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The collective behaviour of individual lipid molecules
determines the properties of phospholipid membranes.
However, the collective molecular motions often remain
challenging to characterise at the desired spatial and
temporal resolution. Here we study collective vibrational
motion on picosecond time scales in dioleoylphosphatidyl-
choline lipid bilayers with varying cholesterol content using
all-atom molecular dynamics simulations. Cholesterol is
found to not only laterally compact the lipid bilayer, but also
to change the velocity of longitudinal density fluctuations
propagating in the plane of the membrane. Cholesterol-
induced reduction of the area per lipid alters the collective
dynamics of the lipid headgroups, but not of the lipid tails.
The introduction of cholesterol reduces the number of water
molecules interacting with the lipid headgroups, leading to
a decrease in the velocity of the laterally-propagating sound
mode. Thus, the stiffening effect of cholesterol is found
to be indirect: decreasing the area per lipid weakens the
interactions between the lipid headgroups and water. The
collective modes characterised in this work can enable the
membrane to dissipate excess energy and thus maintain its
structural integrity, e.g., under mechanical stress.

1 Introduction

Biological membranes are key constituents of all cells, defin-
ing the cell boundaries, enclosing organelles, and regulating the
transport of molecules into and out of the cell. Cell membranes
are usually composed of a complex mixture of different lipid
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species, with phospholipids being the most abundant lipid type
in both prokaryotes and eukaryotes. At physiological conditions,
many lipid bilayers are in a liquid-crystalline phase with disor-
dered alkyl chains, giving rise to membrane fluidity. Since the
1970s, the original fluid mosaic modell' has been refined lead-
ing to more complex models, which include that lateral hetero-
geneities in the membrane can influence their structure and dy-
namics?, The fluidity of lipid bilayers is regulated by their com-
position, with sterols such as cholesterol playing a major role in
higher vertebrate plasma membranes™"€. Due to its planar tetra-
cyclic ring, cholesterol compacts the membrane by intercalating
between the lipid tails. This increases the ordering of the alkyl
chains and leads to a reduced area per lipid (APL) and an in-
creased thickness of the lipid bilayer21Y,

The physical properties of phospholipid membranes are influ-
enced by the collective dynamics of lipid molecules 13, Mem-
branes exhibit motions on a wide range of time and length
scales, with peristaltic and undulatory motions on the ns time
scale!® as prominent examples. Moreover, inelastic x-ray scat-
teringl®, inelastic neutron scattering31®, and molecular dy-
namics (MD) simulations?” have demonstrated that lipid bilay-
ers exhibit collective short-wavelength dynamics showing disper-
sion, i.e., correlated density fluctuations on the sub-ps time scale.
Such dispersive modes arise from in-plane (lateral) motions of
the lipids. Their frequency and damping depends on the lipid
phase. Furthermore, MD simulations of dipalmitoylphosphatidyl-
choline (DPPC) bilayers showed that external mechanical stress
propagates laterally through lipid bilayers at a velocity around
1400 m/s, very similar to the collective acoustic modes observed
experimentally18.

The short-range order and short-wavelength dynamics of a
pure dimyristoylphosphatidylcholine (DMPC) bilayer were stud-
ied by Hub et all?. The interchain distance can be computed
from the interchain correlation peak of the static structure factor.
Moreover, the position of the interchain correlation peak does not
depend on the area per lipid (APL), while the correlation length
decreases linearly with the APL12,
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An open question is whether and if so, how exactly cholesterol
affects the "communication" between lipids in terms of collective
short-wavelength dynamics. Although there are indications that
collective lipid dynamics may play an important role for the reg-
ulation of membrane protein function and membrane permeabil-
ity22%21 the effects of sterols on these modes remain largely un-
examined so far.

This work aimed to elucidate in atomic detail the interplay be-
tween cholesterol-induced changes of membrane properties and
collective lipid motions. To this end, we carried out all-atom MD
simulations of dioleoylphosphatidylcholine (DOPC)/cholesterol
bilayers as model systems because these bilayers are in the liquid-
crystalline (Ly) phase under the investigated conditions. The
results reveal how cholesterol modulates the propagation veloc-
ity of the dispersive acoustic modes that originate from corre-
lated velocity fluctuations of lipid atoms. Cholesterol-induced
lateral compactification of the bilayer decreases the number of
water molecules per lipid headgroup (i.e., in the first hydration
shell), thus reducing the velocity of the hydration-dependent lat-
eral sound modes of the lipid headgroups. Hence, hydration pro-
vides a microscopic link between the short-wavelength dynamics
and macroscopic properties such as area per lipid.

2 Methods

2.1 Molecular dynamics simulations

We used pre-equilibrated DOPC membranes with cholesterol con-
tents of 0-50 mol-% from Jambeck et al. 22123, All-atom molecular
dynamics (MD) simulations were carried out for bilayers com-
posed of 512 lipids in total (256 in each leaflet). We further
equilibrated the simulation systems for 25 ns in the isothermal-
isobaric (NPT) ensemble at 300 K and 1 bar; the bilayers are
in the liquid-disordered phase under these conditions. Figure
shows the simulation systems and molecular structures of DOPC
and cholesterol; see also Figures S1 and S2 in the Electronic Sup-
plementary Information (ESI"). For each cholesterol concentra-
tion, ten starting structures were extracted from the last 10 ns of
the NPT equilibrations to initiate the subsequent production sim-
ulations in the microcanonical (NVE) ensemble. The NVE sim-
ulations were carried out for 1 ns each, with positions and ve-
locities saved to disk every 20 fs to sample the fast vibrational
motions. Results were obtained by averaging over the 10 NVE
simulations for each cholesterol concentration. Simulation details
can be found in the ESIT.

2.2 Analysis of collective dynamics

We analysed the collective dynamics of the lipid bilayers via lat-
eral correlated velocity fluctuations, i.e., spectral densities com-
puted from time cross-correlation functions of mass-weighted
atomic velocities. Using the time-correlation formalism a gen-
eralised vibrational density of states (VDOS) is defined,

I(0,d) = /eiiwt (Vi(r1) - V(T +1,15)) dt 1)

with d = |r; —1;| and ¥ = \/mv, giving an expression proportional
to the thermal energy for auto-correlations (i = j). The brackets
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Fig. 1 A) Lipid bilayers with 0-50 mol-% cholesterol content, each con-
taining 512 lipids in total. DOPC and cholesterol molecules are shown in
gray and magenta, respectively. Water molecules are not shown for clar-
ity. The average lengths of the box vectors are indicated. B) Structures
of DOPC and cholesterol.

(...)r denote ensemble averages. Equation describes correlated
velocity fluctuations of distinct atoms i # j at their respective po-
sitions r; and r; (see Ref. [24). Overall translation of the bilayer
was removed prior to analysis. The analysis was restricted to non-
hydrogen atoms, because heavy atoms dominate the vibrational
density of states at frequencies below 400 cm~!. The frequencies
of the analysed collective vibrations correspond to time scales of
ca. 0.5-1.5 ps. We focused our analysis on the longitudinal com-
ponents of the velocity vectors in the x,y-plane (perpendicular
to the membrane normal), so that the collective dynamics are re-
lated to laterally propagating acoustic modes2#2>, The ensemble-
averaged cross-correlation functions are time-symmetric at equi-
librium, and thus one can distinguish positive and negative in-
tensities in the spectral densities, corresponding to parallel and
antiparallel vibrations, respectively, of the correlated velocity vec-
tors at a given frequency. We performed the analysis of veloc-
ity cross-correlations separately for lipid headgroup, lipid alkyl
tail and center-of-mass (COM) velocities (see Figure S3, ESIt, for
atom selections).

In analogy to coherent scattering data, we visualise the re-
sulting spectra as function of inverse distance k = 2x/d. The k-
resolved spectra I(w,k) describe correlated density fluctuations
and hence are related to the dynamic structure factor /(w,k) =
(@2 /k?) - Seon(®,k)20. By applying the dispersion relation v; =
dw/dk to the linear regime of the negative-intensity peak trace,
we identify longitudinal collective modes propagating through
the lipid bilayer in the plane of the membrane.

Our analysis focuses on lipid-lipid distances d in the hydrody-
namic limit, because at k < 1.2 A~! (d =5 A) the wavelengths
are larger than the typical interchain distances, i.e., near the in-
terchain correlation peak of the static structure factor. In the hy-
drodynamic limit, the mode frequency  increases linearly with
wavenumber k and one can use the dispersion relation to de-
termine the propagation velocity v; of such acoustic modes. For
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higher k-values (k~ 1.3 A1), the dispersion relation exhibits the
so-called "dispersion gap" of the propagating sound mode as the
wavelength approaches the interchain distance. Because we con-
sidered exclusively the region below the dispersion gap, it was
required to simulate sufficiently large membranes containing 256
lipids per leaflet in order to study the long-range/low-k collective
dynamics of many lipids in a periodic simulation cell.

Finally, we also analysed the collective dynamics be-
tween lipid headgroups and hydration water molecules. To
that end, we employed localised density kernels pg(r) ~
Y 9i((2m6?)3/2)=1/2 exp[—(|r; — 1|2 /26?%)] of mass-weighted veloc-
ities ¥ = m;v for water oxygen atoms, to account for the fast dis-
placements of the water molecules?#. Water molecules were con-
sidered up to distances of 10 A from the membrane surface. The
dispersion relations were analysed for both the ordinary sound
mode (0.60-0.90 A=) and the fast sound mode (1.00-1.60 A—1).

3 Results and discussion

3.1 Cholesterol modulates collective lipid motions

For each of the simulated systems, the pair-wise cross-correlation
spectra I(o,d) of each lipid atom (or center-of-mass) with atoms
of surrounding lipids at distances of 6 A < d < 30 A (in steps of
3 A) were computed according to Eq. |1} The average spectrum
for each distance was then obtained by averaging over all lipids.
Figure[2A) shows the cross-correlation spectra for the pure DOPC
bilayer calculated for the lipid headgroups in the left panel; the
distance d is illustrated in the right panel. We observe disper-
sion of the negative-intensity modes, i.e., a decrease of vibration
frequency with increasing distance d. Interestingly, atoms are
still weakly correlated with each other at large distances up to
d =20-30 A, where the correlation intensity has however dropped
strongly (by ca. 90 %) compared to interchain contact at d = 6 A.
The interchain contact region can be identified from the lateral
radial distribution functions g(r) of the lipids (Figure S4, ESI').

As mentioned above, we analysed the propagation velocity v,
of collective lipid-lipid modes. Analysing the spectra as a func-
tion of inverse distance k and following the trace of the negative-
intensity peak, the propagation velocity of the corresponding col-
lective vibrational mode can be obtained from the dispersion re-
lation. The linear fit to the dispersion relation was applied within
the range 0.2 < k < 0.6 A~!, which corresponds roughly to dis-
tances of 10-30 A. Figureshows the cross-correlation spectra of
lipid headgroup atoms as a function of & for systems with varying
cholesterol content. The mode velocity decreases with increasing
cholesterol concentration, from 1562 +43 m/s for the pure DOPC
bilayer to 1224 +21 m/s for 50 mol-% cholesterol. Convergence of
the spectra was tested by analyzing only 500 ps (instead of 1 ns)
of each of the 10 NVE trajectories for 0 mol-% cholesterol, yield-
ing a similar mode velocity of 1580+ 27 m/s for the headgroups
(Figure S5, ESIT).

Rheinstadter et al. have characterised the different regimes
(time scales and wave vectors) of collective excitations in lipid bi-
layers using neutron scattering techniques®, According to their
categorization, the collective vibrations that we describe in this
work (on a time scale of 0.5-1.5 ps and in a k-range of 0.2-
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Fig. 2 A) Lipid-lipid cross-correlation spectra I(w,d) of mass-weighted
atomic velocities computed at different lipid atom-lipid atom distances d.
Shown are the results for headgroups of the pure DOPC bilayer. Gray
dashed lines highlight the positions of the negative-intensity peaks for
each distance. All spectra were smoothed using Gaussian window func-
tions of width 10 cm~!. B) Top view of a simulation box of a pure DOPC
bilayer with an illustration of the definition of the lateral atom—atom dis-
tances d (white circles and arrow). Velocities were projected on the con-
necting vectors to obtain the longitudinal components.

1.0 A~1) can indeed be characterised as "propagating modes", in
contrast to relaxing (overdamped) or localised oscillating modes.
To investigate whether and how the propagation velocity v; of
the collective modes is linked to the lateral structure of the lipid
bilayers, we analysed v; as a function of the area per lipid. Fig-
ure[4A shows a strong linear correlation between these two quan-
tities for the lipid headgroups (red data points), suggesting that
lateral density is a key modulator of the collective dynamics on
the ps time scale. However, in contrast to the headgroups, the
propagation velocities for the lipid tails and COMs are invari-
ant with respect to the lateral packing (Figure 4, orange and
green data points). To rule out a box-size dependence of the ob-
served effects, control simulations of a smaller bilayer with 178
DOPC lipids per leaflet were performed, yielding a velocity of
1555+ 50 m/s, in close agreement with the value obtained for
the larger systems. The mode velocity was further confirmed by
control simulations of a pure DOPC bilayer in the presence of
150 mM NaCl, which yielded 1575 + 28 m/s (Figure S5, ESIT).

3.2 Hydration determines the collective dynamics of lipid
headgroups

To answer the question why the collective dynamics of only the

lipid headgroups, but not the tails, are affected by the lateral
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Fig. 3 Lipid-lipid cross-correlation spectra I(w,d) of mass-weighted
atomic velocities (Eq. . The spectra show correlated vibrations of non-
hydrogen lipid atoms as a function of reciprocal distance k =2z /d. For
each distance d the corresponding spectrum is shown. Black points trace
the peak intensity of the negative-intensity modes. Dashed lines indi-
cate linear dispersion curves of the negative-intensity peaks fitted up to
k=0.6A"".

packing density, the wave velocities were correlated with the aver-
age number of hydration water molecules per lipid, Npydwac. This
number was obtained by counting the average number of water
molecules within 5 A of a DOPC phosphorus atom or a choles-
terol oxygen atom. Figure @3 shows that the wave velocities in-
crease linearly with Nyyqwae for the headgroups, suggesting that
changes in the couplings between the headgroup atoms and wa-
ter molecules in the first hydration shells play a role for the collec-
tive dynamics of the lipid headgroups. To test that hypothesis, we
computed the lipid—water cross-correlation spectra and analysed
both the ordinary sound mode and the fast sound modelZ. For
both modes, the correlated density fluctuations propagate slower
for higher cholesterol concentrations, i.e., less hydration water
molecules per lipid headgroup (Figure S6, ESI").

Interestingly, for the pure DOPC bilayer (0 mol-% choles-
terol) the velocity of the lipid—-water ordinary sound mode vy,
is very close to the ordinary sound velocity in bulk water, around
1500 m/s. Changes in the ordinary sound velocity v;,,, of prop-
agating lipid—water correlations follow the same trend with in-
creasing cholesterol concentrations as collective mode velocities
v; between lipid headgroups in the membrane plane. This sup-
ports the notion that hydration plays an important role for the
lipid headgroup collective dynamics.

To corroborate this finding, we performed additional simula-
tions of the pure DOPC bilayer in which we doubled the masses
of the water atoms. For the headgroups, the mode velocity in-
creases to v; = 18434+ 17 m/s, which is considerably higher than in
regular water. As expected, the mode velocities of tails and COMs

4| Journal Name, [year], [vol.],1

50 30 10 O
. 1800 - . . ;
2 -|® head R? = 0.97
E 1600 H = tai o]
>_ L - - 4
> 1400 ¢ COM . ]
5 I -
9 -
-= L-@® i
° 1200 . . = m]
g 1000 ¢ ¢ ¢ o
= 800 L. ' : ' : L
40 50 60 70
Area per lipid (A2)
B Cholesterol content (mol-%)
50 30 10 O
_. 1800 r . ; y
£ -|® head R? =0.99
E 1600 H = tal -]
< | & COM l
2 1400 Y Taad -
5 I -
i) .o i
° 1200 f-- ': . R
8 1000 ¢ . * o
2 800 I 1 1 1
3 4 5 6 7
hydwat
C Cholesterol content (mol-%)
. 50 30 10 O
< 25— : ———
5 r ® head o _ ]
ol oo F| = tall R*= 1'00;
£ ““tlecom e
5 [E=—=1 - --¥ ]
o 15F .- * .
5 |
T 10 ® d .
s [ = : b
5 C
5 I I I
© 40 50 60 70

Area per lipid (A?)

Fig. 4 A) Correlation plot of the mode velocities v; and the average area
per lipid for different cholesterol concentrations. B) Correlation of the
mode velocities v; and the number of hydration waters per lipid Nyydwa
for 050 mol-% cholesterol. C) Correlation length d.,,- of the decay of
cross-correlation intensity as a function of area per lipid. Shown are the
results for lipid headgroups (red circles), alkyl tails (orange diamonds)
and lipid center-of-mass (green triangles). For the pure DOPC bilayer
(0% cholesterol), the data points for the systems with 256 and 178 lipids
per leaflet are shown (the latter are indicated by black margins).

remain unchanged within the statistical errors (1135422 m/s and
1047 & 14 m/s, respectively).

In line with our findings, Hub et al. indicated differences
in the collective dynamics of lipid headgroups and alkyl tails
originating from the presence of water near the headgroups™®.
They compared the actual lateral lipid distributions to predic-
tions from a simple liquid theory based on packing of beads on
a two-dimensional hexagonal lattice, for which the distances be-
tween adjacent lipid headgroups and tails are (2-APL/+/3)'/2 and
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(APL/+/3)/2, respectively. For a pure DMPC bilayer the value of
~ 8.5 A for the lipid headgroups derived from this simple geo-
metric model compares very well to the actual headgroup peak at
~ 8.7 A in the lateral radial distribution function (RDF)22, How-
ever, the simple model fails to correctly describe the packing of
the lipid tails. Our results are in agreement with this observa-
tion, as can be seen from the RDFs of lipid tails and headgroups
(Figure S4, ESIT). The simple packing model yields a nearest-
neighbor distance of ca. 9.0 A (k~ 0.7 A~!) for DOPC head-
groups at 300 K, which agrees with the peak in the headgroup
RDF. For the lipid tails, however, the simple model predicts a
value of ca. 6.3 A (k~ 1.0 A‘l), which is higher than the ac-
tual value of around 5.0 A (k ~ 1.3 A—!) in the RDF. Our findings
hence provide insights into why the dynamics of the lipid chains
cannot be described satisfactorily by the simple hexagonal lattice
model.

Next, we analysed the correlation length d,,,, of the collective
lipid-lipid modes, which is the distance at which the intensity of
the negative peak has dropped to 1/e of its value at the interchain
contact distance of d = 6 A. We obtained deyyr by fitting an expo-
nential function to the peak intensities (see Figure S7 in the ESI
for the fit curves obtained for lipid headgroups, alkyl tails and
COMs). Figure [4C shows the correlation length as a function of
area per lipid. We find that the correlation length depends on the
area per lipid, and up to values close to the reference area per
lipid (69.4 A2 for the pure DOPC bilayer) the correlation length
increases linearly. The linear increase is more pronounced for the
lipids center-of-mass than for the headgroups or lipid tails.

3.3 Dissipation of thermal energy through the collective
modes

We complemented the characterization of correlated velocity
fluctuations in lipid bilayers by a time-domain analysis. For
membrane-water collective vibrations the thermal energy ex-
changed along the connecting vector between correlated atoms
(relative to the thermal fluctuations at equilibrium) can be inter-
preted as dynamic information. The top panel of Figure [5|shows
the time cross-correlation functions (TCCFs) of velocities evalu-
ated for the lipid headgroups of the bilayers with 0 mol-% and
50 mol-% cholesterol. The thermal energy exchange occurs on a
time scale of a few picoseconds. Reassuringly, we find for the pure
DOPC membrane that the energy transport over 30 A distance
takes about 2 ps, which is in accordance with the mode velocity
of about 1500 m/s obtained from the dispersion relation of the
longitudinal current spectra. For 50 mol-% cholesterol the trans-
port takes about 25% longer, which is also in expected agreement
with the slightly slower mode velocity of about 1200 m/s.

Finally, we analysed the distance dependence of the thermal
energy dissipation via the collective modes.
cross-correlation function is a generalization of the velocity auto-
correlation function C,,, which for zero correlation time yields
the average thermal energy per degree of freedom, one can in-
terpret the negative-intensity correlation in terms of the thermal
energy of the collective mode. Figure [5B, left panel shows the
decay of the relative thermal energy with lipid-lipid distance, i.e.,

Since the time
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Fig. 5 A) Time cross-correlation functions of correlated velocity fluctua-
tions of the lipids for 0 mol-% cholesterol (left) and 50 mol-% cholesterol
(right). B) Decay of the relative thermal energy of the correlated vibra-
tions with lipid—lipid distance for the lipid COMs (left) and the dissipation
distances dsoq, Of the relative thermal energy as a function of area per
lipid, obtained from exponential fits to the decay curves (right).

the negative-intensity correlation normalised by the value at con-
tact distance (d = 6 A). At contact distance, the thermal energy
of the correlated atoms in this single degree of freedom amounts
to about 1% of their total thermal energy (Figure S8, ESIT). At
roughly 8-12 A distance, the thermal energy in the propagating
mode has dropped to 50% of the value at 6 A. The decays de-
pend on the cholesterol content and are thus determined by the
area per lipid. Again, the most pronounced changes are found for
lipid COMs, as shown on the right of Figure [5B. Interestingly, the
variation of the dissipation distance dsgq with cholesterol content
(or area per lipid) is smallest for the lipid headgroups. A rea-
son may be that, compared to the lipid tails, the lipid headgroups
additionally dissipate energy into the hydration water.

4 Conclusions

We studied collective dynamics of lipid bilayers in the liquid-
crystalline phase. More specifically, we investigated the lateral
correlated velocity fluctuations of the lipids with varying choles-
terol content. The collective motions occur on ps- to sub-ps time
scales (< 100 cm™!) and were analysed in terms of longitudinal
current spectra of velocity fluctuations. The dispersion relation
was used to obtain propagation velocities of the lateral acoustic
modes.

Lateral propagation of the collective modes occurs in the
regime of ordinary sound in bulk water. The propagation veloc-
ities are different for the headgroups, tails, and centers-of-mass
of the lipids. Moreover, the collective vibrations of the head-
groups are affected by the cholesterol concentrations. The lin-
ear decrease of the mode velocity v; with increasing cholesterol
concentration can be attributed to the decreasing area per lipid.
Lateral compactification of the membrane leads to a decrease of

Journal Name, [year], [vol.], 1 |5
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the number of hydration water molecules in the first solvation
shell of the lipid headgroups, Mygwa. The structure and dy-
namics of water at the interface of phospholipid bilayers have
been intensely researched, by both experimental techniques and
molecular simulations28%34, Interestingly, we found that the al-
teration of the lateral mode propagation correlates with a change
in MNyydwat, Suggesting a coupling of the collective dynamics of the
lipid headgroups to their hydration shells. This is in line with pre-
vious reports of correlated motions between phospholipid head-
groups and individual water molecules (as opposed to the col-
lective dynamics analysed here), which persist on time scales of
20-100 ps=L. Our analyses of the collective lipid—water vibrations
provide further support for this idea. Both the ordinary and the
fast sound mode depend on the lateral packing of the lipids, i.e.,
the mode propagation becomes slower for denser packing. We
conclude that for areas per lipid close to the reference value of a
pure DOPC bilayer, there are enough hydration water molecules
present to dictate the collective dynamics of the lipid headgroups.
When the area per lipid decreases, the amount of water in the
lipid headgroup region is reduced and the collective dynamics of
the headgroups become almost identical to those of the lipid tails.

The decay of the lipid-lipid correlation intensity is described
by the correlation length d,,,». In contrast to the mode velocities,
dcorr increases linearly with area per lipid for all parts of the lipids,
with a more pronounced change for the lipid COMs. Further-
more, the time-domain analysis of correlated velocity fluctuations
provides an understanding of the exchange of energy relative to
thermal fluctuations. The smaller the area per lipid (denser pack-
ing), the more pronounced is the dissipation of energy via the
collective headgroup motions as indicated by a loss of correlated
motions over shorter distances (shorter d.,,-). However, a weak
but significant correlation between the motions of the lipids is still
observed for separation distances up to about 20 A.

More generally, our results point to an overriding effect of hy-
dration on physical biomembrane headgroup properties. In some
aspects, this might be akin to solvent effects on protein dynam-
ics3580 with one key difference being that the solvation effect
does not propagate into the lipid tail region. Furthermore, we
speculate that the acoustic modes, as characterised in detail in
this work, might play a functional role because they can provide
a means to propagate and dissipate external mechanical stress.
This might be relevant for the membrane to maintain its structural
integrity and, as suggested by Aponte-Santamaria and cowork-

rs18 potentially also establish an ultrafast signaling mechanism
between membrane proteins such as mechanosensitive channels.
These notions are supported by recent non-equilibrium MD sim-
ulations of lateral stress propagation in a DPPC bilayer, which
yielded a similar propagation velocity of 1400 & 500 m/s18.

An interesting future direction would be to extend the de-
scribed methodology and analyses for characterizing collective
dynamics in lipid bilayers to other systems, such as more com-
plex multi-component membranes. In this context, future work
aiming at a better understanding of biological membranes would
require to also include membrane proteins and (water-mediated)
coupling to the lipids in terms of the collective dynamics=27,
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