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Abstract

Neutron scattering techniques have been employau/éstigate 1,2-dimyristoydn-glycero-
3-phosphocholine (DMPC) membranes in the form oftilmmellar vesicles (MLVs) and
deposited, stacked multilamellar-bilayers (MLBS)yering transitions from the gel to the
liquid phase. Neutron diffraction was used to cbimase the samples in terms of transition
temperatures, whereas elastic incoherent neutratiesag (EINS) demonstrates that the
dynamics on the sub-macromolecular length-scalepaecat to nano-second time-scale are
correlated with the structural transitions throughdiscontinuity in the observed elastic
intensities and the derived mean square displacsmigolecular dynamics simulations have
been performed in parallel focussing on the lengtime- and temperature-scales of the
neutron experiments. They correctly reproduce thectural features of the main gel-liquid
phase transition. Particular emphasis is placedhendynamical amplitudes derived from
experiment and simulations. Two methods are usedntlyse the experimental data and
mean square displacements and they agree withagtarfof 2. Mean square displacements
obtained directly from simulations show a compagdblel of agreement with experimental
values. Experiments and simulations together gherefore a consistent picture of the
structural and dynamical aspects of the main Itpaahsition and provide a basis for future,
theoretical modelling of dynamics and phase behaviomembranes. The need for analytical
models is highlighted by the remaining discrepamecydynamical amplitudes between
experiment and simulation which, together with thignificant differences between
amplitudes derived in different ways from experita¢ndata, points to the need for a

systematic study of a wide range of systems.



1 Introduction

A detailed understanding of lipid systems is ofgmaount importance in biology, as each type
of cellular membrane contains its own lipid comgosi, which is characterized by its
chemical nature, chain length and degree of sa@uaraCell membranes can in fact be
composed of more than a hundred different typedipads. They are not only structural
elements, but also have a key role for the spégifof biological properties of the membrane.

For a more complete overview, see the textbook.d¥Quritsen [1].

Although 1,2-dimyristoykn-glycero-3-phosphocholine (DMPC) is among the nsistlied
lipid systems, both experimentally and by molecudgnamics (MD) simulations, direct
comparisons between the corresponding data, wihithil @oerforming the simulations in
conditions matching those of the experiments, ageurepresented. It is well-established by
a number of groups that atomistic simulations aasugately reproduce a range of, typically
structural, membrane properties [2, 3, 4] with msoopic dynamics being less extensively
investigated and validated. Some relevant exampées however, be found in [5, 6, 7].
Experimentally, mainly the mechanisms behind lipichse transitions have been investigated
using methods sudds calorimetry [8], electron paramagnetic resong@gedilatometry [10,
11, 12], light transmittance [13, 14], Fourier s&orm infrared spectroscopy (FTIR) [15] and
small angle scattering of neutrons (SANS) or X-rggaXS) [16, 17]. Neutron and X-ray
diffraction [18], spectroscopy [19], reflectometf30] and solid-state NMR [21] have also

given information on the structure and dynamiceoflel lipid membranes.

The complexity of working both experimentally andthwsimulations on membranes may
explain in part why these complementary approatiza® not been brought together more
often in the past. In this work, we have therefmoembined calorimetry and neutron scattering
experimental techniques with atomistic simulatiolstng the NAMD-2.6 program [22] and
the CHARMM36 force field [23] to develop a quanti¥@ comparison between the
experimental and computational models of lipid meank structure and, in particular,

dynamics.



A recent survey of neutron scattering, MD and tb&oal studies of bio-molecular dynamics

revealed about 50 papers based on simulations, @0¥hich were focused on 4 proteins

[24]. About 15 of the 50 papers made direct congaaribetween experimental and simulation
data although, as a rule, both types of work weréopmed and published independently and
similarity in trends between experimental and satioh results were sought. Given the

increasing availability and use of MD, it is timdly perform a careful, direct comparison of

experiment and simulation, especially for the dyitanof a reference, membrane system —
DMPC.

In this work we have concentrated on multilameNasicles (MLVs) and multilamellar
bilayers (MLBSs), see figure 1, in membrane systemasle of DMPC, which are often used to
mimic their more complex, natural counterparts elé membranes because of their similar
thermodynamical behavior. As a function of molecygaometry, temperature, concentration
and hydration, the lipids self-assemble in diffénghases, such as micelles, MLVs, lamellar,
cubic or hexagonal phases. Whereas MLVs are uspafipared with an excess of water,
laterally ordered systems can occur in differerdrhtion states going from completely dry to
fully hydrated. It is very difficult to reach fullydration, as it depends sensitively on the exact
temperature and sample surface area [25] and ontlwample is prepared and conserved
during the experiment to avoid uncontrolled watechange between the sample and the

environment.

Focusing on bilayer-type structures, the commotigeoved fully hydrated, lamellar states
are (see figure 2):

a) L phase: the lamellar crystalline phase is the moigred one at low temperature. In
this phase, lateral lipid diffusion is mostly abisen

b) L phase: In this so called 'gel'’ phase, the lipiciioB are ordered in the all-trans
configuration. The prime indicates that the alkighins are tilted with respect to the bilayer
normal. In the case of DMPC, an angle of about BO%bserved (the exact value is
temperature dependent). The high degree of chaler deads to a quasi-crystalline order of
lipids within the individual lamellae.

c) B phase: the 'ripple’ phase. This phase dussexist in all phospholipids. If existing, it
is formed prior to the main phase transition. lhieks one dimensional ripples on the

membrane surface. Close to the main phase tramsitioo-existence of rafts of [domains in

4



a Ry continuum and of ¢ domains in an & continuum with increasing temperature was
observed [26].
d) L, phase: the liquid-disordered or fluid phase. Tdrgytrange in-plane order is lost. This

corresponds largely to the physiological stateeitsc

The various types of lipids have different main gghé&ransition temperaturesg, {between the
gel and the fluid phases), depending on the intienas between lipids and thus on their chain
lengths, saturation, polar head group charges,Setame of their characteristics can be found
in [8, 27, 28]. If the external conditions (salipitpH, hydration, pressure or temperature)
require it, the cells have the capacity to adagtlifiidic composition of their membrane by a
metabolic response. Such processes lower conslgdhabphase transition temperature and
help the organisms to survive, if necessary. On dhetrary, low hydration provokes an

increase of |, [29].

The exact temperature of the phase transition glyathepends on the mesoscopic shape of
the aggregate [30, 31], that is on its curvatures gienerally believed that the phase behavior
is the result of a competition between the eldstie energy, depending on the intrinsic radius
of curvature when packing many lipids together, @né resulting hydrocarbon packing

strains [8]. Curvature is clearly coupled with jpzet size and with the degree of hydration.

Core fluidity is an important concept in membranggh respect to their mechanical

properties as it allows for overall membrane defiton from the average shape and
diffusion of embedded components within the memérigself. The lipids (and proteins) can
undergo different motions within the membrane, frample vibrations, rotations and

translations up to exchanges from one layer tather (flip-flop), all of them corresponding

to characteristic time-scales [32]. An experimeri&dhnique to observe short range lipid
dynamics and phase transitions at time-scales erottler of pico-nanoseconds (ps-ns) is
elastic incoherent neutron scattering (EINS). Nmutwavelengths (A to nm) span inter-
atomic and inter-molecular distances making neuspactroscopy sensitive to motional
amplitudes in macromolecules. In particular, inaehé neutron scattering provides detailed
information on the motion of the Hydrogen (H) atommesent in the sample as their
incoherent scattering cross section exceeds larfedge of all other atoms present in

biological samples. Motions occurring within thensstime window are of particular interest
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since they cover the crossover region from localitaions to slower processes involving

collective motions of the whole membrane, like begd

However, despite the investigations by neutrontsdag and nuclear magnetic resonance
(NMR) of S. Konig et al. published in 1992 [33] ab®94 [34], and many efforts to elucidate
different aspects of lipid movements [see, foranse, 35, 36, 37, 38], a complete theoretical
model taking into account all possible lipid mosprand a theory explaining lipid phase
transitions, does not yet exist. It could, for exdan provide a model for the motions of head
groups and tails of lipids giving a relevant exgpies for the elastic incoherent structure
factor (EISF). In this context, MD simulations bew an essential source of accurate
microscopic details on such systems, provided tiney closely reproduce the experimental

data.

We have thus measured structure and H-diffusionDMPC MLVs and MLBs on
diffractometers and spectrometers at the Institatid Langevin (ILL), Grenoble, France.
Diffraction and calorimetry were used to charazerthe samples prior to spectroscopic
measurements. We have focused on the correlatibmebe structural and, particularly,
dynamical aspects of the phase transitions andvelvthey are reproduced by simulations
performed, as far as possible, under the same tommgli Correlation functions calculated
from MD simulations highlight the known limitatiord the Gaussian approximation which is
widely-used to obtain the mean square displacefnemt experimental data. For this reason,
a second method, which uses the full range of exjeetal data, has been used to determine
dynamical amplitudes.

2 Experimental details
Sample preparation
For all sample preparations, DMPC was purchasedereifrom Lipoid (Ludwigshafen,

Germany) or from Avanti Polar Lipids (Alabaster, A)Sand used without further

purification.

To produce DMPC MLVs, about 100 mg of lipid powaere placed in a flat sample holder
and hydrated in a desiccator from purgor two days at 40°C. Additional heavy water was

added to achieve a sample with an excess of wa&r In order to verify that the sample

6



preparation reproduces the well-known transitiomgderatures observed in MLVs, for the
pre-transition at 13°C (286 K -p)fand for the main phase transition at 24°C (297 'K,),
differential scanning calorimetry (DSC, MicroDSC t&am Instrumentation (Caluire,
France)) experiments were carried out prior torteetron scattering experiments. The DSC

measurement on the MLV sample was performed orirgpat a rate of 24 degrees per hour.

DMPC highly-oriented, MLBs were prepared on Si wafand hydrated with heavy water.
We used the “rock and roll” method following a mootl described by Tristram-Nagle and
co-workers [39]in which DMPC powder was depositeth a Si(111) wafer of dimensions
30x40x0.38mmby evaporating from a trifluoroethanol:chlorofornixtore (2:1, v/iv).After
deposition, the wafer was dried over silica gel 2odays in a desiccator. The sample was
rehydrated from pure J® at 40 °C to achieve a high hydration level. Héegathe hydrated
state refers to at least 14 water molecules pit Vijnereas the dry state means about 2 water

molecules per lipid. One wafer contained a totabam of~ 35 mg of lipids.

Both MLVs and oriented, MLB samples were then ptice slab-shaped aluminum sample
holders, gold-coated to prevent sample contaminaBample cells were sealed using indium
wire and the weight of the sample was monitoredteetind after the experiment, with no
change observed indicating a stable level of hyainat

Neutron scattering experiments

The sample structures were first characterizetieasmall momentum transfer diffractometer
D16 [40] (ILL) by a8-28 scan, with incident neutron wavelengtks 4.75 A. The diffracted
neutrons were recorded on a two-dimensional, aegectbr. From the angl the modulus of

the wave vector transfer Q can be calculated throug

an .
=—sin@
; ©6) (1)

and the corresponding d-spacing of the lamellae is

d=2"

Q- (2)



The lamellar spacing found for close to fully hyca DMPC samples can vary between 50
and 62.7 A [41], depending on temperature and xaetesample preparation conditions. The
mosaic spread of MLB’s was determined from a roglsnan in which the sample is rotated
with respect to the incoming beam-éxis) to cover the full width at half maximum (FWH

of the first order (001) Bragg reflection. The miosspread is an indication of membrane
order relative to the mean orientation of the mambrstack. A typical value of the mosaicity
for solid supported membranes is ~1° or less oeeeral thousands of bilayers and was

confirmed here.

For dynamics investigations, EINS temperature seare performed on the thermal neutron,
backscattering spectrometer IN13 [42] in the cd9dld/s and on the cold neutron, time-of-
flight spectrometer IN6 [43] in the case of MLBdélprecision of temperature determination
is about £ 1 K for both instruments. IN13 givesegxto high momentum transfers (0.2 < Q <
4.9 A% with an almost Q-independent energy resolutiorBqfeV (FWHM), due to the
incident wavelength ok = 2.23 A. On IN6, the incident wavelengkthof 5.1 A gives an
elastic energy resolution of 90 peV (FWHM) and mataen transfer range of 0.44 < Q < 2.0
A, The corresponding, accessible time and lengtlesamn the spectrometers are given in
table 1.

The elastic scattering intensitieg & S(Q,w = 0)) were corrected for the empty cell (+ clean
wafer contributions for the membranes) subtractirgcorresponding measurement from the
sample intensity. They were further normalized widspect to vanadium, a dominantly
incoherent scatterer, to correct for detector igfficy variations. In order to avoid multiple

scattering, the sample thickness was calculatgd/goa transmission of about ~90%.

Atomic mean square displacements (MSDf><were extracted from the elastic intensities

through
Inl, = ——<u2>Q2, 3)

in the low Q-range, where the Gaussian approximd#d] is valid [45]. They represent the
harmonic motions of the atoms around their equilior positions and reflect the global
flexibility of a sample. The phase transition oé fipids is seen as a pronounced change in the

temperature dependent behavior of the elastic sitieas the lipids enter the fluid phase. On
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IN13 the Q-range of 0.5 to 1.48 was chosen to extract the MSD in the Gaussian
approximation (MSRa) (see Electronic Supplementary Information, figure Summed
elastic intensities reveal directly the phase ftams and they were calculated taking into
account the whole Q-range available on IN13: A3< Q < 4.9 A'. On IN6 we used the
elastic intensities summed over all Q-values ull.® A?, to exclude the coherent chain
correlation peak for MLB’s around 1.48*ATo determine the MSE\ from the IN6 data, Q
values up to 0.69 Awere used. The measurements on oriented membwaresperformed
with the sample at an angle of 135° with respet¢hé&incoming beam, where the momentum
transfer Q is predominantly oriented parallel te tmembrane surface to detect in-plane

membrane dynamics [46].

The Gaussian approximation restricts to low Q, hicl the linearity between In(l and G

in equation 3 is satisfied, but the experimentahdhat can be used to determine the MSD
and the result can depend sensitively on the sele@trange. We have therefore also used a
non-Gaussian model, presented in [47], to extrasanmsquare atomic position fluctuations
(MSPF) from the whole Q range. Thus two experimled&erminations of the dynamical
amplitudes can be compared with the MSD from the $itBulations, in all cases taking into

account the energy resolution of the spectrometers.

Heating rates for neutron measurements were detednito a large extent by the
measurement time per point on the correspondingum&nt. On D16, the temperature was
increased by 3 degrees per hour. On IN13, eachetetyve point was measured for 10 hours
with an additional hour for equilibration — the m@sponding heating rate was about 3 hours
per degree. On ING, the heating rates were 24 deguer hour from 240 to 280 K and 9
degrees per hour from 280 to 340 K, because neutrtnsity decreases with rising
temperature. These heating rates were based omoypseexperiments and there was no
evidence of hysteresis in the measurements orthleasamples did not reach equilibrium at

each temperature.
Molecular dynamics simulations

The NAMD-2.6 program [22] with the CHARMMS36 forcéeld [23], including the TIP3P

model for water, was used in this work. Three lipithyer models containing 72 DMPC



molecules (36 lipids per leaflet), with differentdration levels of 2, 12 and 25 molecules of
water per lipid, thus spanning from dry to full hgtion, were prepared using the CHARMM-
GUI membrane builder [48]. MD simulation productiaims of equilibrated systems were
performed at 8 different temperatures (280K to 350KLOK steps), covering the expected
gel-liquid transition temperature around 300K arghbr temperatures at which the gel-liquid
transition is sometimes observed in lamellar memdésaby EINS. In addition, the wide

temperature range is well-adapted for the dry mamdar The size and contents of the
simulation box were chosen to cover the dynamieagith-scale and with consideration for
the large number of simulations to be performedh24 runs exceeding a total simulation
time of 2.4us. This simulation box is similar to that used they work [49], but is smaller

than that in more recent work which focused on awly temperatures [50].

The simulation protocol consisted of two distintgps used to bring the initial temperature
state to 280K. First, fOsteps of energy minimization using the conjugatelignt method
were performed in order to remove any close costacm the starting structure. In the
second step, the system was progressively heaigd@K to 280K by steps of 20K in order
to smoothly bring the system to the target tempegeatEach heating step was performed
using the NVT ensemble for 10ps with a time stefdfsf Langevin dynamics was used to

control the temperature.

Thereafter, each of the three differently hydrasmagtems underwent equilibration and
production runs. The equilibration was performedngisthe isothermal - isobaric NPT

ensemble over 100ns with a time step of 2fs. Laimgdynamics and the Langevin piston
method were used to control the temperature argbpre. The production run was performed
in the NPT ensemble over 5ns with a time step &f In all the simulations, the non-bonded
interactions were cut off at 12A, with a smoothtshing function from 10A, and long-range

electrostatic interactions were computed usingstheoth Particle Mesh Ewald method [51]

with a grid spacing of 1A,
Subsequent higher temperature simulations wereoqeeid sequentially, the last structure

from the production run being used as the inputtiernext equilibration run. A partial set of

simulations, performed on cooling, indicated tiaré was no hysteresis.
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3 Results and Discussion

MLVs

Figure 3 shows the experimental data for MLVs fiod6 and DSC. The isotropic diffraction
patterns were radially integrated for every tempeeastep to result in the color-coded figure
of the intensity as a function of the scatteringlar® and temperature T. The two phase
transitions clearly appear around 13 °C (286 K) 22 °C (295.5 K) as a Q-displacement of
the inter-lamellar Bragg peak. This is in very gaagteement with DSC which shows the
expected pre-transition and main phase transitidi?al °C (285.6 K) and 24 °C (297.1 K),
respectively. From the Bragg peak, a d-spacing27 &\ at 30 °C in the liquid phase is
determined, in accordance with literature values].[Zhis d-spacing corresponds to the
highest hydration, e.g. more than 40% weight ofewatcording to Janiak et al. [41], which

gives a molar ratio of water and lipid (n) of Ry = ny/n_> 25 [52].

EINS data from IN13 are shown in figure 4. Scattargensities, summed over the whole Q-
range are given in figure 4, and the M&Dand MSPF are shown in figure 8. The jump
between 22 °C (295 K) and 27°C (300 K) indicates miain phase transition, but the pre-
transition does not generate a change in scattelgtgctable by EINS. The slope of the
summed intensities is slightly different before aaftier the transition since, taking into
account the whole Q-range, smaller amplitudes dionare included which contribute more

in the gel and ripple phase than in the fluid phase

MLBs

The hydrated, MLB sample was again first charazgeriby diffraction on D16 (see figure 5).
The Bragg peak corresponding to the inter-bilayetadce and its two higher order
counterparts, dominate the diffraction pattern. Men transition occurs at about 30 °C (303
K), which is 6 °C higher than in the MLVs, as exigel; since the membranes are less
hydrated [17, 41, 53].
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The d-spacing of 50 A at 37 °C (see arrow in fige@), corresponding to about 14 water
molecules per lipid, allows a comparison with earimeasurements of Janiak et al. [41]
indicating a hydration level of about 27 - 28 % g¥aiof water. According to Janiak et al.
[41] and Smith et al. [54], DMPC does not reveal tipple B phase if the sample is not fully
hydrated (below 20% of water content). The nomimalration here is slightly higher and
figures 5A and 5C indicate indeed a small displas@nof the Bragg peak, corresponding to

an increase in the d-spacing between 23 and 2&hich may be a hint of the pre-transition.

Figure 6 reports the in-plane summed intensityueefs for oriented DMPC MLBs measured
on IN6 on heating from 240 to 340 K. No Bragg peakse observed due to crystalline water
at any of the measured temperature points. A ‘katklibuted to the main phase transition
temperature occurs close to 30 °C (303 K), in gageeement with the diffraction results. On
the right scale of figure 6, results from IN13 agported on dry membranes. No kink or step
is visible in the dry sample which remains in tle¢ ghase within the investigated temperature
range. For a dry sample, the transition is indegubeted at much higher temperature (around
84 °C — 357 K) [55], which could not be reachedhwibhe experimental setup. Thus the
structural rearrangement around the gel-liquidditeon is accompanied by a step change in

the amplitude of motion revealing the correlati@ivizeen structure and dynamics.

Molecular dynamics simulations

MD simulations for the three levels of hydratiore analyzed for comparison with the
experimental data. The membrane model hydrated Wdtimolecules of water per lipid is
matched with the MLB data measured on IN6, whike tiembrane model hydrated with 25
molecules of water per lipid is compared with theMWdata measured on IN13.

As has been done in similar simulation work [5®ustural features of the simulated models
were tested first. The area per lipid is shownigmirie 7 as a function of temperature for the
dry and hydrated membranes. Structure snapshatstfre gel and liquid phases are shown in
figure 2. For all three hydration states the gelgghis equilibrated at 280K and in reasonably
good agreement with the known experimental valudg#f? for the area per lipid [39]. For
the dry membrane, increasing temperature causdgtda decrease in the area per lipid
reaching a minimum at 320 K, suggesting that tix$esn with very little water actually takes

several 100ns to fully equilibrate. An increaseanmea per lipid is observed at 350 K. In
12



contrast, the hydrated membrane shows a markecaser in the area per lipid, to
approximately the experimental value of 60.6[A5] around 300 K, which is therefore the
gel-liquid transition temperature in these simwlas. Thereafter, thermal motion causes a
progressive expansion in the plane of the liquidnim@ne. As the system is isolated from the
environment in both the simulation and the expenitnim-plane expansion results in thinning

perpendicular to the plane together with a chammsig decrease of about 2% [22].

The order parametercs (%{3&'0329— 1)) where @ is the angle between CH bonds and a

reference direction, here the z-direction, for Gna along the tails has also been calculated
for hydrated membranes.c;$ describes how much the DMPC tails are extended isnd
dependence on GHyroup and temperature agrees well with the NMR suesanents (see
ESI, figure 2).

Simulation and experiment are also consistent imdeof the dynamical transition,
corresponding to local motions of sub-macromolecgtaups, as evidenced by EINS. MSDs

have been calculated for time intervaldbfrom the MD trajectories through
- _ 2
MSD (&) = {|r (t + &) - (1)), @

wherer(t) is the position of an atom at timend r(t + &) at a timed later. For MLV’s, the

MSD from the membrane model hydrated with 25 waterdecules per lipid at 100ps,
corresponding to the resolution of IN13 (see ERgure 3), is plotted in figure 8 along with
the MSDs;a and MSPF extracted from the corresponding expetah@lata. In this case, the
experimentally determined MSJR is significantly smaller than that obtained from
simulations. However the MSPF is about twice asasighe experimental MR across the

whole temperature range and is in better agreemigéimthe MSD from simulations.

For MLBs, the MSD from the membrane model hydratgti 12 water molecules per lipid at
10 ps, corresponding to the resolution of ING,|attpd in figure 9 along with the MS42 and
MSPF extracted from the corresponding experimed#da. All data show a step in the
dynamical amplitude at approximately 300K. The expentally determined MSE} is in
guantitatively good agreement with that obtainedmfr MD simulations, whereas the

experimental MSPF is approximately 40% higher alf0@X.
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Figures 7, 8 and 9 show that the temperature ofgdldiquid phase transition is well-
reproduced by the MD simulations of the hydratednimeanes and that the dynamical
amplitudes obtained from simulations are also iodgagreement (within a factor of 1.5) with
experimental values, given that these vary by tofae2 depending on the analysis method.
This level of agreement for dynamical amplitudecasnparable to that obtained by us in
previous work on myoglobin [56] between the MSD nfroMD simulations and the

experimentally-determined M.

Simulations offer the possibility to discriminatettyeen parts of the lipid. Figures 8 and 9
also show the contribution to the total MSD frore tipid head group and tails. The tails have
a slightly higher MSD than the head group and, amtipular, the tails show clearly the
dynamic transition whereas for the head groupsntuch less pronounced.

Finally, figure 10 shows the projection of the M8 the hydrated membrane in the plane of
the membrane (XY) and in the perpendicular direc{it). The trend in the calculated data —
the amplitude of in-plane motion is bigger thant tinathe perpendicular direction — has also
been observed experimentally [57]. However thedropy is slightly more pronounced in
the calculations (about a factor of 1.5) comparcethé experiment (about 30%). The angular
integration in the experiment which partially a\gga over a range of membrane orientations
contributes to this discrepancy.

4 Discussion and Conclusions

Diffraction (and calorimetry in the case of the Mé\shows the effect on the main gel-liquid
phase transition of membrane geometry. For MLVs tlicurs at 23 1 °C (296+ 1 K) while

for MLBs (about 14 water molecules per lipid) thenisition temperature is shifted about 7 °C
higher to 30t 2 °C (303t 2 K). EINS data shows that molecular motions,@rhicroscopic
length-scale of several A and the time-scale ohfisehange at approximately the same
temperature as observed by diffraction and caldryn&or MLVs, the temperature resolution
of the EINS experiment was 2.5 °C and the dynantreaisition was observed between 25 °C
and 27.5 °C, slightly higher than for the struckuransition. For MLBs, the dynamical

transition is observed at 29 2 °C (302+ 2 K) matching well the structural transition
14



temperature. A discrepancy of a degree or two éetwdifferent observations of,Tis
assigned to the fact that one diffractometer and spectrometers were used with their
specific sample environments. The effect of hydrathas been investigated for the MLBs, a

dry sample not showing any evidence of a dynanpibake transition up to 57 °C (330 K).

MD simulations show for the hydrated MLBs, throwgid above J, that the MSD increases
significantly and that the microscopic dynamicadl atructural transitions, as shown by the
MSD and the surface area per lipid respectively, @erfectly concurrent. The temperature
precision in the MD study is 10°C and the main sraon is observed above 17 °C (290 K)
and by 27 °C (300 K), for 12 water molecules ppidliin good agreement with experiment —
30+ 2 °C for MLBs. For 25 molecules per lipid, thensdion occurs above 27 °C (300 K)
and by 37 °C (310 K), compared to 22 °C for MLVs. Given the 10 degree temperature
interval between MD runs, the maximum discrepanetyvBen the simulations of these two
hydration levels is 20 degrees and the minimumreEncy is O degrees. The transition
temperature for these two levels of hydration ipeted to be the same [41] and a smaller
temperature difference between MD runs would allbws to be verified. As in the
experiment, MD simulations show that dry membraregsain in the gel phase up to 57°C,
after which there is an up-turn in the surface grexalipid (figure 7) and in the MSD (figure
9).

MD simulations accurately reproduce structural peeiers like the surface area per lipid
(figure 7) and the order parameter (Ejure 2), which describes the folding of chains, f
MLBs. Some of this data (surface area per lipiddatually used to refine the force field, in
which case the agreement simply validates the sitioml protocol used here. Interestingly,
the dynamical description of the lipids is in geallgrgood agreement with that obtained from
experiments. Dynamical amplitudes have been demx@erimentally with two methods, the
Gaussian approximation (M&R) which only exploits low Q data and the MSPF whides
the whole Q range of data. The difference betwbesd two analyses is about a factor of 2,
the MSPF being bigger than the M&Dfrom the Gaussian approximation. In principle the
MSPF should give a more accurate value for the myeel amplitude, to be compared with
the MSD from simulations which is free of any appneations and effectively integrates over
the whole Q range. In the case of MLVs (figuretBg MSPF is about 20% lower than the
MSD from MD simulations of the highest hydrated nibeame. For MLBs, the MSPF is about
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40% higher than the MSD from simulations. In teraisdynamical amplitudesvMSD or
VMSPF), the agreement between experiment and siiowldas therefore within 20%.
Simulations show that the dynamical changes oca@inlynfor the lipid tails in the membrane

plane (figures 8 and 9).

Given this level of agreement between experimedtsmulation that have been performed
concurrently, the dynamical features of the atamisimulation could reliably be used to
build an analytical model of lipid dynamics in menabes to analyze more extensive, quasi-
elastic neutron scattering data and therefore ksitad coarse-grained, theoretical description
of membrane dynamics and phase behavior based tetutar dynamics. The need for a
realistic, physical model of membrane dynamicsralyze experimental data is highlighted
here by the good but certainly not perfect agre¢rbetween experiment and simulation, so
experiment has a key role to play in determiningadgical amplitudes and time-scales, based
on an appropriate physical model.

Finally the agreement between simulations and éxgert analyzed with different methods is
now close enough to motivate a systematic, cohesterty of the available, large body of
experimental and simulation data. The goal wiltdeetermine the merits and limitations of
experiment analysis methods and the most accurajetaw compare with simulation data,
This will, for example, involve extending the MSded analysis of simulations used here,
with a time cut-off corresponding to the instrumeasolution, to the full calculation of
neutron scattering spectra, including their conttofuwith the precise instrument resolution

function, which can then be treated in exactlydhme way as experimental spectra.
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Figure and table captions
Figure 1: Lipid polymorphism: MLV and MLB.
Figure 2: Schematic representation of the different lipidggsf DMPC at full hydration.

Figure 3: Color-coded intensities of DMPC MLVs as a functioihthe scattering vector Q
and temperature T. The 001 reflection of the thdiséinct phases is clearly visible while a
weak signal only visible in thegPphase corresponds to the in-plane period of ith@es. The
white line represents a DSC measurement, repodsatally as function of temperature.

Figure 4: Summed elastic intensity of DMPC MLVs as a functed temperature. The lines
are guides to the eyes and the dashed line indi¢hte phase transition temperature from
diffraction (figure 3).

Figure5: A — Color-coded intensities of DMPC MLBs as a flime of momentum transfer Q
and temperature T. First, second and third ordeag@rpeaks are clearly visible. B —
Intensities as function of Q in the phases belod @move the main transition. C — Extracted
lamellar d-spacing as function of temperature. ™ashed line marks the main phase
transition and the red arrow indicates the poinictvlwas used to determine the hydration
level.

Figure 6: In-plane, summed elastic intensities versus TtHerDMPC MLBs (IN6). The lines
are guides to the eyes and the dashed line indi¢hte phase transition temperature from
diffraction (figure 5). In comparison IN13 in-plarsammed intensities are shown for dry
membranes on the right scale.

Figure 7: Surface area per lipid as a function of tempeeafar three hydration states: dry
membrane (red triangles) and membrane hydrated ahd 25 water molecules per lipid (full

and hollow blue squares). Error bars, derived feamulation cell fluctuations, are typically +

1A2, Experimental values for the gel and liquid phasssgiven in the text, are also indicated
as stars for the liquid and gel phases, respegtividie dashed vertical line indicates the
measured phase transition temperature.

Figure 8: MSD of MLVs as a function of temperature and hyidra obtained from data
simulated for the 100 ps time interval and measuredN13. Simulated data are in blue.
Experimental results were extracted as MSPF (in aed MSa (in black) and both are
shown for comparison. The contributions of the hgexip and tails of hydrated DMPC are
also shown. The dashed vertical line indicateptiase transition temperature.

Figure 9: MSD of MLBs from MD simulations taken for th@ ps time interval compared to
MSDga and MSPF data from IN6 as a function of tempeeat@imulated data are in blue.
The MSPF is in red. The experimental M§Ddata (in black) were rebinned in order to
reduce the statistical variation. The contributiohshe head group and tails of the MLBs are
also shown. The dashed vertical line indicategptiase transition temperature.

Figure 10: MSD from MD simulations for the 100 ps time windoas a function of
temperature for the hydrated membrane (at 12 anda2&r molecules per lipid) in the plane
of the membrane (XY) and in the perpendicular dioec(Z).

Table 1. Characteristics of the spectrometers at ILL usetthis study.
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Figure 8 :
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Figure 10:
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Table 1:
Spectromets ING IN13
Wavelength [A 5.1 2.2t
Accessible (-range [/] 0.4-2.C 0.2-4.¢
Lengtt-scale [A 3-16 1-6
Resolution FWHM [peV 90 8
Time-scale [ps 10 10C
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Electronic Supporting Information (ESI)
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Figure 1: Fits of the In §(Q) versus ®in case of MLVs (left) and MLBs (right) measured o
IN13. Whereas the curves are nicely linear in a#skILVs, the coherent chain correlation
peak is clearly visible for MLBs below the gel ts#tion. Therefore we fitted only points
below the corresponding Q-value.
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Figure 2: The order parametergas a function of C atom in the hydrated membrakd’D
tails and as a function of temperature. Experimerglues at 300 K are taken from reference
(46). The top two curves (280 and 290 K) are fa& ¢el phase, whereas all other curves
below are in the liquid phase.
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MSDs versus time frames, corresponding to diffemestrumental energy resolutions: Atomic
mean square displacements are calculated by amgrager increasing time frames chosen
along the particle trajectories.
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Figure 3: Log-log plot of the MSDs versus time frames cadted along the trajectories of
the production run of 5 ns for the fully hydratedmbrane - 12 water molecules per lipid.
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