PHYSICAL REVIEW E 71, 061908(2005

Molecular motions in lipid bilayers studied by the neutron backscattering technique
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We report a high energy-resolution neutron backscattering study to investigate slow motions on nanosecond
time scales in highly oriented solid supported phospholipid bilayers of the model system DMRGeuHdr-
ated 1,2-dimyristoyl-sn-glycero-3-phoshatidylcho)ineydrated with heavy water. This technique allows to
discriminate the onset of mobility at different length scales for the different molecular components, as, e.g., the
lipid acyl-chains and the hydration water in between the membrane stacks, respectively, and provides a
benchmark test regarding the feasibility of neutron backscattering investigations on these sample systems. We
discuss freezing of the lipid acyl-chains, as observed by this technique, and observe a second freezing transi-
tion which we attribute to the hydration water.
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I. INTRODUCTION sity fluctuations in the picosecond range on nearest neighbor
distances of lipid molecules. Local dynamics in lipid bilay-
Lipid membranes as model systems for more compledxrs, i.e., dynamics of individual lipid molecules as vibration,
biological membranefl]| cannot be understood without tak- rotation, libration(hindered rotationand diffusion, has been
ing into account the structure and dynamics of their agueougvestigated by incoherent neutron scatter(i8g9,11] and
environment. The structure and dynamical properties of th@uclear magnetic resonan¢&6,17 to determine, e.g., the
bound water layers next to the bilayer as well as the freeshort wavelength translational and rotational diffusion con-
(bulk) water further away from the water/lipid interface are stant. Collective undulation modes have been investigated
of importance in understanding the thermal, elastic, andising neutron spin-echo spectrometgtg,18 and dynami-
transport properties of membranes. Furthermore, the interacal light scatterind19]. Recently, the first coherent inelastic
tion between two bilayers is mediated by the hydration watescattering experiments in phospholipid bilayers have been
[2—-6]. A recent molecular dynami¢#1D) simulation pointed  performed using inelastic x-raj20] and neutror{21] scat-
out the importance of hydration water dynamics for the un-tering techniques to determine the short wavelength disper-
derstanding of the dynamical transition of proteifig.  sion relation. Note that only scattering experiments give
Complementing well established structure-function relationwave vector resolved access to dynamical properties, what is
ships in biophysics, possible dynamics-function relationshipsmportant to associate relaxation times with specific motions.
remain to date much less elucidated. The dynamical proper- Information about fluctuations on mesoscopic length
ties of membrane bound water present an important exampkgcales can be inferred from x-ray line-shape anafy2s23
in this context. While most spectroscopic techniques such a# isotropic lipid dispersions. Off-specular x-ray and neutron
nuclear magnetic resonan¢bMR) or dielectric spectros- reflectivity from aligned phases presents the additional ad-
copy, are limited to the center of the Brillouin zone andyantage that the components of the scattering ve(étcan
probe macroscopic responses, neutrons and within some rge projected onto the symmetry axis of the membrane
strictions also x rays give unique access to microscopic dyf15 24,24, In both examples, the time-averaged elastic scat-
namics on length scales of, e.g., intermolecular distancesering is studied, and information on, e.g., elasticity proper-
Here, we report on a high energy-resolution neutron backties and interaction forces can be obtained.
scattering study to investigate slow motions on nanosecond Contrarily, dynamical properties like transport coefficients
time scales in highly oriented solid supported phospholipiccan be inferred from direct measurements of dynamical
bilayers of the model system DMPC-d3deuterated 1,2- modes. Again, these measurements are preferably carried out
dimyristoyl-sn-glycero-3-phoshatidylcholipehydrated with  in aligned phases to preserve the unique identification of
heavy water. The spectrum of fluctuations in biomimetic andnodes on the basis of the parallel and perpendicular compo-

biological membranes covers a large range of time an%entsQr andQ, of the scattering vectd@ as pictured in Fig.

Ienc?tr t_scales[é% 1%. ranglndg frorptrt]hebl_(l)ng Wa\./ttrallr-}tng.th I1 Recently[21], we have demonstrated that collective su-
unauiation and bending modes of the biiayer with typical .,y jecular dynamics of planar lipid bilayers, notably the

relaxation times of nanoseconds and lateral length scales spersion relation of density modes in the lipid acyl-chains,
several hundred lipid molecules to the short wavelength den-_, "\« studied using the so-called three-axis neutron spec-

troscopy technique giving access to an energy resolution of
up to about 30QueV. The low scattering volume of quasi-
*Electronic address: rheinstaedter@ill.fr two-dimensional planar membranes and the small inelastic
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N _ tron scattering(QENS and nuclear magnetic resonance
'-g’;‘;’r:;{i'gs':)eak (NMR). Neutron diffraction and QENS experiments on the

interaction of hydration water and purple membranes have
been reported by Lechner and Fitter and co-work2vs2§.
Additionally, Marrink et al. have investigated the ordering of
membrane water in DPPC by molecular dynamics simula-
tions (MD) [29].

The combination of experimental results and conclusions
of the complementary techniques and experiments and the
outcome of the simulations gives a plausible picture of the
behavior of hydration water in multilamellar oriented mem-
brane stacks. The basic scenario is the followig€]: The
lamellar spacingl, proves to be a very fine measure for the

1
Neutl.'0"' i D,O correlation
guide peak .

Si (111)
Analyzer

L L LT T T

Deflectol

4‘:""' R water content in between the membrane stacks as it is sensi-
i ' , tive to the number of water layefthydration shellsbetween
H " v “ two bilayers(which have a thickness of about 3.5-4. Ahe
i . . membrane hydration water can be cooled well below the
iDoppIer- Detectors normal freezing point ofbulk) water.d, shows a hysteresis
Monochromator in heating and cooling cycles. When on cooling the tempera-

ture falls below the freezing temperature of bulk water and

FIG. 1. (Color onling Schematic of the scattering geometnpt  the hydration water becomes supercoolédstarts to drop
drawn to scalg The sample was mounted with the membraneindicating a decreasing number of water layers between the
planes vertical, i.e., perpendicular to the horizontal scattering plan&tacks. Ice Bragg peaks appear with an intensity increase
of the backscattering spectrometer. The membrane planes were ofroportional to the decrease @f The authors conclude that
ented at well-defined angles with respect to the incident beam. ThEhe hydration water migrates out of the membrane stacks
inter-acyl-chain correlation peak in the plane of the membranes igvhen freezing and condenses as ordinary ice outside the
located atQ,=1.42 A L. Spatially arranged analyzers at a sample-lamellar structure and the remaining hydration water is in
to-crystal distance of approximately 1.5 m allow to separately bu€quilibrium with bulk ice. There is no crystalline ice between
simultaneously probe the dynamics on different length scales. Thpid bilayers in an ordered multilamellar phase.
bulk heavy water correlation peak, which occursQat2 AL, is From QENS measurements at different degrees of hydra-
indicated by the dotted line. tion and orientationgwith the scattering vecto® parallel

and perpendicular to the plane of the bilayethe different

signal pose particular experimental challenges. Sampl@ater dynamics and anisotropy can be extra¢8dAt low

preparation and experimental setups must be adapted for iRydration of the bilayers, rotation of water molecules is the
elastic experiments. In Ref21] the scattering volume re- dominant motion without signs of translational diffusion. At

striction was overcome by stacking several thousand highlhigh hydration a translational diffusion must be allowed to fit

; ; ; e QENS spectra. The rotational degree of freedom corre-
aligned bilayers. These experiments shall be complementesponds to that of free bulk water, while the translational dif-

g]chﬁgsegret?;n:hgvorzléut%ﬁ e\t{)ac(:al?se(:rg%erriﬁ?htlsghnsigﬁgtra\’lvfusmn appears to be hindgre_d_, however, as co_mpgred to bulk
. . ; - Wyater with a slightly but significantly smaller diffusion con-
thereby gain access to the low energetic density quctuatlongtamD_ The water dynamics is isotropic within the length
corresponding to slow mo'Fions on nanosecond time scalegryles probed of about 10 A. The first hydration layers
By analyzing the respectiv® dependence, we simulta- 5rqund the lipid head-groups are tightly bound and show
neously probe intemal length scales from 3 to 18 A andqtational dynamics, only. Additional layers participate in the
investigate freezing of the lipid acyl-chains and of the hydra+ransjational dynamics and behave like quasifree bulk water.
tion water, i.e., the water |ayer in between the stacked MeMfhe authors estimate that about 40% of the water in a hy-
branes. The paper is organized as follows: In the next segfrated sample is tightly bound.

tion, we briefly discuss hydration water in stacked planar The MD simulations show that the water structure is
membranes based on literature. Section Ill gives details dighly perturbed by the presence of the two membrane sur-
the experimental setups used for neutron backscattering angces[29]. The analysis of orientational polarization, hydro-
diffraction on three-axis spectrometers. The correspondingen bonding and diffusion rates of the water molecules be-
results are presented in Secs. Il A and Il B and discussed ifween the membranes reveals a strong perturbing effect,
Sec. IV. which decays smoothly towards the middle of the water
layer. Bulklike water is only found at a distance of 10 A
away from the interfacial plane. But even there, the hydrogen
bonding pattern as well as diffusion rates show small but
significant deviations, in agreement with the experiments.

Il. HYDRATION WATER IN MULTILAMELLAR
ORIENTED MEMBRANE STACKS

Freezing of water in lamellar structuréBEPE, DEPC,
DOPQ was first reported by Gleesat al. [26] from x-ray
diffraction. Koniget al. [9] have investigated the molecular  Deuterated DMPC-d54(deuterated 1,2-dimyristoyl-sn-
dynamics of water in DPPC multilayers by quasielastic neuglycero-3-phoshatidylcholinevas obtained from Avanti Po-

Ill. EXPERIMENT
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lar Lipids. Highly oriented membrane stacks were preparedng intensity can be regarded as purely elastic, within the
by spreading a solution of typically 25 mg/ml lipid in excellent instrumental resolution rendering motions faster
trifluoroethylene/chloroform(1:1) on 2 in. silicon wafers, than approximately 4 ns already visible. Changes in this in-
followed by subsequent drying in vacuum and hydrationtensity may arise from either structural or dynamical
from D,O vapor[30]. Fifteen such wafers separated by smallchanges, i.e., shifts of correlation peaks or freezing of dy-
air gaps were combined and aligned with respect to eachamical modes. In connection with diffraction data, struc-
other to create a sandwich sample consisting of several thotdral changes may be separated from dynamical effects.
sands of highly oriented lipid bilayer&otal mosaicity of Thus, from FEW scans, information on the onset and type of
about 0.6%, with a total mass of about 400 mg of deuteratedmolecular mobility in the sample can be inferred and glass or
DMPC. melting transitions clearly identified and assigned to corre-
The experiment was carried out at the cold neutron backsponding length scales by analyzing the correspondng
scattering spectrometer IN1(B1] at the Institut Laue- dependence. The second type of measurement was per-
Langevin(ILL) in its standard setup with @i11) monochro- formed by Doppler shifting the incident neutron energy
mator and analyzer crystals corresponding to an incident antthrough an adequate movement of the monochromator crys-
analyzed neutron energy of 2.08 mefx=6.27 A (as tal. These energy scans correspond to a time range of motion
sketched in Fig. 1 Neutron backscattering was used to ob-in the sample on the order of T0s<t<107%s.
tain wave vector-resolved dynamical information with a high  In view of its entangled geometry, the application of the
resolution in energy transfer of about u@V FWHM. The  neutron backscattering technique for probing dynamics at in-
high energy resolution in neutron backscattering results fronterfaces is challenging. Nevertheless, we demonstrate here
the use of 90° Bragg angles at both the monochromator aniihe feasibility of backscattering on the lipid membrane sand-
analyzer crystal§32]. Thus in principle the precision in the Wich samples. Analogously to the three-axis experiments, the
determination of the neutron wavelength is only limited bySsamples have been oriented in the spectrometer to measure at
the Darwin width of the crystals usd@3]. In the existing Wave vector transfers parallel and perpendicular to the lipid
experimental implementations of the backscattering geom®embrane plane, respectively. The IN10 analyzers cover an
etry, contributions from the beam divergence and deviation&gular range of approximately 20° each, resulting in a

from exact 90° Bragg angles slighly deteriorate this preci_rather poorQ resolution(which does not allow to measure

sion. As is indicated in Fig. 1, in the IN10 spectrometer ad|ffract|on data to ql_et_ermlne, eg. the Iame_llar sp_aai@g
small deviation from exact backscattering occurs at th ut enhanced sensitivity for even very small inelastic signals.

monochromatofless than 1fto allow for the returning neu- ote that we are therefore not sensitive to shifts of correla-
trons to hit the deflector and subsequently illuminate thdlon peaks within this coars@ resolution and corresponding

sample inside the secondary spectrometer. The scattered néjr_uctural changes of the bilayers. The six discreteldetector
trons returning from the analyzers are detected in exact baclnges(Dl_Da of IN10 cover a totalQ range of 0.34 A* up

-1
scattering and thus may travel twice through the sample. Thi? 1.91 A%, namely

does not pose a problem since the total scattering probabilit

by the sample is always kept below 10%. The incident bearr;b etector CenteQ value Q range

is adequately pulsed, and therefore directly scattered neu- p1 0.5 A1 0.34 A1<D1<0.69 A1

trons can be discriminated from analyzed neutrons by their 5 0.86 Al 069 Al<D2<1.00 A1

flight time. _ _ _
The incident beam at the sample in our experiment was D3 118 A* 1.00 A*<D3<1.29 A™

about 3 cm wide and 4.5 cm high with a divergence corre- D4 1.42 K1 1.29 Al<D4<154 At

sponding to the critical angle of Ri The sample was D5 1.69 At 1.59 Al<D5<1.78 At

mounted in a hermetically sealed aluminum container within pg 1.85 AL 1.78 Al<D6<1.91 AL

a cryostat and hydrated from,D vapor. Saturation of the -
vapor in the voids around the lipids was assured by placinga The onset of molecular mobility can thus be measured
piece of pulp soaked in fD within the sealed sample con- separately but simultaneously for different moleculgr compo-
tainer. The pulp was shielded by cadmium to exclude any'ents at differenQ values and length scales. The_I|lp|d acyl-
parasitic contribution to the scattering. The hydration wahain correlation peak that occurs @ =1.42 A was
not controlled but we allowed the sample to equilibrate formainly detected in D4, as pictured in Fig. 1. l_\llotv_a that the
10 h at room temperature and for 2 h at 323 K before thdliffraction angle of(heavy bulk water (Q=2 A™) is not
measurements. We note that the absolute level of hydratiofiireéctly accessible on IN10 for geometrical reasons. The de-
of the sample is therefore not precisely knof3], but the tector at highest anglgD6), which is centered atQ
temperature of the main transition agrees quite well with=1.85 A%, covers aQ range of approximately 1.787A
literature values. We argue that the question of hydration~ @<1.91 A" and measures in the tails of the broad
might become more important when discussing relaxatiofheavy water correlation peak. D5 and D6 also cover the
times and diffusion constants while in this study we mainlyrange of the(hexagonal P6;/mmg ice Bragg peak$100),
concentrate on phase transitions and elastic scattering. (002, and (101) at Q values of 1.605 A, 1.706 A, and
Using the IN10 spectrometer, two types of measurement$-817 A, respectively. We have measured all scelastic
could be performed: First, fixed energy-window scans Cenand |n—)e|ast|¢also with the membranes rotated by 900, hence
tered at zero energy transféFEW scany have been re- with Q perpendicular to the membrane surfa€g,), as a
corded as a function of the sample temperature. This scattereference.
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FIG. 3. (Color onling Q,/Q, mapping of the diffraction signal
FIG. 2. (Color onling Diffraction data of a dryambient humid-  from the hydrated samplgel phaseT=18 °C). The corresponding
ity) and a hydrated sampler=18°C) taken on IN12 and IN3, Q,=0 section is shown in Fig. @N3 multidetector data The cor-
respectively. The scans cover terange of the correlation peaks relation peak of the acyl-chains exhibits the shape of a slightly bent
of the lipid acyl-chains and of water. TH@ coverage of the six Bragg rod, reflecting the quasi-two-dimensional liquidlike short
discrete IN10 detectors D1-D6 is indicated in the figyotted  range correlations of the acyl-chain positions.
lines mark positions of aluminum powder lings.

the hydrated gel phase, @t=18°C. The intensity distribu-

Complementary diffraction data have been measured otion reflects the quasi-two-dimensional liquid structure, as
the cold and thermal three-axis spectrometers IN12 and IN3liscussed in Ref[35]. The elongated rodlike peak can be
IN3 was equipped with its multianalyzer detec{@®4] to  understood by analogy with the well-known crystal trunca-
map out large areas of reciprocal space simultaneously, wittion rods in surface crystallography. This smearing of the
all analyzers aligned to a fixed final energy of the scatteredntensity in the perpendicular direction is also well known
neutrons of E;=31 meV. IN12 was used with fixed; from scattering of monolayers at the air-water interface.
=1.75 A! resulting in aQ resolution ofAQ=0.02 A2 For  Contrarily, the weak intensity at the water positi¢®,
the three-axis experiments, the sample was held in a ded2 A1) is truly isotropic and distributed over a Debye-
cated humidity chamber and—as for the backscatteringscherrer ring. Consequently, we expect a strong anisotropy
measurements—hydrated from the vapor phase. The use ofi@ the backscattering experiment at tRepositions of the
spectrometer to measure diffractienergy transfeAw=0)  |ipid acyl-chains, while scattering at the water position
has a particular advantage when working with partially deushould be isotropic.
terated and/or biological samples containing C, O, NjoH
D). As the downstream analyzer cuts out thethin the in-
strumental resolution elastically scattered neutrons, the B. Backscattering
quasielastic contribution to the background arising from in-

h L duced and the sianal : _ The intensity measured in the FEW scans is essentially
coherent scattering Is reduced and the signal to noise ratig,,,iyajent to the elastic structure facQ, w=0), except
drastically improved.

for minor temperature independent corrections, e.g., due to
) ) ] self-absorption or geometrical effects. In contrast to the x-ray
A. Elastic neutron diffraction or neutron elastic scattering factor, this is the true elastic
Figure 2 showsQ, scans of DMPC, measured on IN12 scattering component which is measured with the highest
and IN3 atT=18°C, for a dry(ambient humidity and a  possible energy resolution and minimal contribution from
hydrated (d,=58.5 A1) DMPC sample, respectively. The quasielastic or inelastic scattering. Changes in this intensity
measuredQ, range of 0.65 A'<Q,<2.25 A™! covers the are basically sensitive to dynamical changes, since the exci-
correlation peaks of the lipid acyl-chaif®, =1.42 A1) and  tation of dynamical modes will shift scattering intensity from
heavy bulk watexQ, =2 A1), which originate from the av- zero to finite energy transfer, out of the tight fixed energy
erage nearest neighbor distances of acyl-chains and watéfindow. Note that FEW data may include contributions from
molecules, respectively. The additional peak observed #goherentand incoherent scattering, i.e., from pair- and auto-
aroundQ,=0.7 A™* could be a contribution of the packing Correlated scatteringcollective and local modes:
of the lipid head groups in these gel or sub-gel phases, which Figure 4 shows FEW scans for all detectors in a tempera-
is usually not seen with x rays. But the exact assignment wilfure range of 200-315 K to map out the transition of the
need a dedicated study. As is well known, @eposition of dlfferen_t molecular components from immobile to mobile as
the chain correlation maximum shifts to smaller values upor function of temperature for the two setups, with the
hydration, reflecting the corresponding increase of the nearscattering vecto® placed in the plane of the membranes and
est neighbor distance. An additional broad peak appears &) perpendicular to the bilayers. Both measurements have
aroundQ, =2 A"1 (FWHM 0.4 A™1) and is attributed to the been taken while cooling with a constant rate of 0.1 K/min
water layer between the membranes. Figure 3 shows a maphd counting times of 5 min per point. Note that we are
ping of the elastic scattering intensity in tk®/Q, plane in  therefore not sensitive to possible temperature shifts smaller
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* D1.Q=05A" * D1:Q=05A" FIG. 4. (Color onling Fixed
D2:Q =086 A" D2:Q =0.86 A™ energy-window scans with the

¢+ D3:Q=1.18 Ai ¢ D3:Q=1.18 Ai scattering vectoé placed in the

s D4Q=142 é‘l s D4Q =142 1}'1 plane of the membrane&) and

b DSQLEIA" » D5Q=LEYA perpendicular to the bilayert).
D6:Q=1.85 A" D6:Q,=1.85 A° The curves are shifted along the

intensity axis for clarity. The
drawings show the orientation of
the scattering vectoé with re-
spect to the membrane stacks.
(Counting is normalized to
monitor)

normalized elastic intensity (arb. units)

220 240 260 280 300 220 240 260 280 300
T (K) T (K)

than the temperature resolution of about 0.5 K. The data areisible in detectors D4, D5, and D6. Note that D5 obviously
shown as raw data without any correction, solely normalizedtill shows traces of the freezing step in the lipid acyl-chains.
to the incident beam monitor. The contributions by the alu- Figure 6 shows the important temperature range around
minum can and cryostat and silicon wafers are in any casthe main phase transition for the D4 detector, which is domi-
temperature independent, as is the individual detector effinated by the lipid acyl-chain correlation signal. There is a
ciency and effects induced by the sample geometry. Note thaharp freezing step at=293 K, corresponding to the tem-
the wavelength used is too long to excite the aluminunperature of the gel-fluid phase transition in deuterated
Bragg peaks. The in-plane componei®,) in Fig. 4(a) DMPC. AboveT; up to about 302 K, we observe a regime
shows a distinct step in D4 8=293 K, which is the tem- with a smaller slope which coincides with the temperature
perature of the main transition from ti&g8’ (gel) into the  range of pseudocriticghnomalousswelling in DMPC, as it
fluid La phase of the deuterated DMPC bilayers. The transiwill be discussed below.

tion occurs some degrees lower in the deuterated compound Figure 7 shows representative energy transfer scans of the
(at 20.15C=293.3 K [36]) as compared to protonated deuterated DMPC membrane stack. The data have been
DMPC and is detected in D4, where the maximum of thetaken at three different temperatures,Tat250 K, 290 K,
static structure factor of the lipid chaifthe acyl-chains cor- and 300 K with a typical counting time of about 9 hours per
relation peakoccurs. A second, kinklike anomaly appears intemperature. For these scans, the detected neutrons are sorted
detectors D5 and D6 at aboli, =271 K. In the perpendicu- into discrete channels which are evenly spaced in the mea-
lar direction[Q, shown in Fig. 4b)], D5 and D6 display a sured voltage signal arising from an induction coil at the
similar temperature behavior as f@;. Thus, the scattering mechanical Doppler drive. The energy transfer is then calcu-
at the correspondin@ position can be concluded to be iso-

tropic. Contrarily, the two D4 curves alor@, and alongQ;,, x10”

respectively, exhibit different functional forms. In particular '

® DI:Q=05A"

the steplike anomaly &t;=293 K is lacking in theQ, curve, el
indicating an anisotropic scattering at thig This strong ig;jgj;;gg;_
D6:Q=1.85 A"

anisotropy of the acyl-chain correlations has been suggested
by the elastic intensity distribution in Fig. 3. It is therefore
not astonishing that temperature induced changes in the dy-
namics(within the experimental window of time and length
scaleg measured at the position of the acyl-chain peak is
also anisotropic.

To quantify the anisotropy of the elastic scattering, we
consider the intensity alon@, as backgroungFig. 4(b)] and
subtract these scans from the scans in FHig). & hus in Fig.

5 we plot the monitor normalized intensity differences i
lnorm(@r) — lnorm(@2). In this representation, isotropic contri- Cb ‘
butions to the signal cancel out, and anisotropic contributions 240 260 280 300
become more pronounced due to the background subtraction. T

Note that this intensity difference becomes negative if the ¢\ 5 (color onling Anisotropy of the elastic scattering signal
elastic contribution alon®;, is stronger than alon@; and  (see text for explanationThe mobile-immobile transitiofwithin

can no longer be considered as a background. This is the Cagf resolution windowis clearly different for the lipid chains de-

for the small angle detectors D1-D3, which are expected t@ctor and the water peak detectors. Characteristic steps indicating
pick up signal from the lamellar Bragg sheet tdit®nspecu-  the excitation of dynamical modésr freezing of modes upon cool-

lar reflectivity). As shown in Fig. 5, two well separated freez- ing) are observed &aF;=293 K (attributed to lipid acyl-chainsand

ing steps(immobile within the resolution window of the  at Ty, =271 K (attributed to the membrane wakeBolid lines are
lipid acyl-chains aff{=293 K and at about 271 K are clearly guides to the eygCounting is normalized to monitor.

elastic intensity difference

061908-5



RHEINSTADTEREet al. PHYSICAL REVIEW E 71, 061908(2005

IV. DISCUSSION

000 The backscattering detectors cover @eange of the cor-

relation peaks of the lipid acyl-chains, bulk water and ice.
The diffraction data in Figs. 2 and 3 show that the corre-
sponding correlations lead to signals in the neutron scattering
experiments and allow to study simultaneously lipid and wa-
ter dynamics in the backscattering experiment at the posi-
tions of the corresponding correlation peaks. In particular,
this study allows to discriminate the immobile-to-mobile

0.002

0.001

elastic intensity difference

0.0005 D4:Q=1 42 A" transitions of the lipid acyl-chains and the water. The dynam-
T-293 K ics of the membrane associated water is relevant for biologi-
' cal membrane function in the physiological temperature

00002, = >e0 290 300 31:) range. The neutron backscattering technique can contribute

T (K) to a quantitative understanding of the water dynamics in
membranes. Structural and dynamical changes can lead to an

FIG. 6. (Color onling Freezing of dynamical modes in the lipid increase or loss of elastically scattered intensity in the back-

acyl-chains, observed in detector m@®=1.42 A™). There is a  scattering experiment. A structural transition or change might

sharp intensity step a=293 K, corresponding to the temperature lead to a shift of correlation peaks, which then move out of
of the gel-fluid phase transition in deuterated DMPC. Abdyeip the respective detector. Slowing dowreezing with respect

to about 302 K there is a temperature region characterized by & the instrumental resolution and the accessible time win-

different, less steep slopienarked by the shaded ajedhis tem-  dow) of dynamical degrees of freedom gives a quasistatic

perature regime is also denoted as the anomalous swelling regimgontribution and leads to an increase in the elastically scat-
since the lamellar periodicityl, is known to show a continuous tered intensity. Because of the relax€ resolution, the
swelling in this range. backscattering experiment does not allow to probe s@all
shifts of the acyl-chain correlation ped#4] and we there-

) ) ) fore argue that we are basically sensitive to dynamical
lated from this voltage signal by using the known frequencychanges_

of the sinosoidal Doppler monochromator movement and the There is a sharp freezing step in the FEW scans in the

constant channel width in terms of voltage. Therefore, Weyetector located aD=1.42 AL, indicating a first order tran-
note that a systematic error may not be completely ruled oWjtion atT,=293 K. The onset of mobility in the acyl-chains
for the energy scale of the data. From the data, the onset ¢ the lipid membranes probably deviates from a simple
molecular mobility on the corresponding length scales can bgyelting transition, as suggested by the slow decrease of the
inferred. The presence of an elastic peak in the spectra poing§astically scattered intensity with temperature in the range
to static order over the experimental time window. Note thaby5g k< T<290 K (see Figs. 4 and )5 The melting (or

a fluid system does not show elastically scattered intensityyeezing of the lipid acyl-chains in DMPC and other lipids is
i.e., no order at infinitely long time scales. Even within thej,qeed of first order, but is known to show a pseudocritical
very limited statistics, the different dynamics are clearly Vis-gwelling, i.e., a continuous change of the lametiaspacing
ible, while the lipid acyl-chains melt between 290 and 300aboveTf (see Refs[37—4( and also of the inter-acyl-chain

K, melting at the water position already occurs between 25Qyrelation peak21]. The backscattering data probes the
and 290 K. temperature induced changes of dynamical modes with ultra-
high energy but very mode§ resolution. Here we observe

a region abovel; of T;<T<T;+9 K, with a smaller slope

)

L 001 o TEmeaTEL L T in the anisotropic elastic scatteritigig. 6) which coincides

2 ¢ T=300K,Q=1.42A7" ¢ T=300K,Q=185A"" well with the region of pseudocritical swelling. There is an
5 0.008 ¢ ongoing discussion abo@pseudgcriticality in lipid bilayers

) “ and the different contributions of water layer and lipids to the
g 0.006 & anomalous expansion. Pabest al. [41] report from x-ray

kS g : diffraction on DMPC bilayers that the anomalous swelling is
§ 0.004 ;ﬁ 5 essentially the result of an expansion of the water layer and
S 0,00 -3 .2 caused by increased fluctuations. They find a softening of the
% =g bilayer in the vicinity of Ty, i.e., a(smal) increase of the

< Caillé fluctuation parameter;. The present backscattering

study allows to assign the fluctuations to specific length
scales. The critical swelling regime is thus accompanied by

FIG. 7. (Color onling Energy scans at temperatufBs 250 K,  significant changes in the local and collective in-plane dy-
290 K and 300 K for theQ values 1.42 A! (lipid acyl-chain cor- nhamics (diffusion, density fluctuations, undulationsf the
relation peakandQ=1.85 A% (hydration water correlation pepk  lipid acyl-chains in the whole range of pseudocriticality
At 290 K, the water is already mobile within the experimental en-(within the accessible time and length scales
ergy resolution whereas the lipid acyl-chains are still frozen. A quantitative analysis of the step height in Fig. 6 shows
(Counting is normalized to monitor. that about 85% of the two-dimensional dynamical modes in

o (1eV) o (l(l)eV)
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the plane of the membranes freeze at the main transition d&us) swelling we find a continuous tail in the FEW scans at
T:. 15% freeze already in the region of critical swelling of the high temperature side of the freezing step, presenting a
the bilayers which may be accompanied by coexisting getleviation from the simplest scenario of a first order freezing
and fluid microdomains, as discussed in Hefl] and also transition. A second transition is observed Ta},=271 K
reported from NMR experiment§9] which we attribute to water molecules in the layer between
We attribute the second freezing transition @&}, the membrane stacks.
=271 K, which is observed in D5 and D6, to freezing of the  The experiment also provides a benchmark test for inelas-
membrane hydration water. Upon cooling, mobile bulkliketic neutron studies of planar, i.e., quasi-two-dimensional
water in the center of the water layer may leave the layer imembrane model systems. Neutron beams for high resolu-
between the membranes and condense as polycrystalline iien experiments are weak even at the most intense neutron
outside of the lamellar structure. Freezing of this water leadsources, and this restriction of the low scattering intensity
to disappearing of the respective dynamic modes and is rdias been successfully circumvented by stacking the mem-
sponsible for the sharp freezing step in Fig. 5. The polycrysbranes as described above. The data are, however, still in-
talline bulk ice then gives rise to an elastic contribution incomplete. In particular, the low count rate in the individual
detectors D5 and D6, as it is observed in Fig. 4. Unlike thedetector tubes does not allow for sufficient statistiig. 7).
lipid acyl-chains, the water shows a more gradual freezingTherefore, future experiments will be aimed at testing
Freezing of the hydration water is lowered by about 6 dewhether a quasielastic broadening indicating slow motion on
grees, as compared to pure heavy wa%erO) at 276.97 K. nanosecond time scales occurs in the planar lipid mem-
[42] The reduced number of hydrogen bonds for the interstibranes. In combination with the three-axis technique, where
tial water, which was found in MD simulationg29], might  collective short wavelength fluctuations in the picosecond
be responsible for the supercooling. An interesting result ofange are probed, the backscattering technique could thus
the present experiment is the fact that after subtraction of thgive access taelaxationson the same length, but in the
FEW scans along the two principal axis of lamellar symme-nanosecond time range. We also note that in the present
try, there is a residual excess scattering contribution also istudy both the lipid acyl-chains and the water were deuter-
the so-called water peak detectors. In other words, a fractioated. The experiment is therefore predominantly sensitive to
of the water exhibits anisotropic scattering, and the freezingletecting collective motions arising from coherent scattering.
step of this component can be probed. Further experiments will include a selective deuteration of
Below T, all detectors in Fig. 4 show an increase in thethe acyl-chains and the membrane water, respectively, to
elastically scattered intensity. It seems that the membranesask different types of mobility. In addition, structural infor-
become stiffer on all observed length scales upon coolingnation will be obtained by using diffraction detectors in par-
This reduction of dynamical modes may also be linked to theallel with the energy-discriminating backscattering detectors.
decrease of the interbilayer distance when water freezes outhe position of the reflectivity Bragg peaks and the lipid
acyl-chain correlation peak will allow simultaneous detec-
V. CONCLUSION AND OUTLOOK tion of the lamellar spacingl, and thickness of the water

) ) ) layerd,, as well as the ordering of lipids in the plane of the
We present the first neutron backscattering study to invesmembranes.

tigate molecular mobility of the different molecular compo-
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