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Phospholipid membranes have been the subject of intense research
ever since the discovery of their function as cell membranesin 1925.*
Not only their natural abundance (every human body contains several
square kilometers®) but also their widespread application in agricultural,
food, and pharmaceutical applications® makes them a worthwhile
subject matter for structural and dynamica studies.

Whereas the opinions about the structure seem to converge*
the discussion about the dynamica properties is in full swing. The
fundamental issueisthat many processesin cell membranestake place
on ascale of afew nanometers, asthis is approximately the distance
between two proteins,® and it turned out in the early 1990s that the
dynamics on this scae differs dragticaly from the macroscopic
(micrometer) behavior: Incoherent quasidlastic neutron scattering
(QENS) experiments®’ observed afast localized motion of the whole
molecule on the probed microscopic tempora and spatia scale of up
to afew tens of picoseconds and few nanometers whereas macroscopic
measurements observed a significantly slower long-range diffusion.°

This contradiction could be explained by adapting the free
volume theory to membranes:*® The phospholipid molecules are
thought to rattle in a cage of neighbors (fast, localized motion)
until a free volume of the size of a phospholipid molecule opens
up and the molecule can dip into it. This random walk of the
molecules from void to void is then observed as the macroscopic
slow, long-range diffusive motion. It is clear that “all models are
wrong but some are useful”,** but the remarkable success of this
description of macroscopic effects can be misleading, taking its
microscopic image too literally. When increased computing power
made Molecular Dynamics (MD) simulations of these complex
systems feasible, it became more and more obvious that rattling
and slipping motions could not be seen on a molecular scale®*?
although the results were still sometimesinterpreted in this frame.*3
Rather, simulation and experiment agreed that the molecular
motions are collective in nature™ and finally, a flow-like behavior
as found in quasi-two-dimensional suspensions™® was observed in
MD simulations of phospholipids in the liquid phase.*®

To resolve this discrepancy, we repeated the neutron scattering
studies®” that triggered the implementation of the free volume
theory with highly improved instrumentation at the time-of-flight
neutron spectrometer TOFTOF at the neutron source FRM |,
Munich, Germany. We will show that, in contrast to the former
interpretation, QENS does not provide any indication for the picture
of phospholipid molecules rattling and escaping from local cages
on a molecular scale. Rather, the data agree well with the MD
simulations of ballistic, flow-like motions as the means of long-
range transport on a nanometer scale in the membranes.
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Figure 1. Left: QENS spectrum of DMPC shown exemplarily at 30 °C
and Q = 1.0 A%, The instrumental resolution is displayed as a black line,
along with the best fit of eq 1 (red) and its components. Right: the extracted
standard deviations o of the long-range component as a function of Q for
temperatures ranging from 5 °C (bottom) to 40 °C (top) in steps of 5 °C.
The lines through the origin are fits to the datain the range 0.75 A1 < Q
< 1.45 A~L. At temperatures below the main phase transition, o levels off
below Q. ~ 0.7 A%,

The sample was chosen to be a typical phospholipid, dimyris-
toylphosphatidylcholine (DMPC), which was hydrated with D,O
to form aliquid crystal of fully hydrated multilayers without solid
support. Its dynamics was measured with an observation time of
35 ps, corresponding to an instrumental resolution of 60 eV (full
width at half-maximum).*® The sample temperature was varied
between 5 and 40 °C, probing the dynamics below and in the region
of interest above the main phase transition (at 24 °C).

At the spectrometer, neutrons with awell-known energy impinge
on the sample and interact with the nuclei. If the sample was static,
there would be no energy change hw of the neutrons and they would
be detected smeared by the instrumental resolution. Aperiodic
motions in the sample cause a quasielastic broadened energy
spectrum that is measured at different momentum transfers AQ (cf.
Figure 1). The shape and width of the broadening are essentially
determined by the decay of the autocorrelation function of the
hydrogen nuclei.*® The simplest meaningful function describing
the data in the present case was found to consist of a long-range
motion of the whole molecule and two localized motions,°

S(Q ) = a(Q) - G(0(Q), w) ®
[Arax(Q) (@) + (1 = Arg(Q) * LT @)l ® (1)
[Ason(Q) - 0(@) + (1 — Agou(Q)) - LTgows @)1,

where G denotes a Gaussian and L a Lorentzian with the
Q-dependent standard deviation ¢ and the Q-independent half width
at half-maximum T, respectively; ® designates convolution in
energy space. The use of a Gaussian follows from Maxwell—
Boltzmann distributed ballistic motions. The function is finally
convolved with the instrumental resolution to obtain the experi-
mentally observed scattering function.

For a flow motion, the standard deviation of the Gaussian o
increases linearly with Q, the sope given by the flow velocity. If the
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moleculeistrapped in acage with atypica dimension r, the scattering
function splits a Q vaues below Q. ~ (27)/(r.) into a quasielastic
part with Q-independent width and an emerging d(w) component
which was however not resolved with these instrumental settings.

It can be seen in Figure 1 that, for temperatures below the main
phase transition, o(Q) does level off at small values of Q, indicating
that the phospholipid molecules are confined to a length of ~9 A,
approximately the size of the intermolecular distance. The same
should hold above the main phase transition, following the picture
where the fundamental step of phospholipid long-range diffusion
is the escape from the cage: It can be calculated from the
macroscopic diffusion coefficient that this event is so rare that 98%
of the molecules are still confined during the observation time of
35 ps.?° However, one can see in Figure 1 that this confinement is
breaking down. While we cannot exclude that the leveling off below
the phase transition is a limitation of the spectrometer, the absence
of confinement above the phase transition is clear. This is a first
indication that the molecules are not trapped in a cage of neighbors
in the relevant high-temperature phase.

Asitiscrucia that the observed line broadening is not afit artifact,
a Bayesian data analysis™* was performed. It could be shown with
clear setidtical significance that, above the main phase trangition, the
model incorporating a line broadening is superior to one with only a
O(w) line. This result indicates again that the lateral transport process
of phospholipid molecules within a membrane is not governed by
decaging events on a picosecond time scale®® This finding isin full
agreement with recent MD simulations.*® We conclude therefore that
the rattling and escape model cannot describe the dynamical processes
on the time scale of some tens of picoseconds.

To check whether it is possible to support the proposed mechanism
of flow-like motions of dynamically assembled patches of molecules
also on a nanosecond time scale, an experiment probing these times
was conducted. In contrast to coherent neutron spin echo spectroscopy,
it is not possible with incoherent QENS to check the collectivity of
motions directly, but the motions of the single particles can nevertheless
be compared to the simulation. As the MD simulations'® observed a
decay of the velocity autocorrelation function in thistime regime, one
would expect to measure a lower flow velocity than on atime scae
of some tens of picoseconds.

The sample was prepared the same way, but the spectrometer
was tuned to a much longer observation time of 0.9 ns, corre-
sponding to an instrumental resolution of 4 ueV (full width at half-
maximum).*® The data were analyzed using eq 1, shown in Figure
2. The low temperature measurements (not displayed) have a 6 (w)
component, indicating confinement®® which breaks down above the
main phase transition. The analysis of the fluid phase at 30 °C
alows us to extract the most probable velocity of the Maxwell—
Boltzmann distribution of 0.3(nm)/(ns). This value and the decay
of the flow velocity compared to the 35 ps measurement are in
good agreement with the simulation.°

Summarizing, the following picture of phospholipid motion on
a pico- to nanosecond time scale emerges: The head and tail of the
molecule perform localized diffusive motions visible as two broad
components in the scattering function (Figure 1) and a negative
part of the velocity autocorrelation function™# at times of afew
picoseconds. This is not the footprint of a rattling and escape
motion; the whole molecule rather flows with its neighbors as a
dynamically assembling patch across the membrane.

This effect should have important consequences for living cells
where the distance between proteinsis on the here probed nanometer
scale.® Recently, it could be demonstrated that ballistic motion is
the most effective search strategy.?® This could for example

2 [ e e

5(Q, o) [peV"]

0.0 * L L L 1
0.0 02 04 06 0.8 1.0

[

Figure 2. Left: QENS spectrum of DMPC at 30 °C and Q = 0.76 AL,
The instrumental resolution is displayed as a black line, along with the
best fit of eq 1 (red) and its three components. Right: the extracted o asin
Figure 1. The line through the origin is a fit to the data points.

influence G protein coupled signal transduction cascades where two
proteins have to come into contact.?® For such processes, only the
microscopic transport mechanism is relevant.
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