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We present experimental measurements and analysis of the dynamics and the phase behaviour of saturated
DMPC and unsaturated DOPC oriented multi-lamellar bilayers. Elastic and inelastic neutron scattering were used
to directly probe the dynamical processes of these membrane systems on time and length scales relevant to the
internal and localized motion of lipid monomers. Mobility in this regime can be informative in elucidating
the local interactions responsible for material properties of these fluid lipid systems. DMPC and DOPC are
structurally similar in terms of their membrane hydrophobic thickness; however, they exhibit different
mechanical properties in terms of both elastic compressibility and bending moduli. The analyses suggest that the
constraint imposed by the double bonds in DOPC acyl chains restricts atomic motion in both liquid and gel
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phases compared to DMPC. We discuss applications of molecular dynamics to further elucidate the atomic
details of the dynamical processes. Such an understanding may suggest how membrane properties can be
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Introduction

The dynamics of biological membranes are important for many
processes including the transport of small molecules, gating
and function of transmembrane proteins and the architectural
re-shaping of membranes for example in vesiculation or cell
motility. For many of these processes, flexibility and membrane
fluidity play a key role, and how they are affected by lipid
composition and type, hydration and temperature conditions.
Our conceptual view of lipid membranes is largely that of two-
dimensional fluids with lipids and proteins diffusing within
the membrane planes." The individual lipid monomers that
compose biological membranes are chemically heterogeneous
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tuned using a variety of different lipid species.

and themselves have many internal degrees of freedom. As a result,
biological membranes exhibit complex molecular dynamics over a
range of time and length scales from picoseconds to seconds and
from Angstroms to microns. More recently, our understanding
of non-ideal mixing in multi-lipid systems has suggested the
co-existence of laterally separated domains that may them-
selves exhibit different dynamical behaviour, likely influencing
the function of embedded proteins.>

Multiple relaxation processes inherent in lipid systems
makes a detailed characterization of the underlying molecular
mechanisms difficult. Despite extensive work in studying the
dynamics of a number of lipid systems, many challenges
remain. A number of experimental methods sensitive to different
time scales and molecular components have been used to study
model membranes. Long time scale processes such as lateral lipid
diffusion and lipid “flip-flop” from one leaflet to the other can take
minutes to hours and has been probed by fluorescence.®* Nuclear
magnetic resonance can be used to measure both collective excita-
tion and individual lipid molecule or chain segment diffusion® as
well as water dynamics.® Neutron spin-echo and dynamic light
scattering are used to measure collective undulations.”*" Spectro-
scopic and scattering techniques such as dielectric spectroscopy,'>
FTIR,"” quasielastic neutron scattering (QENS) capture localized
motions (e.g. vibrations, rotations and diffusion)."*>*

Neutron scattering can provide both correlation times and
geometry of dynamic motions. Previous investigations have
applied QENS to look in detail at the behaviour of saturated
lipids in oriented multi-lamellar stacks,>*'***2° separating
in-plane and out-of-plane diffusive motions of lipid species, as
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well as in vesicles.”** An advantage of QENS is the large difference
in incoherent scattering from hydrogen and its deuterium isotope.
Hence selective deuteration is commonly used for the measure-
ment of specific chemical group dynamics. An example is the work
of Doxastakis et al.>®> where head and tail deuterated DPPC lipids
were used in the dehydrated state to understand the mobility of
each lipid component. Albeit being in the dry state, this work shows
a very clear difference in dynamics and gives insight into the
mechanism of the lipid melting transition. In the dry state, head
groups are rather immobile and show no signs of a Ly (gel) to L,
(liquid) phase transition. In contrast, the acyl tails relax though
trans-gauche conformational transitions even in the Lg phase and
are ultimately responsible for the phase transition via a gradual
melting of the heterogeneous hydrophobic domain. In the hydrated
state, QENS data have shown similar results, in the gel phase acyl
chains are likely only relax through chain-kink diffusion.'® In more
recent work, Wanderlingh et al.'®"” have carefully characterized the
dynamics of D,O hydrated bilayers of DMPC and POPC. Their
results revealed three motions occurring in three distinct time-
scales (between 0.3 and 350 ps): a slow diffusion of the whole lipid
within a confined cylinder, conformational relaxations of the lipid
chains, and fast uniaxial rotations of the protons around their
carbon atoms. When crossing the gel to fluid transition, there is a
clear increase in the segmental motion of the terminal part of the
lipids plus a change in diffusional dynamics from rattling to
confined diffusion.

Using tail deuterated lipids in D,O, Trapp and co-workers
have shown a strong influence of hydration on the head group
dynamics, increased mobility is observed as water content is
increased."® Using fully deuterated lipids with various degrees
of water hydration, perturbation to the dynamics of water in
lipid headgroups compared to bulk-water has been shown.®*
In another study, fully deuterated purple membrane in H,O or
hydrogenated purple membrane in D,O showed a coupling
between membrane dynamics and bacteriorhodopsin but a
decoupling with water dynamics at ps-ns time scale and up
to 260 K where both membrane and water of hydration go
through a dynamical transition.>* Selective deuteration has also
been used to mask DPPC in sterol-lipid mixtures allowing for
the observation of jump-diffusion and in-plane rotation of
sterol groups. An anisotropy of the in-plane and out-of-plane
diffusion of the sterols was also observed.*>*°

Most natural membranes are a complex mixture of different
lipid molecules, each in different states at a given temperature.
The chain length and degree saturation of the phospholipids
can significantly influence the density, fluidity and phase
transition, giving rise to complex phase behaviour. Further-
more, lipids of different types, respond differently to outside
factors, for example oxidation, which is of key importance for
understanding serious diseases such as cancer, Parkinson’s
and atherosclerosis.”””*® Despite its simplicity, understanding
the properties of model systems consisting of pure lipid species
can provide a basis for understanding how lipid composition
ultimately influences membrane dynamics and transport
through the membrane. In this paper, we characterize two
systems of oriented multilayers, one consisting of dimyrostoyl
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DMPC

DOPC

Fig. 1 Chemical structure of DOPC and DMPC. Both lipid monomers
form bilayers of approximately the same hydrophobic thickness. While
structurally similar DOPC membranes are significantly more fluid and have
a lower melting temperature. This difference is due to the unsaturated
double bond between carbons in the middle of the lipid tails, which impart
a kink in the chain (circled in yellow).

phosphocholine (DMPC) and the other dioleoylphosphocholine
(DOPC) membranes, both at a chosen relative humidity (RH)
75%. We explore the influence of saturation, the double bond,
on the lipid dynamics on the nanoscale at temperatures above
and below the phase transition. Most QENS studies have been
carried out on saturated lipids such as DMPC, DPPC or DMPS,
except for the recent studies on POPC.'®'” The latter mainly
concentrated of proposing a very detailed model analysis of
motions rather than discussing on the differences between
dynamics and lipid structure. To our knowledge only one QENS
measurement of DOPC has been performed but in a mixture
with DOPS.>® Here we compare DOPC and DMPC single lipids
whose structures are depicted in Fig. 1. Lipid bilayers formed by
both of these lipid species exhibit similar headgroup-head-
group spacing, Dyg, as shown in Table 1 but their microelastic
properties differ to a large degree. We compare both elastic
scattering as a function of temperature and the lipid dynamics
at fixed temperatures above and below their respective melting
transitions using direct geometry and backscattering neutron
scattering spectrometers. By transforming the dynamic structure
factor, S(Q,v) into the time domain, we combined the intermediate
scattering function, 1(Q,f), from the two instruments using a
stretch exponential, to probe dynamic processes over multiple
time scales ranging from 10~ to 10~° second. We further
analyzed the elastic incoherent structure factor (EISF) for both

This journal is © The Royal Society of Chemistry 2018
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Table 1 Comparison of structural and dynamic properties of DOPC and
DMPC lipid bilayers. Dy: mean headgroup to headgroup distance in
bilayer, Ka: elastic area stretch modulus, Kc: elastic bending modulus,
Alipia: area per lipid, Vijpig: volume per lipid

DOPC DMPC
Dun (&) 36.7% 35.3°
K4 (dyn em™) 265° 234°
K¢ (1072 erg) 0.80° 0.56°
Aipia () 72.4% 60.6“
Viipia (nm®) 1.3037 1.101¢

@ From ref. 31. © From ref. 32. ¢ From ref. 33.

systems to gain some insight into the geometry of the dynamics,
which fits well to a restricted diffusion model.

The results indicate that the progression of DMPC mobility
with increasing temperature occurs over a wider range for
DOPC, resulting in a high mobility of the chains already prior
to T, but only because of its higher 7,,. In contrast DOPC just
above Ty, still has a high fraction of immobile atoms which only
relax at temperatures above T, in the time window of the
backscattering spectrometer. If we compare DMPC and DOPC
at the same temperature relative to Ty,, the emerging picture
suggests that the constraint imposed by double bonds in the
DOPC chains restrict dynamical motions in both liquid and gel
phases compared to DMPC. The very fast dynamic regime,
motions of protons on timescales less than a few picoseconds,
is fairly similar although DOPC shows slightly lower dynamical
amplitude.

Results and discussion
Elastic scattering

Changes in the elastic scattering intensity as a function of
temperature indicate the activation of anharmonic motions, such
as methyl group rotations or diffusional processes. The elastic
intensity as a function of temperature and wave vector was
measured for the DOPC and DMPC bilayers and is shown in Fig. 2.

For both lipids the gel to liquid phase transition is evident
as a discontinuous jump in the elastic intensity as particularly
evident at smaller Q values. The observed melting temperatures
of DOPC at ~245 K and DMPC at ~295 K are in good
agreement with reported values for these systems at 75%
RH.’ For DOPC there appears to be slight indication of a pre-
transition starting near 215 K indicating an activation of
anharmonic motions below the Tp,.

Prior to the melting transitions a significant drop in elastic
intensity is observed for both lipid species due to the onset of
several dynamic processes. Maybe owing to the higher T, for
DMPC, the data shows that in DMPC the lipid molecules
undergo and additional temperature dependent drop in elastic
intensity before reaching T,. Thus, after Ty, is crossed, there is
very small fraction of protons which have not fully relaxed
within the time window of the backscattering spectrometer. In
contrast, in DOPC the elastic fraction is rather high as T, is
approached and extra mobility is attained upon changing
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Fig. 2 Elastic intensity scans of (A) DOPC and (B) DMPC lipid bilayers.
DOPC lipids show a gradual phase transition at the melting temperature
especially at smaller length scales. In contrast, DMPC bilayers undergo a
concerted first order phase transition at all length scales probed. Further-
more, DOPC lipids continue to exhibit a large degree of elastic intensity
after the T,,, which is gradually lost with increasing temperature.

phase, such that there is a second gradual gain in dynamics
as the temperature is increased to room temperature. We
emphasize that in both cases, most of the incoherent signal
is from the protons in the acyl chains of the lipids. The most
likely interpretation is that as the temperature is increased,
the hydrophobic chains span increasingly larger volumes,
especially the bottom part of the chains, and more protons
from the acyl tails that are closer to the head groups are able to
move. In the case of DMPC the mobility increase is gradual. For
DOPC where the chains have double bonds, a plausible inter-
pretation would be that the gradual increase in dynamics before
T is due to the bottom half of the chains (consistent with an
elastic fraction of about 50% at T,), involves unlocking of the
double bond constraints at Ty, and a further gradual mobility
increase with temperature for the whole chain above T;,.

Mean square displacements, (u*), were calculated from the
measured incoherent elastic neutron scattering using the
Debye-Waller factor approximation under the Gaussian
approximation given by I(T)/I(Timin) = exp(—Q?(1”)/3), neglecting
translational diffusion. A plot of natural logarithm of the elastic
intensity as a function of Q” is shown in Fig. 3(A) and (B) for
DOPC and DMPC respectively. There is a clear separation of
elastic intensities above and below the melting temperature for
DMPC compared to DOPC. Below ~200 K the data show a
linear behaviour with temperature indicating that dynamics are
dominated by vibrational/harmonic motions. At ~200 K the

Soft Matter, 2018, 14, 6119-6127 | 6121
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Fig. 3 The slope of the elastic intensity as a function of Q at each
temperature was used to calculate the mean square displacement (MSD)
of the lipid monomers (see text). Panel (A) and (B) show the elastic intensity
for the DMPC and DOPC bilayers respectively. The large gap in the DMPC
system is indicative of a cooperative phase transition.

slope slowly becomes non-linear with increasing temperature,
consistent with the activation of anharmonic motions. Fig. 4(A)
shows the calculated (1) as a function of temperature for both
lipids from the slope over only the larger distances (lower
Q-region corresponding to length scales around 10-25 A) where
the Gaussian approximation holds. As the temperature approaches
the Tp,, of DOPC, (1”) increases to values much larger than that for
DMPC, that is in the gel phase. Above the melting transition of
DOPC, (1%) continues to increase with temperature. In addition, in
the temperature range of 140 K to 230 K, the localized modes of
DOPC are slightly suppressed compared to DMPC. This might
indicate that the double bonds in the acyl chains of DOPC restrict
longer length scale motions. Below 140 K harmonic vibrations and
methyl group rotations are the dominant dynamical modes for
both lipid types.

Furthermore, it is interesting to compare the behaviour of
DOPC and DMPC as a function of temperature relative to their
respective TS, as they differ by only 50 K. Fig. 4(B) shows (1)
plotted as a function of (T — T,,) for both lipid types. It becomes
apparent that the volume explored by DOPC at the onset of
localized acyl chain motions, trans-gauche conformational tran-
sitions or kink-like modes, above 140 K, is more reduced for
DOPC, likely due to the double bonds in the acyl chains.
Interestingly, close to Ty, both lipids are able to explore similar
volumes, but above T;,, DOPC still is able to explore less volume
due to the stiffer chain conformation.

Quasielastic scattering

Macromolecules exhibit complex dynamics that consist of a
variety of dynamic and relaxation modes that occur on different
time and length scales. QENS is a useful method to probe
motions on the 0.5 ps to 5 ns timescale while at the same time
monitoring the sensitivity of such motions to length-scale by
measuring scattering intensities as a function of Q. The energy
resolved spectra of DOPC and DMPC in both gel and liquid
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Fig. 4 Mean square displacement for DOPC & DMPC calculated over a
reduced Q-range corresponding to distances ~10 to ~25A (0.25 < Q <
0.62 A™1) as a function of (A) temperature and (B) temperature relative to
the respective T, of each lipid. Error bars throughout the text represent
one standard deviation.

phases are presented in Fig. 5. Data are shown from the DCS
(timescale < 40 ps) and HFBS (timescale > 200 ps) spectro-
meters. Lipids in both the gel and liquid phases have significant
quasielastic broadening that is indicated by the increased width
observed in these samples compared to a pure elastic scattering
vanadium standard. This finding indicates that there are relaxa-
tion processes in both gel and liquid phase for these lipids. The
data are plotted for Q = 1.05 A~! with normalized peak heights.
The quasielastic scattering of DMPC is only slightly broader than
that observed of DOPC as measured by DCS (Fig. 5A) at both
temperatures. For DCS the frequency range of the instrument is
most sensitive to motions on the scale of 1 ps. However, the
quasielastic scattering measured by HFBS which samples
motions over a longer timescale than DCS, shown in Fig. 5B,
shows much larger differences between the two lipids. In the gel
phase, close to the onset of Ty, smaller broadening of the DOPC
spectra compared to DMPC (Fig. 5B) indicates that DOPC is not
very mobile in the nanosecond timescale, whereas DMPC shows
much larger mobility. As the temperature is increased above Ty,
for DOPC, the broadening increases and becomes larger than
that for DMPC in the gel phase, as expected. This is consistent
with the elastic scan data where DOPC shows less elastic
scattering and larger mean square displacements. At the highest
temperature of 315 K, DMPC is the liquid phase, the mobility of
DMPC is rather high. In summary, it appears that DOPC and
DMPC have similar fast picosecond dynamics and have drama-
tically different dynamics in the liquid phase when compared at

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A and B) Dynamic structure factor, S(Q,v), from time-of-flight
disk-chopper and high-flux backscattering spectrometers respectively.
Data for DOPC is shown at 245 K (cyan triangles) and 274 K (purple
diamonds), while DMPC is shown for 295 K (blue squares) and 315 K (red
circles). S(Q,v) of vanadium is shown as a solid black line. The data are
plotted normalized for peak intensity for Q = 1.05 A%,

a similar temperature above their respective T, (Fig. 4B). At the
same (T — T,,) atoms in DMPC are more mobile than atoms
in DOPC.

The classical way to analyse QENS data is by fitting the S(Q,v)
profiles shown in Fig. 5 with a convolution of a delta and
Lorentzian functions, where each Lorentzian function is used
to describe a type of process which is assumed to be indepen-
dent of the rest. QENS data on lipid containing systems has
been analysed in this way®'%'*>>?426:2% and detailed models
developed to describe the geometry of motion in the lipid
structures. Lipid molecules, like polymer chains, show very
heterogeneous dynamics, owing to the large number of hydro-
gens in a broad range of environments, which ultimately
contribute to the dynamic signal. Each hydrogen atom has
a relaxation time that varies significantly from the overall
average. Thus, the distribution of relaxation times will be
stretched and to analyse the data would require a large number
of Lorentzians to describe the system accurately. In the present
study, the main objective is to compare the dynamics between
DOPC and DMPC, and not to present a detailed descriptive
model at the atomic scale. Thus we consider a simplified view
of the dynamics, described by an average model which takes
into account the breadth of the distribution of relaxation times,
namely a stretched exponential function.

The S(Q,v) profiles of Fig. 5 are Fourier transformed to
obtain the intermediate scattering function, I(Q,t), which can

This journal is © The Royal Society of Chemistry 2018
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directly be modelled using a stretched exponential of the
following form

10,1) = (1 — A)exp {— (f)ﬁ} +4 (1)

where A is the so-called elastic incoherent structure factor
(EISF),  a characteristic relaxation time, and f the exponential
coefficient which is a measure of the distribution of relaxation
times and/or processes in the system. This form is convenient to
combine the experimental data from DCS and HFBS measurements
and in this way take advantage of the broad time window accessible
(four decades). This method was previously used in the study of
anhydrous  phospholipids membranes using the same
instrumentation® and is commonly used to describe relaxation
phenomena in soft materials. It should be noted that the ability to
fit combined DCS and HFBS data to one stretched exponential does
not necessarily imply that the atoms in the system are relaxing in the
same way. It is simply a means of providing an average relaxation
over all atoms. In some cases and owing to the large energy range
covered,* it might not be possible to use one single exponential and
multiple stretched exponentials are needed. Furthermore, at the
short times probed by the DCS spectrometer, caging effects and
oscillations of hydrogen atoms around their H-bond directions are
likely which are described by models such as that of Liu et al.** For
this work, we concentrate on a comparison of dynamics between
lipids at timescales where the cage has relaxed, and so one stretched
exponential model is adequate and sufficient.

Plots of I(Q,t) as measured by DCS and HFBS for DOPC and
DMPC above and below their respective T}, at three representative Q-
values (0.77, 1.05 and 1.61 A~?) are shown in Fig. 6. Both DOPC and
DMPC exhibit qualitatively similar dynamics below their melting
temperatures. Additionally, regardless of lipid composition or

1Q;t)

1(Q,t)

0251 DMPC
T=295 K
0.00

10" 10°  10' 100 10°

time [ps]

time [ps]

Fig. 6 Relaxation dynamics of DOPC and DMPC. Intermediate scattering
functions, /(Q,t), obtained from Fourier transformation of S(Q,v) of DOPC
(A) and (B) and DMPC (C) and (D) measured by time-of-flight disk chopper
and high-flux backscattering spectrometry. Effects of finite instrumental
resolution have been removed. Panels (A) and (C) present gel-phase
dynamics and panels (B) and (D) present liquid-phase dynamics. /(Q,t) is
plotted for various values of momentum transfer, Q. In each panel from
top to bottom Q values are 0.77, 1.05, and 1.61 A%,
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temperature, and as expected, there is evidence of caging that occurs
before approximately 2-3 ps. In this paper we focus our attention on
the relaxational dynamics and thus fit the stretched exponential
function to data at ¢ > 3 ps. Exemplary fits are shown in Fig. 6.

The KWW characteristic relaxation times extracted from the fits
(Table S1, ESIt) for DOPC at 274 K (in the liquid phase) are slightly
larger than at 245 K. For DOPC at 274 K KWW relaxation times vary
between 260 ps to 31 ps, and at 245 K between 84 ps and 30 ps,
depending on the Q-value considered. DOPC on average is dynami-
cally slower in the liquid phase than in the gel phase which seems
counter intuitive. Even though the protons are able to explore more
space, the dynamical processes taking place are slower and in
addition due to the double bond constraints a different population
of protons may be contributing to the average. At the largest Q-values
which correspond to small distances probed, the dynamics in both
phases is similar, owing to averaging over fast and temperature
independent motions. DMPC behaves as expected, with faster
dynamics in the liquid phase, the KWW characteristic relaxation
times at 315 K vary between around 49 ps to 5 ps, and at 293 K
between 74 ps and 8 ps, depending on the Q-value considered. The
behaviour is consistent when average relaxation times are considered
(Fig. S4, ESIt). For DMPC where motions are not constrained by
double bonds in the acyl tails, all protons likely contribute to the
average motions at all temperatures. The Q dependence of the
relaxation times is plotted in Fig. S4A (ESIt) - both lipids show a
Q? dependence typical of heterogeneous dynamics as seen in
polymer systems. The temperature dependence of the average
relaxation times is plotted in Fig. S4b (ESI) at the average Q. Despite
having only two temperature points it is clear that DMPC dynamics
shows a somewhat stronger temperature dependence. Further
analysis of the dynamical data in the frequency domain using a
Cole—Cole function is shown in Fig. S3 (ESIT).

The stretching exponent (Table S1 and Fig. S5, ESI{) obtained
from the fits is similar for both lipids showing no temperature
dependence, however they are strongly Q dependent. At Q < 1 A™*
(corresponding to motions > 6 A) there is a monotonic decrease of
p from ~0.5 (which is typical for amorphous polymers) to around
0.3, where it reaches a plateau for Q > 1 A~ (corresponding to
motions <6 A). At a local length scale (Q > 1 A™*) we are probing
the heterogeneity in the proton mobility, whereas at the larger
length scales (Q < 1 A™") one averages dynamics over many
protons performing different motions and thus represents an
average, as observed for linear polymer chains.

The relaxation behaviour for the two lipids is clearly different and
the experimental data obtained through quasielastic neutron scatter-
ing is sensitive to different dynamical processes between the gel and
fluid phase systems. In the gel phase motions are much more
restricted, possibly due to highly localized, fast, rattling motions.
Long-range spatial motions are out of the time window for the HFBS
instrument in the gel phase. However, once the lipid system is in the
fluid phase some long-range motions are brought into the resolution
of the instrument and can be observed. These motions however may
actually increase the relaxation times, as is the case for DOPC, but
would result in a lower EISF. Such motions may include active
transitions of torsion angles, lipid rotation, and perhaps even
localized lateral diffusion.
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We concentrate on the residual elastic intensity as a func-
tion of Q that can be used to obtain atomic insight into the
observed dynamics from QENS data, and ties in with the elastic
scattering measurements. We choose to use an analytical
expression for the EISF which describes the dynamics along
the carbon backbone of the lipid monomers as diffusion in a
sum of spheres of increasing radius. This description was used
originally by Carpentier et al.>* and has been used successfully
for lyophilized lipid chains®® and surfactant micelles.>® The
model is represented by the following analytical expression.

_ IR [3i(QR))
a0 =2 YR @)
where
R, = %[RN ~ R+ R, 3)

and R is the spherical radius, A(Q) the EISF and j,(QR) the first
order spherical Bessel function.

Our model anchors motion relative to the second carbon
atom of each chain and neglects motion of the hydrogens in the
head group, analogous to the methods used to interpret the
dynamics of saturated DPPC lipid systems.®>® Qualitatively,
using eqn (2) and (3) the EISF is fit by a collection of spheres
with a linearly increasing spherical size distribution from
carbon 2 to the terminal methyl groups on each lipid monomer
chain. The quality of the fit using N = 14 spheres is shown in
Fig. 7 as well as a fit considering just two spheres. The quality of

04 06 08 10 12 14 16 1.8
QA"

Fig. 7 Elastic incoherent structure factor (EISF) as a function of Q. The
EISF provides insight into the geometry of motion in the individual lipid
chains. Panel (A) shows EISF data for the DOPC bilayers and panel (B) for
DMPC, in both the gel and fluid state. Lipid chain motions were modelled
using a linear distribution of spheres representing carbon positions along
the chain. There results of fitting this model are shown using solid where
N = 2, and dashed lines where N = 14,
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Table 2 Parameters of fit of the EISF to a model of diffusion in a sum of
spheres distributed linearly along the lipid tails (N = 2 or N = 14)

N=2 N=14
Rmin (A) Rmax (A) Rmin (A) Rmax (A)

DOPC 245 K 0.82 + 0.01 2.90 + 0.2 0+0 2.48 + 0.01
DOPC 274 K 3.42 £ 0.04 6.75 + 0.28 2.48 + 0.07 8.36 = 0.30
DMPC 293 K 2.37 £ 0.01 3.97 £ 0.06 1.18 +0.02 5.38 & 0.08
DMPC 313 K 3.77 £ 0.06 7.73 +0.20 2.73 + 0.01 9.11 + 0.02
DPPC 350 K* 0.79 + 0.03 5.85 + 0.16
DPPC 370 K* 0.86 + 0.08 6.19 + 0.45
DMPC 303 K? 0 3.2

POPC 298 K> 0 4.2

DMPC 303 K° 2R = 8.50 L=3.73

POPC 298 K° 2R =10.2 L=3.50

“ Lyophilised (T, ~ 350 K), model with N = 16.2* ? Fully hydrated,
sphere model for intermediate dynamics."” © Fully hydrated, restricted
diffusion in a cylinder of length L and diameter 2R."’

the fits is equivalent - the lipids can be approximated by two
spheres of varying radii corresponding to top part of the chain
and bottom part of the chain. Due to the low-resolution
“coarseness” of sphere models we hesitate to unequivocally
associate the spheres as near head-group and acyl-chain speci-
fically, as sphere diameter may invalidate such a definition. For
both DOPC and DMPC the gel phase has more residual
intensity than the corresponding liquid phases that is consis-
tent with reduced atomic motion of lipid atoms below the Tj,.
However, in DOPC the extent of residual intensity around Ty, is
significantly higher, consistent with a reduced mobility
observed in the elastic data. Table 2 shows the values obtained
for Rpmin and Ry,ax from the fits. At the lowest temperature, the
top part of the acyl chains in DOPC is almost immobile (if we
consider a two-sphere model R, is <1 A, and for N = 14 model
Rnmin is almost zero) while the bottom part explores a volume
with the radius between 2.5 and 3 A. The mobility of the bottom
part of DOPC remains less than that of the extent of motion of
DMPC at the low temperature (N = 2 model: between 2.4 and 4 A
and in N = 14 model between 1.2 and 5.4 A). In the liquid phase,
DOPC is able to explore a larger volume and the top part shows
a distinct change. For the N = 2 model, 3.2 < R (A) < 6.8 and
for the N = 14 model, 2.5 < R (A) < 8.4. For DMPC there is
approximately a two-fold increase in the sphere radius after
crossing Tr,, but no separate behaviour is observed between top
and bottom of the tails. For the N = 2 model, 3.8 < R (A) < 7.7
and for the N = 14 model, 2.7 < R (A) < 9.1. Once in the liquid
phase, the amplitude of motion for both lipids is similar but
DOPC is still not able to explore as much volume as DMPC.
Comparing the values obtained for a similar lipid DPPC albeit
in lyophilized state is also shown in Table 2. The values
obtained of Ry, and Ry,. are in the same range as those of
DPPC, albeit in lyophilized state (Table 2), in the gel phase. The
DPPC data are expected to be less mobile since they only
contain 2 wt% residual water content compared with lipids in
the current study (75% RH). Wanderlingh et al.,'” proposed two
different types of motions in the timescales considered here,
for DMPC and POPC albeit at a higher hydration (28 D,O
molecules per lipid). Their results show that near ~ 300 K both
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the trans-gauche conformational transitions and the slower
whole lipid monomer motions are slightly larger for POPC than
DMPC, but this is most likely due to the higher temperature
above Ty, of POPC as compared with DMPC.

The local diffusion in a sphere model captures the basic
property of increasing diffusion as a function of going from the
gel to fluid phase. However, determining the number of spheres,
or scattering centers, required to model the EISF data and
making physical sense of the very low R, when using more
than three spheres is a difficult problem highlighting a funda-
mental limit of using such models. Atomistic modelling of lipid
membranes is one such method that can be used to help in
the understanding of factors leading to the large dynamical
differences and their connection to macroscopic properties.

Conclusion

Neutron scattering has proven to be a useful tool to study
the structure and dynamics of a soft condensed matter in
amorphous and fluid phase systems. Through the transforma-
tion of dynamical structure factors determined by neutron
experiments one can obtain time domain data across a variety
of length scales that probe relevant molecular dimensions. This
type of time dependent data has led to a physical understanding
of molecular motions through analytical models as those dis-
cussed herein. However, the chemical and structural diversity
of biological systems provide special challenges in both data
collection and interpretation.

One approach is to simplify molecular systems into compo-
nent species to provide a baseline for the dynamical properties
inherent in each part. In this study, we compared the dynamics
of two oriented multi-lamellar bilayer systems consisting of
different lipids species. DMPC represented a model of a fully
saturated acyl-chain lipid species while DOPC was used to
represent an unsaturated chain counterpart. Despite similar
membrane thicknesses, DOPC exhibits significantly lower
bending and compressibility moduli compared with DMPC.
We found that the inherent differences in material properties
may be reflected in the different temperature dependent struc-
tural relaxation properties of the lipid chains. However, caging
effects found at short, picosecond time scales were almost
identical between lipid types over a range of length scales.
Perhaps dynamical regimes within soft condensed materials
exist that may not necessarily couple into longer processes.

Combined experimental and molecular simulations meth-
ods can further probe the coupling of different dynamical
relaxation times by providing atomistic detail with regard to
molecular motion. Ultimately the goal is to predict the dynamic
responsiveness of mixed lipid membrane systems from their
individual components. This behaviour is unlikely to be purely
additive due to factors such as non-ideal lipid mixing and
lateral heterogeneity. Selective deuteration of each species
provides a mechanism to compare the difference of lipids
species in mixed or pure lipid environments and is only
possible by neutron scattering.
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Experimental
Sample preparation

1,2-Dimyrostoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) were obtained from
Avanti Lipids (Alabaster, AL).| Sodium chloride (NaCl) and methanol
were obtained from Sigma-Aldrich (St. Louis, MO) and D,0O from
Cambridge Isotopes (Andover, MD). Polished 0.5 mm thick Si(1,0,0)
wafers were obtained from EL-CAT (Waldwick, NJ).

For each lipid preparation, fifteen 10 mm x 35 mm slides
were cut from the Si wafers. Lipids were dissolved in methanol
at 400 mg ml~". 0.625 ml of solution was plated on the slides
equally resulting in approximately 250 mg of total lipid per
condition studied. The lipid samples were dried under vacuum
overnight and then re-hydrated in D,O vapor using saturated
NaCl salt solutions. Both samples were sealed under helium to
ensure proper heat transfer across the sample. The sealed sample
chamber was given several hours to equilibrate to 75% RH.

Neutron transmission was measured using the NG3 small
angle neutron scattering, SANS, instrument at the National
Institute of Standards and Technology Center for Neutron
Research in Gaithersburg, MD. Both samples had ~92%
transmission. Furthermore, analysis of SANS data confirmed
that the lipid membranes formed oriented planar bilayers with
low mosaic spread (~0.6°). See Fig. S1 (ESIt) for a schematic of
sample orientation and geometry.

Incoherent neutron scattering

Quasielastic neutron scattering experiments were performed
using the time-of-flight disk chopper spectrometer*® and the high-
flux backscattering spectrometer®”*® at the National Institute of
Standards and Technology Center for Neutron Research in
Gaithersburg, MD. Measured neutron intensities were analyzed
using the DAVE software.”® Intensities were corrected for detec-
tor efficiency by comparison with a vanadium standard and for
scattering from empty sample cans to enable the calculation of a
time-independent background. All quasielastic scans provide the
dynamic structure factor, S(Q,v), within the time and spatial
resolution of the instruments. The intermediate scattering func-
tion, I(Q,t), was obtained from using methods previously
described*" with deconvolution with the appropriate resolution
function for the instrument used. Combined, these instruments
are capable of measuring the incoherent dynamics from 0.5 ps to
5 ns over a spatial range of 4 to 25 A. In all figures, uncertainty is
represented as +1 standard deviation and is denoted by error
bars in cases where the uncertainty is larger than the symbols
representing the measured data. The lipids are fully hydro-
genated and at 75% RH. in D,O most of the scattering is
incoherent from the protons throughout the lipid molecules.
For both lipid types the incoherent scattering is around 90% of
the total scattering signal. Since most of the protons are located

|| Certain commercial equipment, instruments, materials, suppliers, or software
are identified in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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in the acyl chains, the measured signal in the QENS data will be
representative of the dynamics of the acyl chains (between 80-
85% of the lipid incoherent signal).

Time-of-flight disk chopper spectrometer

The time-of-flight disk chopper spectrometer (DCS) was used with
an incident wavelength of 6.4 A providing an energy resolution of
54 neV measured at full width at half-maximum determined by
calibration with a vanadium standard. Data were measured at
295 K and 315 K for DMPC and 245 K and 274 K for DOPC.
Vanadium standard was used as instrumental resolution.

High-flux backscattering spectrometer

The high-flux backscattering spectrometer (HFBS) used an
incident neutron wavelength that was varied by Doppler shift-
ing, at the value of 6.271 A. Scattered neutrons were passed
through Si(1,1,1) Bragg analyzer crystals such that detectors
collected neutrons with a final energy of 2.08 meV. A dynamic
range of £17 peV was used that provided an energy resolution
of 0.86 peV that was confirmed by measuring a vanadium
standard. In the present setup, S(Q,v), was measured at 295 K
and 315 K for DMPC and 245 K and 274 K for DOPC. A vanadium
standard was used as the instrumental resolution. In addition,
elastic scans of DOPC and DMPC were separately carried out
using HFBS with the Doppler drive at rest to collect the elastic
intensity as a function of temperature from 10 K to 315 K at a
heating rate of 1 K per minute. Scattering data were collected
for wave vectors from 0.25 A~* to 1.76 A~" to correspond to the
length scales measured by DCS.
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