in pure DMPC,* potential domain
structures in the liquid-ordered phase can be stable over =100
ns in the presence of cholesterol.

Table 1 Elastic parameters — as determined from fits of eqn (3) to the spin-echo data by Rheinstadter et al. in ref. 30 and 32, and from the data in

Fig. 3

DMPC phase d, (A) Ny (Pas) N1y (Pas) 0 v (MmN m™")
Fluid®*~? 54 0.016 1.76 110 5.4

Gel?32 56 0.016 5.6 350 28
Liquid-ordered (40 mol%) [this work] 57.4 + 0.02 0.0015 4 0.0006 0.16 + 0.15 422 + 230 269.7 + 0.0003

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Quasi-elastic scans at the lipid head group (q; = 0.65 A1), lipid
acyl chain (g = 1.4 A™") and water (q; = 1.9 A?) positions. Detectors
were grouped to increase counting statistics. Detectors 1-3 were
grouped to cover the g-range of the lipid—lipid correlation peak, i.e.,
0.48 A™! < g <0.80 A™. The inter acyl chain correlation peak was
measured by detectors 9-13, which covered a g range of 1.20 A" < g
<1.60 A~ The water contribution was detected using detectors 17-20
covering 1.78 A < g <1.94 A™*. Two Lorentzians (red and magenta
dashed lines) were used to describe the quasi-elastic broadening. A
Dirac function (light blue dotted line) was used to describe the elastic
intensity. This model was convoluted with the measured resolution
function obtained from a vanadium standard. A flat background (blue
dashed line) was subsequently added, and the result was used to fit the
data (circles, fit result: green solid line). A flat background may arise
from fast processes far beyond the accessible energy window of the
spectrometer. The obtained relaxation times are given in the figures.
The estimated error of the energy scale is =3%. T = 30 °C DMPC-40
mol% cholesterol data were collected using a BS spectrometer.

3. Discussion

The lipid dynamics in the liquid-disordered phase of DMPC
membranes containing 40 mol% cholesterol were studied using
two different neutron scattering techniques. NSE gave access to
long-wavelength dynamics and enabled the determination of
the membrane's elastic properties. In a previous experiment
using pure DMPC,* two dispersion branches were observed: a
fast branch corresponding to the dynamics of baroclinic
membrane modes and a second, slower branch corresponding
to a surface mode. These modes are schematically shown in
Fig. 6. The bilayers’ bending and compressional modulus were
determined by fitting theoretical dispersion curves to the
experimental data. While it is well known that elastic parame-
ters can be determined from elastic, diffuse X-ray and neutron
scattering,”® the origin of diffuse scattering is dynamic in
nature. Quasi-elastic neutron scattering experiments can
determine elastic parameters on different length scales, some-
thing which is crucial for developing molecular models of the
underlying dynamics in order to compare with computer
simulations.

The mesoscopic dynamics were found to be significantly
faster in the presence of cholesterol and the relaxation rates of
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Fig. 5 Relaxation rates for DMPC/40 mol% cholesterol membranes at
the lipid head group, lipid hydrocarbon chain and the water positions
as determined from fits to the quasi-elastic data in Fig. 4. The error bars
represent the fitting errors. Data were collected using a BS spec-
trometer at T = 30 °C. The dashed lines are guides to the eye.

the baroclinic and surface modes increased by two orders of
magnitude. Only the surface mode was observed in this study,
as the baroclinic mode was too fast and not accessible by the
IN15 spectrometer.

By fitting a theoretical dispersion relationship developed by
Bary-Soroker and Diamant to the experimental data, the sliding
viscosity ny, the membrane viscosities 71y and the dynamic
viscosity y were determined. The surface tension y was found to
have increased by a factor of 10, as compared to pure gel phase
DMPC bilayers, leading to a drastic increase of relaxation rates.
The values for 6 in the presence of cholesterol were slightly
larger than the 6 values determined for DMPC in the gel phase.
The membrane viscosities in Table 1 are in good agreement
with the large range of values for n of 0.1 Pa s <7 < 100 Pa s
reported in the literature.**** We note that because the values in
Table 1 were determined using the same technique and model,
these values can directly be compared. By fitting the data with
eqn (3), we find that the viscosity of the I, phase is lower than
that in the gel or fluid phase DMPC bilayers. We also note that
the viscosities in Table 1 were determined on length scales of 6-
300 nm, a significantly smaller length scale than accessed by
fluorescence experiments,**>° which are typically used for this
type of experiments. The liquid-ordered phase was previously
reported to combine the properties of gel and fluid phases, in
other words, it is as well ordered as the gel phase, but ‘softer’
than the fluid phase, with a high diffusivity of lipid molecules.
This also holds true on mesoscopic length scales.

The values for 7y in Table 1 are indicative of a reduction of
the viscosity of the interstitial water layer in the presence of

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Sketch of the NSE scattering geometry. Dynamics of the
surface mode, the undulation mode and the baroclinic mode are
observed as diffuse scattering sheets at g,-positions of the reflectivity
Bragg peaks ([001], [002], etc.). The spin-echo spectrometer was
tuned to measure quasi-elastic scattering at several positions within
the first diffuse sheet, as marked in the figure. The in-plane component
of the total wave-vector transfer, q;. was determined to be q; =
Jooy tan(w). w is the rocking angle, i.e., the angle of sample rotation
relative to the angle at which Bragg scattering occurred. The instru-
ment was centred on the first order Bragg peak at g(ooy = 0.109 AL

cholesterol. The high value of the surface tension, v, in the
presence of cholesterol can directly be seen in the data, shown
in Fig. 2 and 3, which has relaxation times about 10 times faster
as compared to a pure lipid bilayer in ref. 30. This increase in vy
is most likely related to the increase in order and restoring force
due to cholesterol.

The viscosity of the interstitial water layer between the
membranes strongly depends on the bilayer-water interaction.
An increase in viscosity in the confined water, as compared to
bulk water, was reported previously by Rheinstidter et al. in ref.
30, and is listed in Table 1. This observation is in agreement
with a slowing down of the relaxation times of water molecules
in the confined water layer, and a deviation from a pure Debye
relaxation to a stretched exponential with an exponent of 0.75,
indicative of a glassy system, as determined by Rheinstédter
et al. in ref. 38. The presence of cholesterol is known to have two
effects on lipid bilayers: the head group-head group distance
and the d,-spacing increase and the area per lipid decreases.
This is well known as the condensation effect, and most likely
leads to a smoother lipid-water interface, which may reduce the
viscosity of the interstitial water layer.

Evidence for a heterogeneous structure of the liquid-ordered
phase with ordered lipid nanodomains in equilibrium with a
disordered membrane was recently provided both by theory and
experiment. The computational work by Meinhardt, Vink and
Schmid,® and the experimental studies by Armstrong et al.***°
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were conducted using binary DPPC-cholesterol and DMPC-
cholesterol systems - the identical system used for the spin-
echo and backscattering experiments in this paper. The results
can, therefore, be directly compared. Evidence for domains in
DOPC-DPPC bilayers containing cholesterol has been recently
presented by Sodt et al. from computer simulations and NMR.**
As discussed recently by Rheinstddter and Mouritsen in ref. 15,
the importance of observations of domains in these simple
models is that domains were previously reported only from raft
forming mixtures, which form stable equilibrium structures,
not likely related to domains in real cells. The small and fluc-
tuating domains observed in binary systems may be more
closely related to what rafts are thought to be, as discussed for
instance by Simons and Gerl in ref. 60. The spin-echo and
backscattering data further characterize the dynamics of
nanoscale, transient domains in binary phospholipid-choles-
terol systems. Our spin-echo experiment was indirectly sensitive
to the nano-domain structure: in pure DMPC, a soft-mode in the
spin-echo dispersion was reported at a temperature close to the
main transition. Coexisting gel and fluid domains were later
reported in this critical regime, and the occurrence of the soft-
mode could be linked to the existence of domains.

The observation of a softening in the liquid-ordered phase of
DMPC (shown in Fig. 3) is consistent with the existence of
ordered lipid domains, in a softer, disordered matrix. With the
assumption that it is energetically more favourable to bend the
membranes at the interface between domains, the length L,
shown in Fig. 3 gives an upper limit for the domains of =220 A.

The BS technique probed coherent dynamics on distances
corresponding to the nearest neighbour lipid molecules. Such
dynamics were previously related to a motional coherence in
fluid lipid bilayers,* i.e., the observation that slow nanosecond
lipid dynamics are coupled over distances of 3-4 lipid diameters
(=30 A) and over time scales of =10 ns. These dynamics can be
thought of as the diffluence of the lipid backbone, related to a
collective diffusion, and are very likely relevant to the formation
and diffluence of domain structures.

The corresponding relaxation rates in Fig. 5 were found to
significantly decrease (i.e., by a factor of 13), as compared to
pure DMPC bilayers. As the technique could not distinguish
between lipid molecules in potentially highly ordered domains
or in a disordered matrix, the obtained relaxation rates must be
considered as mean rates, averaged over the two types of lipids.
It can, therefore, be speculated that the diffluence of lipids
participating in an ordered domain is slowed down even
further, indicating domain patterns with life times on the order
of hundreds of nanoseconds.

The coexistence of liquid-ordered and liquid-disordered
domains in phospholipid membranes containing cholesterol
was recently also reported from inelastic neutron scattering
experiments.>® In those experiments, the fast, picosecond
nanoscale dynamics were probed and signals corresponding to
liquid-disordered and liquid-ordered domains were observed
simultaneously in DMPC membranes containing 40 mol%
cholesterol. These phonon-like dynamics were observed as
inelastic, propagating modes, in contrast to the overdamped,
relaxation modes in Fig. 4. Instead of a uniform distribution of
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cholesterol in the liquid-ordered phase, these results were
indicative of a heterogeneous structure, with highly ordered
cholesterol-rich domains in coexistence with fluid-like areas, in
agreement with the findings presented here.

The effect of cholesterol on membrane elastic properties and
diffusion was studied previously by diffuse X-ray scattering in
DMPC, DPPC, SOPC, DOPC**>** and diC22:1, and dynamic
neutron and light scattering in POPC bilayers.®® NSE was used in
the latter study and an increase in the bending elasticity with
increasing cholesterol contents was observed. Pan et al.**>*
found a dramatic increase in the membrane bending modulus
as a function of cholesterol for saturated DMPC and DPPC
bilayers from analysis of the diffuse scattering sheets at posi-
tions of the reflectivity Bragg peaks. The stiffening of the
membranes led to faster dynamics on mesoscopic length scales
in the presence of cholesterol, in excellent agreement with the
results in the present study. We note that while bending elas-
ticities can be determined with high precision from diffuse
scattering experiments, complete dispersion relationships,
such as in Fig. 3, can only be obtained from quasi-elastic
experiments.

Our results can also be compared to results from recent
molecular dynamics (MD) simulations in related phospholipid
systems. MD simulations of a palmitoyloleoylphosphati-
dylcholine (POPC) membrane containing 40 mol% cholesterol®*
studied the time evolution of competing membrane structures
(superlattice versus random) as a function of the molecular
organization of cholesterol. The lateral distribution of choles-
terol in the highly ordered (‘superlattice’) bilayer was found to
be more stable than that of the random bilayer, suggesting an
increased lifetime of cholesterol rafts, once they had formed.

The aggregation of cholesterol molecules in lipid bilayers
and the formation of superlattice structures were also reported
to depend on temperature, as well as the lipid concentration of
the system.® In unsaturated POPC bilayers, the well depth of
the free energy profile was calculated to be 3.5 k] mol™", cor-
responding to the thermal energy (ksT) at 310.15 K. This energy

Fig. 7 Schematic of the sample preparation. (a) A DMPC-40 mol%
cholesterol solvent solution was deposited onto Si wafers. The solvent
was allowed to evaporate slowly, resulting in highly oriented bilayers.
(b) The wafers were then sandwiched together with aluminium
spacers, and hydrated with D,O from the vapour phase.
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Fig. 8 Schematic of an NSE experiment. A t/2 flipper rotates the spin
direction to be perpendicular to the scattering plane (i.e. along z). The
neutron beam then travels through a magnetic field aligned along x.
Before being scattered by the sample, the neutron spin is rotated by
180° around the z axis by the 7t flipper. The scattered neutrons travel
through the second precession coil. A second 7t/2 flipper rotates the
neutron spin into the xy plane. The final polarization of the beam is
determined by using an analyzer—detector system.

would, most likely, be drastically reduced in membranes made
of saturated lipids, such as those in the present study.

The ordering effect of cholesterol on lipid acyl chains was
also confirmed by MD simulations."***® The presence of
cholesterol was found to significantly reduce the gauche/trans
ratio of hydrocarbon chains in neighbouring lipid molecules.
Using this mechanism, cholesterol can induce structural
changes in the bilayer through the formation of cholesterol-rich
ordered lipid patches, in agreement with our experimental
observations.

Lipid acyl-tail
correlation peak

Lipid head group

neutron- E hydration water _ correlation
guide I correlation . \\0.65 A1
[y
§ 18 AL Si (111) A\
! Analyzer
i
1
1
!
deflector
U

»

’,.i.._‘-‘

I detectors
doppler-
monochromator

Fig. 9 Schematic of a BS setup.®” An energy transfer of —15 peV < E <
+15 peV could be scanned by varying the incident energy by Doppler-
shifting the incident neutron energy through an adequate movement
of the monochromator crystal. The nearest neighbour distance of the
hydration water molecules leads to a correlation peak centered at
1.85 A~L. The lipid acyl chain correlation peak =1.4 At in fluid DMPC
membranes is the result of the close packing of lipid tails in the
hydrophobic membrane core. The average distance between two
head groups leads to a correlation peak at g = 0.65 AL
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4. Conclusion

In summary, the in-plane dynamics of liquid-ordered DMPC
phospholipid membranes containing 40 mol% cholesterol were
studied using quasi-elastic neutron scattering. Highly oriented,
multilamellar membranes on a solid support were prepared and
aligned in the neutron beam. Through selective deuteration, the
system was tailored to be predominantly sensitive to the
molecular dynamics of the lipid acyl chains. Moreover, by
combining two different neutron scattering techniques, namely
NSE and BS, the experiments covered length scales ranging
from =3 to 3000 Angstroms.

NSE experiments were used to study membrane long-wave-
length dynamics. The mesoscopic dynamics in the nanosecond
time regime, as determined by the membrane’s elastic param-
eters, were found to be faster by two orders of magnitude, as a
result of a drastic increase in dynamic viscosity. However,
membrane viscosity was significantly reduced with the addition
of cholesterol. A soft-mode in the long-wavelength dispersion
relationship corresponding to a length scale of =220 A was
tentatively related to the existence of ordered lipid domains in
the liquid-ordered phase.

BS was used to study slow, nanosecond dynamics on nano-
meter length scales. The rate of collective diffusion on lipid-
lipid distances was found to be significantly reduced in the
presence of cholesterol. These dynamics were related to the
diffluence of a domain pattern, and indicate that ordered
domains can exist on time scales of several 100 nanoseconds.

Taken together with a previous inelastic neutron scattering
study by Armstrong et al. (using a neutron triple-axis spectrom-
eter),”® the dynamical neutron scattering experiments of liquid
ordered membranes cover length scales from Angstroms to
almost a micrometre, and time scales from picoseconds to
hundreds of nanoseconds. Different modes were observed, and
the impact of cholesterol on membrane dynamics was quantified
by measuring the corresponding dispersion relationships. A
recent neutron diffraction study'* together with computer-simu-
lation calculations®® provide strong evidence in favour of small-
scale ordered lipid domains on the order of about 100 A and with
lifetimes up to about 100 nanoseconds. These domains, although
in thermal equilibrium, are highly dynamic in nature and they
are enriched in cholesterol in amounts of up to the theoretical
saturation of 66% in agreement with the umbrella model.

5. Experimental
5.1. Sample preparation

Chain perdeuterated 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC-d54) and protonated cholesterol were used to
enhance the inelastic scattering signal. Lipids and cholesterol
were obtained from Avanti Polar Lipids Inc., AL, USA, and used
without further purification. The lipid mixtures were hydrated
using heavy water (D,O, Sigma Aldrich, St. Louis, MO, USA). For
short length scales, this type of sample preparation emphasizes
the coherent scattering of the lipid acyl tails and hydration
water, enabling the study of collective diffusion when using a
neutron backscattering spectrometer. In the case of long length
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scales, the strong scattering contrast between the partially
deuterated membrane core, protonated head group region, and
deuterated hydration water layer enables one to study the long-
wavelength dynamics of these interfaces through the mem-
brane's elastic parameters.?%37-3%523367

Highly oriented multi-lamellar stacks of 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) with 40 mol% cholesterol
were deposited onto 2" (diameter 5.08 cm) single-side polished
Si wafers with a thickness of 300 um. A solution of 20 mg mL ™"
DMPC with 40 mol% cholesterol in 1 : 1 chloroform and 2,2,2-
trifluoroethanol (TFE) was prepared. The Si wafers were cleaned
by alternate 12 minute sonications in ultra pure water and
ethanol at 313 K. This process was repeated twice. As depicted
in Fig. 7(a), 1 mL of the lipid solution was pipetted onto each Si
wafer and allowed to dry. The wafers were kept under vacuum
overnight to remove all traces of the solvent. The samples were
then hydrated with heavy water, D,O, and annealed in an
incubator at 308 K for 24 hours. Following this protocol, each
wafer contained roughly 3000 highly oriented stacked
membranes with a total thickness of =10 um. The sample had a
total mass of about 400 mg of DMPC-cholesterol.

Twenty such Si wafers were stacked with 0.6 mm aluminium
spacers placed in between each wafer to allow for the
membranes to hydrate during the experiment (see Fig. 7(b)). For
the spin-echo measurements, the ‘sandwich’ sample was kept
in a sealed temperature and humidity controlled aluminum
chamber. Hydration of lipid membranes from water vapour was
achieved by independently adjusting the temperature of the
heavy water reservoir, the sample and the chamber cover.
Temperature and humidity sensors were installed close to the
sample. A water bath was used to control the temperature of the
different water reservoirs, and the temperatures of the sample
and its cover were controlled using Peltier elements. For the
backscattering experiments the sample was mounted in a
hermetically sealed aluminium container residing in a cryostat,
and hydrated from D,O vapor. Saturation of the vapor in the
voids around the lipids was assured by placing a piece of pulp
soaked in D,O within the sealed sample container. The pulp
was shielded by cadmium to exclude any parasitic contribution
to the scattering.

The sample was mounted vertically in the neutron beam
such that a component of the momentum transfer could either
be placed in the plane of the membrane (g;), or perpendicular
to it (q.). Out-of-plane and in-plane structure and dynamics
could be measured by simply rotating the sample by 90°, as
shown in Fig. 8 and 9.

The temperature of the main transition, T},, in DMPC-d54
was reported to occur at T = 294.7 K (=21.5 °C) in fully
hydrated multi-lamellar DMPC systems,*”*® a value slightly
lower than its protonated counterpart of T,,, = 296.6 K (23.4 °C).
All measurements reported here were carried out at 7 = 303 K
(30 °C), well above Ty,.

5.2. Neutron spin-echo experiment

Neutron spin-echo (NSE) spectrometry, developed by Ferenc
Mezei,” is a technique that is commonly used for the study of
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soft matter systems.*® It is capable of monitoring the slowest
time scales (as slow as hundreds of nanoseconds), by using nev
energy resolution. The high resolution provided by NSE is the
result of decoupling the energy resolution from the wavelength
band width. A key feature which differentiates NSE from other
neutron scattering techniques is that the characteristic quantity
measured is the intermediate scattering function, I(Q, ¢), rather
than S(Q, E), giving direct access to the relaxation time, 7. Fig. 8
shows a sketch of a typical NSE experimental setup.

Commonly, the incoming neutron beam with a wavelength
spread of 15% (FWHM) is polarized along the neutron's velocity
direction (x in Fig. 8). At the front end of the instrument, a /2
flipper rotates the spin direction to be perpendicular to the
scattering plane (ie. along z). The neutron beam then travels
within the first precession coil through a magnetic field aligned
along x. Thus, the spins perform a Larmor precession with
frequency wy, in the yz plane. The angle between the neutron spin
direction at the beginning and end of the first precession coil
depends on the time spent within the magnetic field, and hence
on its velocity. Before being scattered by the sample, the neutron
spin is rotated by 180° around the z axis by the = flipper. The
neutrons are then scattered by the sample and travel through the
second precession coil within a magnetic field equal to that of the
first coil. Inside the second coil, the Larmor precession effectively
unwinds the neutron spin. If the scattering event is elastic, the
unwinding of the neutron spin is perfect. A second /2 flipper
rotates the neutron spin into the xy plane. The final polarization
of the beam is determined by the analyzer-detector system.

Therefore, a neutron spin-echo spectrometer essentially
measures the change in neutron polarization. If all scattering is
elastic (no velocity change occurs as a result of sample inter-
action), then the precession angle of a neutron through the first
coil, ¢4, will be the same as the precession angle through the
second coil, ¢,, as long as B; = B,. Elastic scattering will result
in a total precession angle of A¢ = ¢, — ¢, = 0 for all incoming
neutron velocities, and the initial polarization can be retrieved.

If inelastic scattering occurs, the scattered neutrons will have
a different distribution of velocities and will precess through
different angles in the second coil, thereby creating a distribu-
tion of spin angles about z-axis after precession (A¢ # 0). The
angular distribution of scattered neutrons leads to a decrease in
the detected neutrons after spin analysis, as not all neutrons
will return to their initial polarization. If the neutron experi-
ences a small energy transfer AE, there will be a linear change in
A¢ (A¢ = 1 x wy), with 7 being a real time.”® By slightly varying
the strength of B, and B,, the polarization of the neutron beam
can be measured for different Fourier times 7. When normal-
ized to a perfectly elastic scatterer, such as for example graphite,
the polarization is directly related to the intermediate scattering
function, I(Q, ?). In the case of a quasi-elastic response with a
Lorentzian lineshape of half-width I', the polarization will
exhibit a single exponential decay,

71(Q7t) AT
PNSE—I(QO)—e . (5)

Spin-echo experiments were carried out using the IN15
spectrometer situated at the cold source of the high flux reactor
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of the Institut Laue-Langevin (ILL) in Grenoble, France. The
experiment used a wavelength band centered at A = 15 A, with a
AA/A = 15% set by a velocity selector. In order to normalize the
ISF and to correct for the instrumental resolution, I(Q, t) was
divided by a measurement from graphite, a perfectly elastic
scatterer on the length and time scales investigated here.

The sample was placed in a humidity chamber, which was
capable of controlling the sample temperature to an accuracy of
£0.1 K. The sample was mounted vertically in the neutron beam
such that a component of the scattering vector (@) could either
be placed in the membrane plane (g;), or perpendicular to the
membrane (q.), by simply rotating the sample by 90°. In this
way, out-of-plane and in-plane scans could be easily measured.

The lamellar repeat spacing of multi-lamellar membranes
was determined by measuring reflectivity scans in situ. The NSE
spectrometer was used in diffraction mode, with the /2 flip-
pers turned off, and the reported data are the average of the NSF
and SF counts. A d,-spacing of 57.39 + 0.02 A was determined,
which corresponds to a hydration of 99.8% RH, close to full
hydration of the bilayers.** The quality of the sample was further
checked in rocking scans and the mosaicity of the membranes,
i.e., the orientation between membranes in the same stack and
membranes on different silicon wafers in the sandwich was
determined to be less than 1°.

Neutron spin-echo in oriented membranes is an established
technique to study elastic properties and diffusion.**”*”* As in a
previous neutron spin-echo experiment with oriented
membranes by Rheinstédter et al.,*® we have measured spin-echo
curves on the first diffuse Bragg sheet as a function of g, i.e., at
constant g, = 27/d,. A sketch of the scattering geometry is shown
in Fig. 6a. The in plane component of the scattering vector was
calculated to be g = gjoo1] tan(w), with gjge1) = 0.109 A~ for the
first reflectivity Bragg peak. w is the rocking angle, i.e., the sample
rotation with respect to the specular Bragg angle.

5.3. Neutron backscattering experiment

Neutron backscattering offers a method of measuring the inelastic
scattering in a system over a broad dynamic range (=10> peV)
with a very high energy resolution (=0.1-20 peV).” This energy
range corresponds to dynamics occurring in the nanosecond
regime,” bridging the gap between the short picosecond time
scales, measured by time-of-flight (TOF) spectrometers and the
long 10-100 ns regime accessible using NSE. This particular range
makes it a useful tool for the study of motions in lipid membrane
systems. For many neutron spectrometers, the energy resolution is
improved by creating a well-defined monochromatic incident
beam; however, this often results in a low neutron flux. The
characteristic feature of the backscattering geometry is that high
energy resolution is achieved by using a Bragg angle (26) close to
180° (hence, ‘backscattering’) for the analysis of the scattered
neutron wavelength, which is achieved with a bank of analyzer
crystals. The backscattering condition yields an extremely well
defined wavelength (or energy) resolution of the beam. This
property can be seen directly by the differentiation of Bragg's law:

A= 2dsin 6,
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AL Ad A
B tan 6

2 d (6)

As 6 goes to 90°, tan 6 approaches o, making the second
term in eqn (6) negligible. The wavelength resolution is now, to
first order, independent of the beam divergence, Af, and is only
dependent on the Darwin width of the monochromator and
analyzer crystal, Ad. The resolution is optimized by using
perfect, silicon crystals with Ad/d values on the order of 10~ *.7473

The experiments were carried out using the cold neutron
backscattering spectrometer IN16 (ref. 75) at the Institut Laue-
Langevin (ILL) with an energy resolution of about 0.9 pev
FWHM (1 = 6.27 A). An energy transfer of —15 eV < E < +15 peV
could be scanned by varying the incident energy by Doppler-
shifting the incident neutron energy through an adequate
movement of the monochromator crystal. Twenty detectors in
exact backscattering geometry with respect to the analyzer
crystals, each covering an angular width of 6.5° were used. A Q
range of 0.43 A™! < Q < 1.92 A" was scanned, accessing time
scales of about 0.1 ns < £ < 1.5 ns and length scales of 3.2 A < d <
14.6 A. The samples were mounted in a hermetically sealed
aluminum container within a helium cryostat with an accuracy
of +£0.1 K and hydrated from D,O. By aligning the bilayer
normal at 135° with respect to the incoming neutron beam, the
momentum transfer could be placed in the plane of the bilayers
(g)))- The experimental setup is shown in Fig. 9.

5.4. Energy-t conversion

The relaxation times obtained by NSE were converted to quasi-
elastic broadening values using

2h
AErwam = = (7)

which can be obtained by Fourier transforming the interme-
diate scattering function, resulting in a Lorentzian function
with a FWHM that is the quasi-elastic energy broadening. The
scattering function S(q, ¢) is defined by:

1 —iw
S(qy, w) =57 Jl(q“,t)e 'dt (8)
For a single exponential decay, I(q|, t) = e ",

©

_ 1 —t/1 y—iwt _ 1 * —t/t—iwt
S(qypw) = e L e /e dr = > L e dt, (9)

which is integrated to

h

1 T
— W . (10)

This equation is a Lorentzian function with a HWHM of —.

. . T

Therefore, the FWHM energy broadening of the scattering
function is given as:

S(gp ) =

210" 2
AEpwnm = T e 1537 (1)

where the units of AErwuy and t are peV and ns, respectively.
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