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ABSTRACT Incoherent quasi-elastic neutron scattering is applied to study the local diffusion and chain dynamics
of L-a-dipalmitoylphosphatidylcholine molecules in oriented model membranes. Different motions are distinguished
by changing the hydration of the multilayers as well as by measuring below and above the gel-to-liquid crystalline
phase transition. The time range of the utilized time-of-flight spectrometer permits to observe two types of motion
to be observed more closely: chain defect motions and the local diffusion of the whole molecule in its solvation cage.
Oriented lipid membranes are a useful system for the observation of chain defects, as they can be macroscopically
oriented, in contrast to most polymers. As a representative model for a chain defect a kink is chosen and the
corresponding scattering functions are derived. The kink motion can explain the entire dynamics seen in the gel
phase, and the lifetime of such a defect was found to be 10-15 ps, in good agreement with theoretical predictions.
On the other hand the dynamics in the liquid crystalline phase cannot be explained even by a superposition of several
kinks and thus requires the consideration of an additional motion: the local diffusion of the molecule in its solvation
cage. The size of the solvation cage is increasing with multilayer hydration and reduced temperature. Particularly
interesting in view of recent discussions about the origin of the short-range repulsive forces between membranes
is the experimental finding of an out-of-plane motion with an amplitude of 1-1.5 A, which cannot be explained by

the undulation of the whole membrane.

INTRODUCTION

While the structure of lipids and lipid mixtures has been
the subject of a large number of publications (e.g., Tar-
dieu and Luzzati, 1973; Hauser et al., 1981), the lipid
dynamics has been much less studied. Long-range lateral
diffusion as a relatively slow motion has been investi-
gated by fluorescence techniques (Vaz et al. 1985), NMR
relaxation methods can give information on slow motions
as well as on motions on the time scale of nanoseconds
(Dolainsky et al., 1993; Koechy and Bayeri, 1993), and
IR spectroscopy is probing motion in the picosecond re-
gime (Mendelssohn et al., 1989; Casal and McElhaney,
1990). However, no explicit information on lipid mo-
lecular motion can be derived from IR measurements be-
cause of the lack of theoretical background. Moreover,
the dynamical windows of these techniques leave large
gaps, where little or nothing is known so far. Incoherent
quasi-elastic neutron scattering, and in particular the
time-of-flight method applied here, can probe motions on
the time scale 107'~10""* s and thus helps to close the gap
between NMR and Raman measurements. Expected mo-
tions in this regime are chain defects, fast head-group
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motions, and the local diffusion of the molecule in its
solvation cage. The head-group motion cannot be distin-
guished in our experiments, as we used protonated lipids
and the scattering of the chain only amounts to 77% of
the total scattering.

Time of flight spectroscopy has already proven to be a
useful technique in the study of soft materials (polymers,
liquid crystals (e.g., Bée, 1988)) and is by now also applied
to biological problems (e.g., (Smith, 1991; Tabony and Perly,
1990). The possibility of probing energy and momentum
transfer simultaneously is a unique feature, and one thus ob-
tains information on the geometry as well as on the corre-
lation times of motions in the same measurement. Further
advantages of incoherent quasi-elastic neutron scattering
compared with the above-mentioned techniques include
the following: motions of part of the molecule can be
screened by selective deuteration, the anisotropy of mo-
tions can be resolved by using oriented samples and
choosing the angle between sample and neutron beam
accordingly, and different values of the momentum trans-
fer can be measured simultaneously.

The dynamics of lipids in multilayers is strongly in-
fluenced by their packing density, as has already been
seen, e.g., with lateral diffusion (Galla et al., 1979; Peters
and Beck, 1983; Vaz et al., 1985). A convenient way to
change the packing density is the variation of the degree
of hydration of the multilayers (Levine et al., 1968). In
this paper we present measurements for hydrations be-
tween 8 and 20 wt. % of water, corresponding to 3—-10
molecules of water per lipid molecule.
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In a previous study of incoherent quasi-elastic neutron
scattering (Konig et al., 1992) the local and chain defect
motion were interpreted by using the g dependence of the
elastic incoherent structure factor (EISF). While the EISF is
a measure of the order of the chain and thus an average
quantity, the temporal dependence of a process can be de-
rived by simultaneously fitting all spectra to a model func-
tion. The latter approach is chosen in this paper, and the
structure factor for the models is calculated.

Protrusion forces, as put forward by Israelachvilli and
Wennerstroem (1992), require an out-of-plane motion of the
whole molecule. These motions lie within the time scale of
the presented measurement, and we are thus able to give an
experimental value for the protrusion parameters.

MATERIALS AND METHODS
Sample preparation

For all measurements L-a-dipalmitoylphosphtidylcholine (DPPC) was
used, which was purchased from Avanti Polar Lipids, Alabaster, AL.
The lipid was used without further purification; the purity was checked
using differential scanning calorimetry by measuring the half-width at
half-maximum of the main phase transition. The lipid was hydrated with
deuterated water (Sigma Chemie GmbH, Deisenhofen, Germany). For
the preparation of ordered multilayers undoped silicon wafers were used
as substrates (Virginia Semiconductors, Inc., Fredericksburg, Virginia),
which were etched to a thickness of 150 um and polished on both sides.
Standard air-tight sample holders, made of aluminium, were used for the
neutron scattering experiments.

The preparation of highly ordered multilayers has been described in
detail elsewhere (Konig et al., 1992). The hydration of the multilayers was
varied during preparation by equilibrating them against different saturated
salt solutions at elevated temperatures (Levine et al., 1968). Because of the
sensitivity of this procedure to preparation details, the final water content
of the sample can be predicted only to about +1 wt. %. Therefore all samples
used for quasi-elastic measurements were characterized by other methods
(see the following subsection). There is a swelling limit for lipids hydrated
from air humidity, which is ~20 wt. % of water for DPPC. To obtain a
sample with higher water content, the pure DPPC was replaced by a mixture
DPPC/5 mol. % Dipalmitoyl phosphatidylglycerol. The latter carries a nega-
tive excess charge in its head group.

The advantage of ordered multilayers is the ability to choose a scattering
geometry that allows motion parallel and perpendicular to the membrane
normal to be distinguished. The standard geometry for this purpose is to
orient the sample in such a way that the membrane normal and the incident
neutron beam enclose an angle of 45° (motion parallel to the membrane
normal) or 135° (motion perpendicular to the membrane normal) (Pfeiffer
et al., 1989).

Sample characterization

The degree of water hydration can be determined in one of two ways:
(1) The phase diagram of DPPC/water as a function of hydration is
well known (Jiirgens, 1981; Sackmann, 1983), and one salient feature is the
increase of the main transition temperature 7, from the gel to the liquid
crystalline phase with decreasing hydration. Thus 7, can be taken as a sen-
sitive measure of the degree of hydration. In time-of-flight experiments the
elastic intensity (i.e., the sum of intensities in the channels corresponding
to purely elastic scattering) as a function of temperature decreases remark-
ably faster in the vicinity of the transition temperature than in one of the two
phases. This effect is used to determine the transition temperature of the
sealed samples.
If the hydration is below saturation, the transition broadens and
stretches over a coexistence region (Jiirgens, 1981). In that case the
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transition temperatures stated in the text are the midpoint of the ob-
served transition region.

(2) A second measure of the degree of hydration was the determi-
nation of the repeat distance of the multilayers. This was done using the
triple-axis spectrometer F3 at the research reactor of the TU Munich. The
advantages of this diffraction scan are that it averages over the whole sample
and that also a “rocking curve” measurement (Kénig et al., 1992) can be
performed to determine the mosaicity of the sample. The values of repeat
distance and mosaic spread are given in Table 1. The variation of the repeat
distance between 56.9 and 59 A is in good agreement with previous mea-
surements (Torbet and Wilkins, 1976); the fairly large error in d, is due to
having observed only two to three diffraction orders. This error is also the
reason that the same value of d, for the samples with 18 and 8 wt. % of water
has been found. The variation observed by other authors is within our error.

Method

The availability of high-resolution spectrometers in quasi-elastic neutron
scattering has lead to a wide range of applications also for the study of the
dynamics of soft materials (e.g., Bée, 1988). However, despite the numerous
advantages of the method, its potential for applications in membrane bio-
physics has not been fully appreciated yet. We will thus recall its main
features.

Because the neutron is a spin 1/2 particle, a neutron can be scattered with
or without spin flip (see any textbook on the principles of neutron scattering,
e.g., Lovesey, 1984). Thus two scattering cross-sections have to be distin-
guished, the coherent and the incoherent scattering cross-section. Coherent
scattering probes the pair correlation function between different scatterers
in a sample and can thus give information about structural properties as well
as correlated dynamics such as undulations. It is the analog to the familiar
scattering cross section in x rays. Incoherent scattering has no analog in x
rays (it arises from the spin interaction of neutron and sample) and probes
the autocorrelation function of the scattering particles. It can give infor-
mation on diffusive motions as well as on the density of states of correlated
motions. The distinction of these two types of scattering is simply made by
choosing a “convenient” scatterer; in the case of biological materials the
proton is a strongly incoherent scatterer. The deuteron scatters mainly co-
herently, but again much more weekly than the incoherent scattering of the
proton, and therefore deuteration is a means to mask (parts of) molecules
in incoherent scattering experiments (such as the water in the experiments
described below).

All experiments described in this paper were performed at time-of-flight
spectrometers (mainly MIBEMOL at LLB, Saclay, but also IN5 at ILL,
Grenoble). Time of flight describes the method of analyzing the energy of
the scattered neutron: it is done simply by measuring the neutron’s flight
time from sample to detector (e.g., Bée, 1988). The energy resolution in the
experiments (full width at half-maximum) was 50 peV (MIBEMOL) and
63 peV (IN5); i.e., motions on the time scale of 107! s can be resolved. The
accessible g range is 0.2-1.61 A~ at A = 7.5 A and detectors spanning an
angle of 140° (e.g., MIBEMOL).

The resolution of the spectrometer is determined by using a vanadium
sample, which is an elastic incoherent scatterer. The resolution function is
a triangle in first approximation, and, as the quasi-elastic broadening is
expected to be Lorentzian, a distinction between elastic and quasi-elastic
contributions is possible, even if the line width of the Lorentzian is quite
small.

TABLE 1 Repeat distance d, and mosaic spread of the
samples used, as determined on the triple-axis spectrometer
F3 (research reactor of the TU Munich, Germany)

Sample d, Mosaic spread T,
DPPC 18 wt. % water 59.0 + 0.5A 2° 45°C
DPPC 8 wt. % water 59.0 + 0.8A 5° 70°C
DPPC 5 wt. % water 56.9 + 0.2A 2° 80°C
DPPC + 5 mol. % DPPG  63.5 = 2.0A 10° 41°C

The values were taken at room temperature. 7, is the midpoint of the tran-
sition as determined by a decrease in the elastic scattering.
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Data evaluation

The data evaluation is usually performed in two steps: In the first step
an elastic line plus one or two Lorentzians are fitted to each spectrum,
i.e., to the intensity as a function of energy for each angle. The relative
intensity of the elastic line is the EISF (or Ay (q)), and its g dependence
is a valuable piece of information in determining the geometry of the
motion.

The theoretical basis for this procedure is the possibility of expanding
the scattering functions of all motions considered into a series of Lorentzian
lines and taking only the leading terms of this series. The theoretical fitting
function can be expressed as

Si..c(q, ‘”) = Sing ® Je~PWF {Ao(q) &(w) + A,(q) LI(I’,, )

+ Ayg) L,I'2,w)} + BG, (1)
" where S, is the resolution function, ® is convolution, L, are Lorentzian
lines of width (HWHM) I';, A,(q) is the corresponding amplitude, I is
the absolute intensity, DWF is the Debye-Waller factor, and BG is the
possible background.

As in previous measurements (Konig et al., 1992) an elastic line plus two
Lorentzian lines were required to fit our spectra. The broader of the two
Lorentzian lines was adjusted to have a constant width for all ¢ (as predicted
by the model of an overdamped oscillator); however, allowing this width
to change did not change the width of the narrow line appreciably. This
independence of the two line widths is due to the large difference in their
values (broad line, ~2 meV; narrow line, ~30 ueV).

As the main focus of this paper is on the discussion of the slower motions,
i.e., on the narrow Lorentzian line, it should be mentioned only briefly that
the mean square amplitudes found for the fast motion (broad line) are linear
in temperature, as expected for an overdamped oscillator. Thus some kind
of fast relaxing mode is most likely for this motion.

The second step in data evaluation is to find a model for the motion that
is compatible with the observed g dependences of EISF and line width. The
model function S(g, @) convoluted with the resolution function is then fitted
simultaneously to all spectra. The free parameters are the model parameters
such as transition rates or jump lengths (see also the following section of
this paper).

If parameters for in- and out-of-plane motion are to be fitted and mea-
surements at 45° and 135° orientation are available, the fitting procedure is
an iterative process between the two sets of data. The spectra for the 45°
(135°) orientation are not totally independent of the parameters for the mo-
tion perpendicular (parallel) to the membrane normal n; thus, while fitting
the data of the 45° (motion parallel n) or 135° (motion perpendicular n)
orientation, the parameters for the data of the other orientation were kept
constant. Then the other orientation was treated, and again the first one. This
was done until the parameters for each direction did not change any more
within error.

The data presented in this paper were always analyzed by both pro-
cedures; the figures showing EISF and line width should not lead to the
assumption that the second step of the data treatment was neglected.
However, most effects are more conveniently shown in EISF and line
width presentations.

MODELS FOR CHAIN DEFECT AND LOCAL
DIFFUSION MOTION

The dynamics of hydrocarbon chains has been described in
terms of defect motion by Triuble (1971) and has been in-
directly measured by NMR or FTIR (Schindler and Seelig,
1975, Casal and McElhaney, 1990). Other approaches to de-
scribe the dynamics of membranes include the Pink 10 state
model (Caillé et al., 1980) and the mattress model (Mouritsen
and Bloom, 1993).

Local Motions in DPPC Studied by QENS
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In polymers different types of defects are described:
simple gauche defects, kinks, jogs, etc. (see, e.g., Helfand
and Skolnick, 1982). For the following model calcula-
tions, only kink defects (using the trans-gauche notation
familiar to several readers, a kink is a g*7 g7 defect; see
also the Appendix) will be considered, although they are
probably not the most common defect. However, this ap-
proach can be justified as follows: for the dynamics of the
system, i.e., the line widths observed, the rates with which
defects transform into each other are the dominating pa-
rameters. These rates should be similar for different types
of defect. The geometry of the defect, which is compara-
tively simple for a kink defect, comes into play for the
amplitude of each Lorentzian line. However, because of
inequivalent proton positions an average over several dif-
ferent lengths has to be taken in all defect models. There-
fore the resulting scattering function depends not only on
the type of defect but also on the averaging process (di-
mension and weight of each length involved).

The following section presents model calculations for the
scattering function resulting from the motion of a kink defect.
For readers not familiar with this type of calculation a short
introduction into the formalism is given.

MASTER EQUATION FORMALISM

To describe the dynamics of a system, which can assume
different states, a time-dependent probability vector P (t) is
introduced. P (t) describes the probability of finding the sys-
tem in state &, at time ¢. The state @, is a description of the
state of the whole chain; e.g., if a chain has L bonds and each
of these bonds can be in / configurations, there are L' different
states ®, for the chain. The dynamics can then be described
by the master equation (Springer, 1972; Richter and Ewen,
1978; Bahar and Erman, 1987):

dP, 0) _ N-1
Fraake EO Ay, P, (D), [¥3)

where A is the N X N transition matrix. The elements of
A, are the probabilities per second that the system under-
goes a transition from state @ to state ®,. Equation 2 can
be solved formally by the ansatz

N-1

P, () = X EXexp(— A1) P, (t = 0), 3)

k=0

where A, are the eigenvalues and EY the eigenvectors of A,
P (t = 0) is the equilibrium distribution of states.

Each eigenvalue represents a characteristic relaxation time
of the system. If the motion is restricted in space, zero is
always one of the eigenvalues.

The self-correlation function can be deduced from Egq.
3 by performing the thermal average (Richter and Ewen,
1978)
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G(r, 1)

N-1 N-1
=> 3 IT/E:EI':‘ exp(— A D)8 —

k=0 n,m=0

(r, — ). 4

Fourier transformation in space and time leads to the in-
coherent scattering function

S...(q, w) = f d’r f dtG,(r, 1). 5)

which is proportional to the measured quantity, the
double differential scattering cross section (Springer,
1972).

Kink diffusion

The dynamic structure factor for the kink diffusion model can
be calculated in analogy to the problem of a proton diffusing
along a linear chain (Richter and Ewen, 1978); however, here
it is a defect and not a particle that diffuses. The number of

M-1n-1

@) = ~ {1+ ss L

n= 1m—0

Aq) =

Biophysical Journal
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The eigenvalues and eigenvectors of this (N X N) matrix
are already known (Richter and Ewen, 1978):

im

A,.=2rf(1 —cos—), i=0,...,N—1,

B = 2 2n+1£71' 7
N = Ncos >N/ @)

The scattering function is derived as

N-1

i=1

S inc (q’ w)

with

(N— 2+ 2cos(qd,) + 2cos(qd,) — 2Iln — ml +2In —m — 1| cos(qd3))}

2n+1im 2m+ 1 iw N—242 d
2 M cos 2 M ( cos(q 1)

+ 2cos(qd,) — 2ln — mi +2ln — m — 11 cos(qd3))}. ®

Lorentzian lines and their widths is dependent only on the
number of sites available. But the amplitude of each indi-
vidual line depends on the geometry of the motion. The ge-
ometry of the chain and the jump lengths of the protons
involved in kink motion are presented in the appendix. It is
important to note that there are always several inequivalent
protons, and thus several lengths, involved in the motion of
a defect (see the Appendix for the schematic drawing of the
chain geometry considered here).

Assigning a number to each possible position of a kink
along the chain, a kink situated at a site with an even (odd)
number can only diffuse to another even (odd) number for
geometrical reasons. Thus the matrix for a chain with, e.g.,
14 possible kink positions decomposes into two identical 7
X 7 matrices. With the assumption that a kink can only dif-
fuse to next-neighbour positions, this matrix has the form

-110 ..

1 -21 0 ..
......... (6)

where r; is the transition rate between neighboring kinks.

M = N/2, N is the number of sites, in this case taken to be
14, and the jump lengths d,, d,, and d, are explained in the
appendix.

So far we have not considered that there are only two
well-defined directions: the membrane normal and the plane
of the membrane. Thus we have to average all the terms with
qd, over the plane of the membrane. This leads to (Barnes,
1973)

cos(gd) — cos(q, d cos ®) J, (¢, d sin ©).

For brevity the notation cos(qd) will be kept, but for all
figures shown and data analysis performed the average has
been taken.

Fig. 1 a) shows the EISF for this model for both
orientations of the sample with respect to the neutron
beam () that are used in the experiment. @ is the angle
between the membrane normal and the jump direction
(see the Appendix) and was varied to explore the in-
fluence of, e.g., chain tilt. In Fig. 1 b) the EISF and
all amplitudes A,(¢) are shown. It is interesting to note
that all A,(g) have their maxima at the same q value,
in contrast to the case of a proton diffusing along a
linear chain. This can be explained by appreciating
that the diffusion of a proton along a chain over N sites
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FIGURE 1 (a) q dependence of the EISF for the model of kink diffusion

shown for different angles between membrane normal and neutron beam ()
or membrane normal and the axis of motion (®). (b) EISF and all amplitudes
A, (g), as defined in Eq. 8, for the condition B = 45°, ® = 60°.

corresponds to a diffusion length of N times the next-
neighbor distance. If a kink diffuses over N sites, how-
ever, the protons attached to the chain do not jump a
greater distance; there are just more protons involved
in the process.

Stochastic kinks

In lipid bilayers, the model of kink diffusion is sup-
posed to be valid only for ordered phases such as the
gel phase but not in disordered phases such as the
liquid crystalline phase. In molecular dynamics simu-
lations in the L -phase the dominating process is not

1 [, 13 1417
Ao(¢1)=m p

1 |74 53

A p (341 43
2D =Gy 2432~ 720

diffusion of the defect to the neighboring site but
rather a stochastic appearance and disappearance of
defects at random sites (S. J. Marrinck, University of
Groningen, The Netherlands, personal communica-
tion, 1993). To calculate the dynamic structure factor
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of this model, the appropriate transition matrix is gen-
erated and is of the following form:

— t+ K{ Ky K .. K[ K; Kj .. 7]
—24r, r, r, ry, .. r, ry, r

r., —r, 0 0

r, 0 —-r, 0 ..

r 0 0 —r,..

r o .. .. .-rpb 0 O
r O .. .. .. 0 —-r, 0
r 0 0 —r,..

where ¢t is an all-trans configurations, K"~ is a kink
in position i (the + sign corresponds to a g*t g~ defect,
the ~ sign to gt g*), r, is the transition rate from K*~
to ¢, and r, is the transition rate from ¢ to K™,

This matrix is another special case: a defect does not dif-
fuse from one site to another but is generated at one site; the
chain goes back into the all-trans conformation and the defect
can be generated at a different site.

The eigenvalues of this matrix are easily evaluated to be
MN=0A=-rA=-{r,+24r}=-24r,(1 + p) = -r,
{1 + 1/p}, A, - )\23 = A,. p is defined as r,/24r, and is a
measure for the average number of kinks per chain. The
mode] allows a maximum of one kink per chain; however,
as there can be chains with no kink defect, the average num-
ber of kinks per chain lies between 0 (corresponding to p =
) and 1 (p = 0).

The probability that the system is in the all-trans con-
figuration is p/(1 + p), that it is in any configuration with one
kink is 1/(1 + p), and that it is in a configuration with a
specific kink is 1/24(1 + p). Thus there are only three dif-
ferent eigenvalues and thus only three Lorentzians in the sum
[Eq. (1)] (to avoid complications in verbalizing the formulas
we take the 6 function as a Lorentzian of width zero), in
contrast to the model of kink diffusion with seven different
eigenvalues.

The calculation of the weight of each Lorentzian is per-
formed using the algebraic program rRepuct and leads to the
following functions:

2

.\ NESRE N 4 NEZINN AN EEILY
15° 2160 T 0s@dy) | T5p + 355 | + cos(ady) [ {5p + 3355 | + cos(@ds) [ 50+ 230 | 1

B 251 . 917 4
2160 ~ 720 °5(ad)) — 7355 cosld,) — 7355 cos(qdy) r,

5 2827
cos(qdz) 330 cos(qd,) . )

In Fig. 2 the results of the stochastic kink calculation
are presented. The angle ® was always chosen to be 45°;
a variation leads to results similar to those in the kink
diffusion model (see Fig. 2). However, we varied the
number of kinks per chain instead, or, in other words, we
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FIGURE 2 (a) q dependence of the EISF for the model of stochastic
kinks. Again both orientations (8 = 45° and B = 135°) of the membrane
normal with respect to the neutron beam are shown. The case p = 1 cor-
responds to an average number of 0.5 kink/chain; p = 0.5, to 0.67 kink/
chain. (b) EISF and amplitudes of both inelastic lines for the case p = 0.5,
0 =B =45°

considered the case that not every chain has a kink defect
(expressed as a variation in p).

Comparison of the two models

It is interesting to compare the ¢ dependence of the EISF for
both models, which is done in Fig. 3 for the case of 8 = ©®
= 45°. One can see that the differences are too small to be
resolved experimentally.

1.0
0.8

0.6 —

EISF

0.4

029 = kink diffusion along the chain (sect. 3.2)
—~— model of stochastic kinks (sect. 3.3)
0.0 T T T 1
0.0 0.5 1.0 1.5 2.0

qinA'1

FIGURE 3 Comparison of the EISF obtained for the two kink models. In
both cases the 45° orientation of the sample is shown, and © = 45° is taken.
A value of p = 0.5 was considered for the stochastic kink model. The
difference is very small, and even this difference could be removed by taking
a slightly different ® in both cases.
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The two models differ, however, in the number of inelastic
lines: six lines are obtained for the kink diffusion and only
two for the stochastic kinks. In view of the similar g de-
pendence of all amplitudes in the kink diffusion model as
shown in Fig. 1 b, it does not seem feasible to distinguish
these lines from an experimental point of view.

The real motion is most probably more complicated than
the two models considered here, as it might involve aspects
of both diffusion and spontaneous creation of defects. The
calculation for the stochastic kink model (see the subsection
Stochastic kinks) is quite versatile, and one could, in prin-
ciple, include kink diffusion or different types of defects by
choosing the appropriate matrix elements to be nonzero or by
enlarging the matrix. Also, the assumption that the transition
probabilities of diffusion or creation of a kink are the same
at each position along the chain could be improved in that
way. However, then the simple eigenvalues of the equation
would be lost and the computer time will be the limiting
factor of the calculation.

Considering the small differences of the calculated ex-
tremes, we believe to have given a sufficient model descrip-
tion for the motion of one defect in a lipid chain. For the data
evaluation presented in the next subsection the stochastic
kink model is chosen, as the resulting fitting routine is faster.

Diffusion in a cylinder

The model of diffusion in a cylinder will be used to describe
the local diffusion of a lipid molecule in its solvation cage
in the Results section. Therefore the basic facts of this model
(Dianoux et al., 1982) are summarized.

The cylinder considered is of length L and radius R, and
the local diffusion of the lipids is described by a diffusion
coefficient D for the motion parallel and D, for the motion
perpendicular to the cylinder axis. As the motion parallel and
perpendicular to the cylinder axis is assumed to be indepen-
dent, the incoherent scattering function can be written as a
convolution of the two respective scattering functions:

Sinc(q> @) = Sy(g), @) ® S, (g, , w). (10

Both scattering functions, Sy(gqp w) as well as S,(q,, w),
are again a sum of an elastic line and inelastic (Lorentzian)
lines. The corresponding expressions are quite lengthy and
can be found in Dianoux et al. (1982).

RESULTS

In Fig. 4 we present EISF and line widths of all samples
measured at MIBEMOL in the L, phase (measuring tem-
perature = 5°C above T; see the Methods subsection for
sample characterization). For comparison the present data
analysis was also applied to spectra obtained previously at
INS (ILL, Grenoble) with a sample of ~ 12 wt. % of water
(see Konig et al., (1992) for complete data).

It can be seen that for comparable g values the EISF in-
creases with decreasing hydration. It is well known that this
corresponds to an increasing packing density. The line width,
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FIGURE 4 The g dependence of a) EISF and b) line widths of hydration-
dependent time-of-flight measurements on DPPC multilayers is shown. The
measurements were all performed in the L, phase, at 5°C above T, (see Table
1 for a conversion from T, to wt. % of water). The orientation of the samples
with respect to the neutron beam was 45°. For most experiments the in-
strument MIBEMOL (Saclay) was used; for comparison one experiment
using the instrument IN5 (Grenoble) is added.

however, does not change within error. This is an indication
that the correlation time of the observed dynamical process
does not change with hydration, but its spatial extension in-
creases with increasing free volume.

Similar data, measured as a function of temperature, can
be found in Konig et al. (1992). As they were discussed only
in terms of an order parameter model, we have reanalyzed
them, using the same procedure as for the more recent data.

The order parameter model discussed in Konig et al.
(1992) is sufficient for analyzing the mean chain conforma-
tion on the measured time scale. However, as it assumes the
rather unphysical picture of an independent motion of each
proton, it is unsuitable for treating the dynamical part of the
data. Thus a model was sought that retains the good agree-
ment between order parameter model and EISF but can ad-
ditionally explain the dynamics in a physically meaningful
way. The chain defect model presented in the section on
Models for Chain Defect and Local Diffusion Motion fulfills
this requirement. Thus, the two models cannot be distin-
guished in terms of fit quality, but the treatment presented in
this paper is a physically sensible model for chain confor-
mation and dynamics.

The data were now treated by the models introduced
above, and significant differences for the model fitting in gel
or liquid crystalline phases have been observed. In the L,
phase, the kink defect model introduced above, was suffi-
cient to fit the spectra for all samples at all g values. No free
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TABLE 2 Parameters obtained by fitting spectra obtained
with DPPC in the gel phase, using the stochastic kink model

Kink
parameter Number of r,
Sample T (°C) () kinks/chain  (X10' s1)
INS, T, ~ 52°C 2 435+x02 0.19 =0.02 94+10
INS, T, = 52°C 25 0.61 0.62 6.6
IN5, T, = 52°C 35 0.52 0.66 8.8
MIB, T, ~ 70°C 55 0.60 0.63 9.1

This model is sufficient to explain all gel phase data. The error given in the
first line is typical for all measurements.

parameters are required to characterize the geometry of the
motion, and thus the only adjustable parameters are the av-
erage number of kinks described by the number p and the
transition rate r,. Table 2 shows the results obtained by this
procedure. While the transition rate varies only little with
temperature, the number of kinks per chain increases toward
its limiting value one. On the other hand, the model with one
kink per chain fails in the liquid crystalline phase. Several
reasons are possible: first, the number of chain defects in-
creases in the L, phase, as already observed with other tech-
niques (Blume, 1993; Egberts and Berendsen, 1988). This
will certainly have an effect on the scattering function, but
it is unlikely that this is the major reason for the failure of
our model. Even a self-convolution of our model (corre-
sponding to two noninteracting kinks per chain) does not lead
to a better fit. More importantly, the great similarity of spec-
tra for chain deuterated and protonated molecules indicates
the presence of a motion of the whole molecule (data not
shown). Therefore we assume that the additional dynamical
process is the diffusion of the molecule inside its solvation
cage. This local diffusion should be observed whenever lat-
eral diffusion occurs, but on a much faster time scale.

A rotation of the molecule was not considered, as the rel-
evant time-scale, determined by NMR (Mayer et al., 1988)
is not within our experimentally accessible region. Further-
more a rotational motion is not compatible with our previous
data evaluation (Konig et al., 1992).

TABLE 3 Parameters for lipid motion in the liquid crystalline
phase, described by the motion of one chain defect and a
local diffusion of the whole lipid molecule in a cylinder

D, D

| L
(X107 (X107
Sample T(C)  cm?s) L(A) cm¥s) R (A)

IN5, T, ~ 52°C 50 1L7+05 2103

IN5, T, = 52°C 60 48 23 6.3 11
Mib., 7, ~ 45°C 40 1.9 19 26 1.1
Mib., T, ~ 45°C 45 3.7 20

Mib., T, ~ 45°C 50 5.2 3.0 6.7 12
Mib, T, ~ 41°C 50 6.5 32 7.5 13
Mib,, T, = 70°C 65 1.9 1.7 31 1.1
Mib., T, ~ 70°C 75 4.0 22 7.0 12
Mib,, T, ~ 80°C 85 3.1 2.1 6.4 1.1

The parameters for the chain defect motion were kept constant (p is 0.1, i.e.,
0.9 kink/chain); r, is 7.5 X10's™"). L is the height of the cylinder and thus
double the diffusion amplitude, R is its radius, and Dy (D, ) are the diffusion
constants parallel (perpendicular) to the cylinder axis. The errors given in
the first line are typical for all measurements.
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To keep the number of fitting parameters as small as pos-
sible, the parameters of the kink motion were kept constant
at values extrapolated for the gel phase close to the transition
(p = 0.1, i.e., 0.9 kink/chain; r, is 7.5 X 10'° s™"). With this
procedure, we can obtain an upper limit of the diffusion in-
side the solvation cage, as we most probably underestimate
the chain motion.

The result is shown in Table 3. Parameters for the motion
in the plane of the membrane (D, R) were obtained from
measurements in the 135° orientation; parameters for the
out-of-plane motion (D, L), from the 45° orientation. It
should be noted that the process of diffusion in a solvation
cage starts already a little below T . This is easily compre-
hensible, as the phase transition in this low hydration region
extends over several degrees and thus starts already at tem-
peratures below T

It can be seen that the diffusion constants depend strongly
on the reduced temperature, i.e., the temperature difference
to the phase transition. The height of the cylinder depends on
both the temperature and hydration: the lower the hydration,
the smaller the cylinder.

DISCUSSION

Trauble (1971) put forward the idea of a kink diffusing along
the chain as a reason for unspecific transport of small mol-
ecules through the membrane, which is observed experimen-
tally. From the water permeability of membranes he calcu-
lated the diffusion coefficient for kinks. He predicted a rate
of 5 X 10'°s™!, which was also found in molecular dynamics
simulations (Egberts and Berendsen, 1988). Our values for
the jump rates of a kink in the gel phase lie in the range of
6~10 X 10" s and thus agree well with the predictions.

In the liquid crystalline phase the model of one chain de-
fect is not sufficient to describe the spectra taken. Therefore
an additional, local diffusion inside a cylinder (representing
the solvation cage) is assumed. The most interesting aspect
of the present study is the motion parallel to the membrane
normal (or out-of-plane motion), as such motion has been
discussed rather controversial in past years (Rand and Par-
segian, 1989; Israelschvilli and Wennerstroem, 1992). This
out-of-plane motion can have two contributions: an indi-
vidual diffusion of each molecule, uncorrelated with the mo-
tion of its neighbors, or a collective undulation motion of the
membrane. Inasmuch as incoherent scattering cannot dis-
tinguish correlated and uncorrelated motions, we will discuss
both contributions.

The collective motion of a membrane can have several
modes. The mode that should contribute most to the high-
frequency window of the TOF measurements is the bending
mode (Helfrich and Servuss, 1984, deGennes, 1974):

I"—gz 11
_d.nq’ ( )

where K_ is the bending elasticity, 7 is the effective viscosity
of the lipid-water system (dominated by the water viscosity),
and d is the repeat distance of the multilayers.
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While the wave vector g lies in the plane of the membrane,
the amplitude u of the mode is parallel to the membrane
normal. DeGennes (1974) calculated this amplitude to be

kT
LA Y p——
<u ) Ach-v (12)

where (u?) is the mean value of the amplitude squared, kT is
the thermal energy, and A is the undulating area.

As incoherent neutron scattering is not mode selective, one
has to integrate over all modes that lie in the observed fre-
quency window. The total amplitude is then a sum over the
corresponding amplitudes, which can be written as follows:

A kT
(ul) = 2 (") —> 5 f AK 4+ 999 (13)

Using the dispersion relation [eq. 11], one obtains

rnux
kT 1 kT 1
2y = — e N — —
() 41dn f der 4mdq T (14)

. min
mmn

As the minimum and maximum frequencies differ by a factor
of about 20, we can neglect the upper boundary in first ap-
proximation. For a resolution of 25 ueV (as obtained on
MIBEMOL), this leads to (x2,) = 0.1 A2 i.e., an amplitude
much smaller than observed experimentally. In summary, the
above considerations show that the classical bending mode
cannot explain the time-of-flight data. However, for the
much slower time scale measured at the backscattering spec-
trometer (Konig et al., 1992), the estimated amplitude for the
bending mode is (u2;) = 4.0 A2, which agrees well with the
experimental data.

If we now discuss the other possible motion to explain
our measured amplitudes, i.e., protrusion of single mol-
ecules, and consider all lipids to be at the same vertical
position, an amplitude of 1-1.5 A corresponds to the ex-
posure of 0.8-1.2 CH, groups to water. The time scale that
corresponds to protrusion at a given length scale has been
calculated for micelles by Aniansson (1978). Taking his
results, we can estimate a time scale of 3 X 10~'! s for the
protrusion of one CH, group, which corresponds well
with the time scale of time-of-flight measurements. From
the critical micelle concentration, the energy per length
needed to expose hydrocarbon chains to water has been
estimated (e.g., Israelachvilli, 1992) to be a, = 5-6 X
107 J/m. Taking the thermal energy corresponding to our
experimental conditions, we obtain &, = 3-5 X 107! J/m,
i.e., a slightly lower value. However, the critical micelle
concentration model does not take into account neither
bilayer geometry or lipid packing parameters, and thus
our experiments could contribute to a more realistic
model. In a recent theoretical paper on the interplay of
hydration (i.e., forces that are due to a disturbance of
solvent structure) and protrusion forces (i.e., forces that
are due to out-of-plane motion of the membrane mol-
ecules) by Lipowsky and Grotehans (1993), it is shown
that both mechanisms contribute to a strong short-range
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repulsion. If protrusion interactions dominate, the authors
estimate a decay length of ~1 A (including both protru-
sions of single molecules and correlated displacements of
several molecules). On the other hand, if hydration forces
dominate (i.e., the protrusions have a very small ampli-
tude), the decay length of the resulting force will be domi-
nated by solvent properties (Marcelja and Radic, 1976).
In general it is not easy to distinguish the two possible
mechanisms by a simple measurement of the decay length
alone.

Our measurements show that there is a protrusion inter-
action in the liquid crystalline phase with amplitudes of 1-1.5
A, but not in the gel phase. Comparing the calculated orders
of magnitudes and the experimental results, one should con-
sider the possibility that the dominating interaction for the
short range repulsion is actually different in the two phases.
To verify this hypothesis, temperature-dependent force mea-
surements should be carried out, as Lipowsky and Grotehans
(1993) suggest a different temperature dependence for the
two mechanisms.

In a recent paper on water dynamics (Konig et al.,
1993) the out-of-plane motion described here for low hy-
dration could not be observed for the water, and this
seems to be a contradiction at first sight. However, after
a closer look, the water dynamics for the bound water
using quasi-elastic neutron scattering was determined
mainly in the gel phase, and the lack of an out-of-plane
motion in this phase is in agreement with our results on
lipid motion. Only one measurement on bound water was
performed in the liquid crystalline phase, and its reso-
lution was not sufficient to identify clearly another mo-
tion additional to the internal water motion observed.

CONCLUSION

The hydration dependence of local diffusion as well as of
chain motions of DPPC molecules is studied in the gel and
liquid crystalline phases. In the gel phase it is sufficient to
consider the dynamics of a chain defect as an explanation of
the experimental spectra. Deriving the scattering functions
for two simplified cases of chain defects and comparing them
justified the use of a rather simple model for the fitting pro-
cedure. However, in the liquid crystalline phase the spectra
cannot be explained by chain dynamics alone, and an addi-
tional motion, the diffusion of the molecule in its solvation
cage, has to be assumed. Thereby an upper limit for the am-
plitude of protrusion for the DPPC molecules can be meas-
ured directly and is determined to be 1-1.5 A, depending on
temperature and hydration.

APPENDIX

In going from an-all frans configuration of a chain to one
with a kink, one has to consider the different jump lengths
involved. The lengths mentioned already in the text will be
presented here.

In Fig. 5 a chain in the all-trans configuration is depicted.
If a kink is created at position 2 (sketch in the middle), the
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FIGURE 5 Chain geometry for an all-zrans configuration (left) and one
kink defect (middle). The indicated lengths d,, d, and d, show the jump
lengths involved. The sketch to the right shows the angle ® between jump
axis and membrane normal.

proton at position 2 rotates around the C—C bond and thus
changes its orientation with respect to the chain (d,). The
proton at position 3 experiences a translation as well as a
change of orientation (d,); positions 4 to the end of the chain
are only translated (d,).

Taking the C—C bond length to be 1.54 A, the C—H bond
length to be 1.1 A, and a bond angle of 120° leads to d, =
1.65 A, d, = 39,4, d, = 225 A.

As the jump vector d is not parallel or perpendicular to the
membrane normal n but encloses an angle ® with n, this
angle has to be taken into account when analyzing the dif-
ferent orientations of the sample with the neutron beam. The
sketch to the right in Fig. 5 shows this angle ® as used in the
text.
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