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ABSTRACT Experimental studies of collective dynamics in lipid bilayers have been challenging due to the energy resolution
required to observe these low-energy phonon-like modes. However, inelastic x-ray scattering (IXS) measurements—a tech-
nique for probing vibrations in soft and biological materials—are now possible with sub-meV resolution, permitting direct obser-
vation of low-energy, phonon-like modes in lipid membranes. Here, IXS measurements with sub-meV energy resolution reveal a
low-energy optic-like phonon mode at roughly 3 meV in the liquid-ordered ðLoÞ and liquid-disordered phases of a ternary lipid
mixture. This mode is only observed experimentally at momentum transfers greater than 5 nm�1 in the Lo system. A similar gap-
ped mode is also observed in all-atom molecular dynamics (MD) simulations of the same mixture, indicating that the simulations
accurately represent the fast, collective dynamics in the Lo phase. Its optical nature and the Q range of the gap together suggest
that the observed mode is due to the coupled motion of cholesterol-lipid pairs, separated by several hydrocarbon chains within
the membrane plane. Analysis of the simulations provides molecular insight into the origin of the mode in transient, nanoscale
substructures of hexagonally packed hydrocarbon chains. This nanoscale hexagonal packing was previously reported based on
MD simulations and, later, by NMR measurements. Here, however, the integration of IXS and MD simulations identifies a new
signature of the Lo substructure in the collective lipid dynamics, thanks to the recent confluence of IXS sensitivity and MD simu-
lation capabilities.
SIGNIFICANCE Fast-timescale, collective motions in membranes have been difficult to measure but are critical to
understanding how the molecular scale crosses over to the mesoscale that determines functional dynamics (e.g., lipid and
protein diffusion). This crossover is expected to be nontrivial in the case of cholesterol- and sphingolipid-rich liquid-
ordered-like phases, which are characterized by the local ordering of hydrocarbon chains and subdiffusive dynamics. Here,
integrated simulations and inelastic x-ray scattering measurements are shown to be a powerful new approach to obtaining
the collective dynamics of phonon modes. Comparison between liquid-ordered and liquid-disordered phases reveals a
unique dynamical signature of the liquid-ordered phase.
INTRODUCTION

Membrane fluidity emerged in the 1970s as a facet of cell
membranes both fundamental and functional. Singer and
Nicholson put forth their ‘‘fluid-mosaic’’ model (1), Sinen-
sky showed that bacteria regulate membrane fluidity
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through lipid synthesis (2), and Saffman and Delbruck
showed lateral diffusion to be phenomenologically rich,
not exactly two-dimensional (2D) or 3D (3). In some cases,
a clear functional rationale has been demonstrated for
homeoviscous adaptation—bacterial membrane fluidity
directly controls the diffusion of small-molecule electron
carriers between complexes in the respiratory chain of
E. coli and, therefore, the rate of respiration (4). Ernst and
colleagues have identified mechanisms responsible for
sensing fluidity in yeast, supporting the idea that fluidity is
actively regulated (5).
d similar technologies.
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FIGURE 1 (a) In-plane scattering geometry of inelastic x-ray scattering (IXS) on the oriented lipid membrane. Both incident and scattered beams remain

parallel to the membrane surface probing in-plane phonon excitations. (b) Example of an IXS spectrum of the ternary lipid mixture at momentum transfer

7.8 nm�1 in the Lo phase at 25�C. (c) New Lo-Ld tie-line endpoints determined via SAXS. For exact compositions and further details, see the supporting

material.

Coupled dynamics in ternary membranes
However, the dynamic response of membranes is com-
plex and scale dependent. Experimental measurements of
viscosity report numbers varying by nearly two orders of
magnitude. Fast-timescale, local measurements (e.g., based
on chromophore dynamics) obtain values of 8–500 � 10�3

Pa s (6,7) across a range of temperatures and membrane
lipid compositions. Longer-wavelength measurements that
observe collective dynamics obtain values in the range
1.5–500 Pa s (8–13). Simulations necessarily access the
faster, more local end of the spectrum and obtain values of
10–700 � 10�3 Pa s (14,15).

Dynamic scattering methods are uniquely positioned to
resolve the scale-dependent dynamics of membranes, espe-
cially techniques that measure time- or frequency-depen-
dent responses with momentum resolution. For example,
neutron spin echo has been instrumental in measuring
bending and thickness fluctuations (16–20). However, since
neutron spin echo measures the self-part of the intermediate
scattering function, it cannot directly inform on how
individual molecular motions develop into the collective dy-
namics that determine transport properties such as viscosity
and diffusion.

Inelastic x-ray scattering (IXS) has recently emerged as a
unique and ‘‘molecular probe-free’’ tool for investigating
the collective dynamics of biological membranes and inter-
faces at fundamental timescales (picoseconds) and length
scales (nanometers) (21,22). Over the past decades, the in-
tensity and resolution of IXS measurements at state-of-
the-art facilities (SPring-8, APS, ESRF, NSLS II) have
improved (23), which enables the observation of phonon ex-
citations in soft (noncrystalline) materials including simple
liquids (24–27), block copolymers (28), liquid crystals
(mesogens) (29), and lipid membranes (30). When scat-
tering from oriented stacks of bilayers, the in-plane collec-
tive dynamics of lipids (Fig. 1 a) are measured on
timescales from 0.2 to 4 ps and momentum transfers from
1 to 25 nm�1 (corresponding length scales of 0.25–6 nm).
Phonon spectra are obtained from the experimental data;
typically, acoustic branches (propagating longitudinal and
transverse modes) and optical modes (nonpropagating/
breathing modes, standing waves) can be resolved. The
length scales and timescales of IXS measurements are
readily accessible to molecular dynamics (MD) simulation.
Importantly, previous studies have demonstrated that the
combination of IXS with MD simulations is especially
powerful (31), offering a unique molecular picture of how
local lipid motions crossover into collective dynamics and
associated relaxation processes (32,33). This combination
of approaches reveals their local and transient behavior,
which is inaccessible to other techniques (34).

Here, we study the phonon excitations of a ternary lipid
mixture of dipalmitoyl phosphocholine/dioleoyl phospho-
choline/cholesterol (DPPC/DOPC/Chol) using small-angle
x-ray scattering (SAXS), IXS, and all-atom MD simula-
tions, focusing on the liquid-ordered ðLoÞ and liquid-disor-
dered ðLdÞ phases. We first present SAXS measurements
that suggest revised tie-line endpoints. The sensitivity of
SAXS to small amounts of the minority phase indicates
that previously published endpoints (35) were actually in-
side the two-phase region. These new data informed the
preparation of pure Lo and Ld mixtures for IXS measure-
ments and MD simulations. The IXS measurements reveal
a low-energy ‘‘gapped’’ optical phonon mode, which only
appears at wavenumbers aboveQ ¼ 4:5 nm� 1. Calculation
of phonon dispersions from the simulation data obtained
spectra similar to those obtained experimentally, including
the gapped mode. Analysis of the molecular packing in
the simulation suggests that the gapped mode originates in
locally ordered hydrocarbon chains, which are hexagonally
ordered on scales of only a few lipids (36,37). Together, the
two approaches reveal how the collective dynamics of
ternary lipid mixtures change as the Chol concentration in-
creases, suggesting significant contributions from coupled
Chol/saturated lipid pairs in physiological membranes.
More broadly, the results help establish integrated IXS/
simulation analysis as a powerful tool for the transient dy-
namics of collective motions in lipid membranes on time-
scales that cannot be observed by any other technique.
Biophysical Journal 123, 4042–4049, December 3, 2024 4043



TABLE 1 Concentrations used

Sample cDPPC cDOPC cChol Two phases?

Ld-1 0.290 0.600 0.110 yes

Ld-2 0.269 0.636 0.094 yes

Ld-3 0.249 0.673 0.079 yes

Calculated Ld endpoint 0.24 0.69 0.07 –

Ld-4 0.228 0.709 0.063 no

Ld-5 0.207 0.746 0.047 no

Ld-6 0.186 0.782 0.031 no

Ld-7 0.166 0.819 0.016 no

Ld-8 0.145 0.855 0 no

Lo-1 0.547 0.148 0.305 yes

Lo-2 0.568 0.111 0.321 yes

Calculated Lo endpoint 0.58 0.09 0.33 –

Lo-3 0.589 0.074 0.337 no

Lo-4 0.610 0.037 0.353 no

Lo-5 0.631 0 0.369 no

These concentrations are shown graphically in Fig. 2. The calculated end-

points are the averages of the two concentrations on either side of the two-

phase crossover (see Figs. S1 and S2).
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MATERIALS AND METHODS

SAXS methods

Preparation of MLV samples for SAXS measurements

Multilamellar vesicle (MLV) samples of a desired composition and total

mass of 2 mg were prepared from chloroform phospholipid and Chol stock

solutions dispensed into a glass vial using a glass Hamilton syringe. Bulk

chloroform was removed with a gentle dry nitrogen stream while heating

the vials in a water bath set to 45�C, followed by high vacuum pumping

overnight at room temperature. The dry films were hydrated with

0.100 mL of ultrapure water that was preheated to 45�C to produce

MLVs. The MLV samples were held in a water bath at 45�C for �1 h

with intermittent vigorous vortexing, followed by five freeze/thaw cycles

between the water bath and a �80�C freezer. Samples were held in the

dark at room temperature until measurement.

SAXS measurements

SAXSmeasurements were performed using a Rigaku BioSAXS-2000 home

source system with a Pilatus 100K 2D detector and an HF007 copper

rotating anode (Rigaku Americas, The Woodlands, TX, USA). MLV sam-

ples were loaded from 0.2 mL PCR strips into a fixed quartz capillary using

a BioSAXS Automatic Sample Changer. The capillary temperature was

held at 25�C with an external water chiller/heater. SAXS data were

collected at a fixed sample-to-detector distance using a silver behenate cali-

bration standard, with a total data collection time of 30 min. The 1D scat-

tering intensity IðqÞ (q ¼ 4p sinðqÞ=l, where l is the x-ray wavelength and
2q is the scattering angle relative to the incident beam) was obtained by

radial averaging of the corrected 2D image data, an operation that was per-

formed automatically using Rigaku SAXSLab software. Data were

collected in 5-min frames, with each frame processed separately to assess

radiation damage; there were no significant changes in the scattering curves

over time. Background scattering from water collected at the same temper-

ature was subtracted from each frame, and the background-corrected IðqÞ
from the individual frames was then averaged, with the standard deviation

taken to be the measurement uncertainty.
IXS methods

The IXS experiment was performed at the RIKEN Quantum

NanoDynamics Beamline, BL43LXU (38), of the RIKEN SPring-8 Center.

This beamline was chosen because it has the best available energy resolu-
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tion and high intensity. In the present experiment, six analyzers were used,

having approximately Lorentzian resolution with a full width at half

maximum between 0.79 and 0.95 meVat 25.7 keV ðDE =E < 5�10� 8Þ de-
pending on the analyzer (39,40). These resolution functions were measured

using a standard PMMA scatterer at the maximum of its structure factor as

detailed in (39,40). An IXS experiment measures the scattered intensity,

which is directly proportional to the dynamic structure factor SðQ; uÞ,
where -u is the energy transfer and Q is the momentum transfer (for an

example for a spectrum, see Fig. 1 b). In the present case, the geometry

is chosen so that Q is in the plane of the membrane, so we probe only in-

plane atomic motion. Over the frequency range accessed by these measure-

ments, the dynamics of the system at each Q were well described by a few

damped harmonic oscillator (DHO) modes (21,30), which is the simplest,

lowest-order approximation to a finite width phonon line. In addition, there

is a strong elastic component in the present spectra resulting from the lack

of long-range order. Each spectrum at a particular momentum transfer,Q, is

therefore fit to the sum of an elastic line (d function) and several DHO lines

of the form

LiðuÞ ¼ AiGiU
2
i�

u2 � U2
i

�2 þ G2
iu

2
: (1)
For comparison with the measurements, the sum is scaled by a detailed

balance factor and convolved with the resolution. The mode frequencies

Ui, amplitudes Ai, and widths Gi at each Q are determined by least-squares

fitting. The optimal number of DHO modes used to fit the IXS data as

shown in Figs. S12 and S13 was determined through a procedure based

on residual and c2 statistical analysis, described in detail in our previous

work in (21). The dispersion relations for the phonon modes can be

observed by plotting the Ui as a function of Q, as shown in Fig. 3.

Sample preparation

All lipids (DPPC/DOPC/Chol) were purchased from Sigma-Aldrich and

used without further purification. Stock solutions with lipid concentrations

of 20 mg/mL were prepared in 2,2,2-trifluoroethanol solvent. The ternary

lipid mixtures for the Lo and Ld phases were prepared using the molar ratios

(cDPPC:cDOPC:cChol) of the calculated Lo (0.24:0.69:0.07) and Ld
(0.58:0.09:0.33) endpoints, respectively, determined from the SAXS tie-

line results in Table 1. To facilitate the IXS measurements, a synthetic dia-

mond single crystal (4:5� 4:5 mm2, 0.5 mm thick, (100) face orientation)

was used as a substrate. The crystal was cleaned with consecutive rinses of

chloroform, methanol, and deionized water and then UV/ozone etched for

30 min before lipid solution deposition. Solutions were spin coated on the

diamond substrate and spun for 60 s at 300 rpm to prepare oriented lipid

stacks, with a total thickness of �50 mm, or about 8300 bilayers, thick

enough to limit interaction of the x-ray beam with the diamond substrate.

The samples were dried in a vacuum oven at room temperature for 24 h

to remove any remaining traces of solvent prior to the IXS measurements.

IXS measurement

The IXS spectra for both the Lo and Ld samples, presented in Figs. S12 and

S13, respectively, were measured at 25�C and ambient pressure in a

custom-made humidity and temperature control chamber at a relative hu-

midity of > 98%. The saturated water vapor for the humidity was generated

using an ultrasonic transducer from a water bath directly connected to

the chamber and circulated using a small internal fan to ensure uniform

humidity distribution inside the chamber. The relative humidity was moni-

tored continuously using a factory-calibrated Rotronics humidity probe

HC2-C05 placed in the immediate vicinity of the sample and maintained

at the setpoint in a closed loop using a custom-built controller

(GEOCalibration) during the IXS measurements. The temperature of the

chamber and the sample was controlled and maintained at 25�C using a re-

circulating water chiller.
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The IXS spectra for each sample were measured at 12 discrete mo-

mentum transfers over the range of 1.5–17.96 nm�1. The incident beam

with 5� 109 photons/s was focused to a spot size of 50� 50 mm2 on the

sample. To avoid beam damage, the sample was repositioned every 2 h to

a fresh spot for new scans. At the end of the measurement, the resulting

scans at the same Q were compared to ensure no noticeable differences

before they were summed and analyzed. Potential beam damage was also

assessed by measuring the S(q) of the sample every 2 h, which showed

no noticeable changes. The spectra, together with the DHO fitted spectra

and the normalized residuals, are presented in Figs. S12 and S13.
Simulation methods

Simulation setup and parameters

The simulated systems were built using the CHARMM-GUI, and minimi-

zation and initial equilibration were performed using the default protocol

obtained from the CHARMM-GUI (41–46). The compositions of the sys-

tems studied here were obtained from updated the Lo � Ld tie-line compo-

sitions measured via SAXS (see Fig. 1 c). They were initialized in a roughly

10� 10 nm2 box, with 4 nm of TIP3P water (47) above and below the

bilayer, resulting in a roughly ð10 nmÞ3 cube. The lipids were modeled

with the CHARMM36 force field (48). Both simulations used a standard

VFSWITCH truncation over the interval of 8–12 Å. The simulations

were run in GROMACS 2019.2 using the ‘‘md’’ leapfrog integrator after

an initial minimization step using the steepest descent integrator ‘‘steep.’’

The first three of the seven equilibration steps used a 1 fs integration

step, while the remainder and the production runs used a 2 fs time step.

Electrostatics were calculated using PME (49,50). In the production simu-

lations, temperature control used the Nose-Hoover extended ensemble

method (51,52), with a temperature coupling constant of 1 ps for the lipids

and water separately. Pressure control used the Parrinello-Rahman extended

ensemble method (53), with a pressure of 1 bar coupled semi-isotropically,

a compressibility of 4.5 � 10�5 bar�1, and a pressure coupling constant of

5 ps (for further details on the CHARMM-GUI equilibration steps, see

Table S1). This was followed by a longer equilibration step totaling

500 ns to ensure the lipids and Chol were fully mixed and the box size fully

relaxed, using the Parrinello-Rahman barostat and the Nos�e-Hoover ther-
mostat. This was followed by an 11 ns production simulation under con-

stant volume also using the Nos�e-Hoover thermostat. Throughout,

hydrogen bonds were constrained using the default LINCS protocol.
Simulation analysis

In simulations, the time-dependent correlations of the particle currents

CðQ;uÞ are calculated, which are related to the dynamic structure factor

by CðQ;uÞ ¼ SðQ;uÞ$u2=Q2. The (spatial Fourier transformed) particle

currents are defined by

JðQi; tÞ ¼
X

a˛ atoms

vaðtÞe� iraðtÞ$Qi ; (2)

where vaðtÞ is the velocity of atom a at time t and raðtÞ is its position. The
scattering vectors were sampled randomly within the Q range of interest,
kQk˛ 1.5–16.5 nm�1, and only with allowable wavevectors, i.e., those

of the form

CQx;Qy;QzD ¼
�
nx
2p

Lx

; ny
2p

Ly

; 0

�
; (3)

for integer nx;y, where Lx and Ly are the simulation dimensions in the

membrane plane. Because the experiment measures only the longitudinal

component of the correlation function, here, CðQ;uÞ is reported only for

the parallel current:
CkðQ; tÞ ¼ CJkðQ; tÞJkðQ; 0ÞD; (4)

with the parallel component of J obtained by

JkðQiÞ ¼ bQi$JðQiÞ (5)

and then orientationally averaged and binned to the nearest integer nm�1

(i.e., bins of Q˛ {1.5–2.5 nm�1} . {15.5–16.5 nm�1}).

Following the same treatment as the experimental data, for each Q, the

dynamic structure factor SðQ;uÞ was obtained from the longitudinal cur-

rent correlation spectrum and fit to three or four DHO modes. For some

wavenumbers, it was not clear whether the data were best fit by three or

four DHO modes; in these cases, a test using the Bayesian information cri-

terion indicated that three DHO modes was the better choice (details are

provided in the supporting material). All of the fits are shown in Figs.

S6–S11. From this analysis, phonon dispersions uðQÞ are obtained, shown
on the right side of Fig. 3. For each system, the speed of sound was obtained

by fitting the acoustic mode (green line in Fig. 3) below Q ¼ 8 nm�1 to a

sine function and extrapolating to Q ¼ 0.
RESULTS

Compositions of Lo and Ld phases

For this work, it is essential that the system be in a single
phase (either Lo or Ld) in order to simplify the interpretation
of the phonon spectra. The lipid mixtures reported here were
therefore prepared at the endpoints of a tie line inside the
Lo-Ld coexistence region of the ternary phase diagram.
The orientation of this tie line and the location of its end-
points (i.e., the compositions of the Lo and Ld phases)
were previously determined by 2H-NMR (35). However,
SAXS measurements suggested that these endpoints are
slightly inside the coexistence region. Revised endpoints
are presented in Fig. 1, and the Lo and Ld compositions
are reported in Table 1.

Two samples were first prepared at compositions corre-
sponding to the reported Lo and Ld endpoints (54). The Lo
endpoint produced five Bragg reflections corresponding to
a lamellar repeat distance of 6.88 nm, consistent with sub-
stantial hydrocarbon chain order due to the high concentra-
tion of DPPC and Chol (Fig. S1). In contrast, the Ld
endpoint sample produced only two clear Bragg reflections
with a lamellar repeat distance of 6.50 nm and a substantial
amount of diffuse scattering, suggesting a disordered bilayer
(Fig. S1). Interestingly, each sample produced a second, less
intense set of Bragg reflections that was most apparent in the
second-order peak near 2 nm�1. In the Ld endpoint sample,
the minor peak corresponded to the larger repeat distance of
7.02 nm, similar to the dominant peak in the Lo sample.
Conversely, in the Lo endpoint sample, the minor peak cor-
responded to a smaller repeat distance of 6.43 nm, similar to
the dominant peak in the Ld sample. These observations are
consistent with each sample being located near the end of a
tie line but still within the phase coexistence region at 25�C.

To locate the tie-line endpoints more precisely, we pre-
pared and measured a series of samples whose compositions
Biophysical Journal 123, 4042–4049, December 3, 2024 4045



FIGURE 2 Tie-line concentrations tested for Ld
(left) and Lo (center) and final determination of

tie-line endpoints as compared to previously deter-

mined endpoints (right).

Fitzgerald et al.
extended the original NMR-determined tie line in both di-
rections (i.e., from the NMR-determined Ld endpoint toward
the binary DOPC/DPPC axis and from the NMR-deter-
mined Lo endpoint toward the binary DPPC/Chol axis), as
shown in Fig. 2. The compositions of these samples are
given in Table 1. In the Ld set, the first- and second-order
Bragg reflections corresponding to a thicker Lo phase were
clearly visible in samples 2 and 3 but were undetectable in
sample 4. Similarly, in the Lo set, a second-order reflection
corresponding to the thinner Ld phase is clearly present in
sample 2 but not sample 3. In both cases, a revised phase
boundary was estimated to be the midpoint between the
last sample showing two components and the first sample
showing only a single component. These compositions are
0:24 : 0:69 : 0:07 for Lo and 0:58 : 0:09 : 0:33 for Ld.
Phonon dispersions in Lo and Ld

As described in the materials and methods, for each Q, the
dynamic structure factor SðQ;uÞ is fit to a sum of DHO
modes. By plotting the frequencies of these modes over
the entire Q range, the phonon dispersions are obtained, as
shown in Fig. 3. For Q< 5 nm�1, the data are fit well by a
sum of two DHO modes, indicating that there are two
phonon branches for this Q range (see all four boxes in
Fig. 3). For larger Q values, the Lo systems require three
DHO modes; the simulated Ld system also required a third
mode, but this mode was at a significantly lower intensity
than the others and may not be resolvable in the experiment.
(The fits to the simulation data also included a higher-en-
ergy branch not shown on the scale in Fig. 3.).

The acoustic modes (green series in Fig. 3) indicate the
edge of the first Brillouin zone at about 15 nm�1 (identified
as the minimum in the main acoustic mode and correspond-
ing to the distance between hydrocarbon chains). The
speeds of sound are similar, equal to the slope of the acous-
tic mode as Q/0, roughly 2.6 and 2.4 km s�1 for the exper-
imental Lo and Ld systems, respectively, while for the
simulated systems, they were 3.0 and 2.8 km s�1, respec-
tively. (These were obtained by fitting the acoustic
mode over Q% 8 nm�1 to a sinusoid and extrapolating to
Q ¼ 0.) The faster speed of sound in the Lo phase is ex-
pected based on the higher molecular density of this phase.

All four systems also present a low-energy phonon mode
(orange series in Fig. 3). Intriguingly, this mode is present in
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many different soft- and biomaterials and is located at
approximately 1 meV (55). This energy range of around 1
meV is a common location for the transverse acoustic pho-
nons in noncrystalline materials. However, its nondispersive
behavior, as shown in Fig. 3, indicates a possible coexis-
tence of acoustic and optical phonon modes, as previously
observed in lipid-like mesogenic systems (56).

Also clearly observed in the Lo systems is an intermedi-
ate-energy, truncated optical mode (purple series in
Fig. 3) at around 5 meV with an energy gap at low Q. A
similarly gapped optical mode was also observed recently
in Lo phase binary mixtures (30) of DPPC and Chol. In
the simulated Lo system, this mode shows some disper-
sion—having a slightly higher energy than observed in the
experiment, the high-Q part of the dispersion is pushed to
lower energy. In the Ld simulation, a lower-intensity
remnant of this mode is observed (at most 4% of the total
signal intensity, compared to 8% in Lo, and over a limited
Q range), apparently too low in intensity to be observed
experimentally (see the lack of a 3 meV optical mode in
Figs. 3 and S13 for the experimental spectra with DHO
fits). As discussed below, this gapped optical mode reports
on structures within the Lo phase.
DISCUSSION

The low-Q gap in the optical mode is consistent with a
finite-size confinement effect: similar analysis of the phonon
density of states for simulated nanocrystals reveals a lack of
phonons at low Q values, confined by the size of the nano-
crystal (57). In the present case, a low-Q phonon gap at
roughly 5 nm�1 would correspond to a confinement distance
of 1.3 nm, almost exactly 3 times the in-plane hydrocarbon
chain distance, as revealed by the chain-chain radial distri-
bution function measured in the simulations (Fig. S14).
Thus, the low-Q gap suggests a crystalline-like cluster about
three hydrocarbon chains across. This is consistent with a
nanoscale substructure of hexagonally packed hydrocarbon
chains, previously reported by Lyman and co-workers
(36,37), subsequently verified by NMR (58), and apparent
upon visual inspection in Fig. 4. The precise location of
the peaks in the radial distribution function may change
slightly with different force fields, but we expect that the
gapped mode will be observed in any multicomponent sys-
tem that displays the hexagonal substructure. The effect of



FIGURE 3 Fitting results for the data from both

IXS experiment (left) and MD simulation (right)

for the Lo system (top) and Ld system (bottom).

Curves are to guide the eye. Error bars represent

the range of DHO model parameters that are

consistent with a 95% confidence interval.

Coupled dynamics in ternary membranes
local ordering and its coupling to dynamics has also been
studied recently by Srivastava and co-workers, who im-
ported ideas on nonaffine displacements from the literature
on glassy systems. These ideas may yield additional insight
into the origin of gapped modes in membranes (59–61).
FIGURE 4 A snapshot of one frame of the Lo simulation, showing the in-

plane projections of the centers of mass of cholesterol and of the tails of

each lipid. Small red circles are DPPC tails, blue squares are DOPC tails,

and each yellow triangle shows the center of mass of one cholesterol mole-

cule. The large black circles mark examples of the largest clusters of DPPC

lipids within which no optical modes would be supported.
State-of-the-art IXS measurements like those presented
here offer a unique window into the fast, collective dynamics
of lipid membranes. Most prior work has been focused on
single-component membranes (21,25,29,31,32), showing
that molecular simulations quantitatively reproduce the dy-
namics observed by IXS and offering insights into how the
fast, elastic response crosses over into the viscous regime.
More recent work identified a new optical mode with a
low-Q gap in a binary mixture of DPPC and Chol, at a tem-
perature and composition that are in the Lo phase. The same
binary mixture was also shown in earlier simulations (62) to
present the transient hexagonal packing of hydrocarbon
chains that is a signature of the Lo phase and first reported
in ternary mixtures of DPPC/DOPC/Chol (36). The emer-
gence of the truncated optical mode might presage a qualita-
tive change in the longer-wavelength dynamics of
membranes, as Chol sufficient to induce the Lo phase in-
creases the membrane’s viscosity by up to an order of magni-
tude (12).

The results presented here show that this nanoscale struc-
ture reveals itself in the phonon modes observed by IXS.
Detection of the 5 meV gapped optical mode might there-
fore serve as a useful indicator of the extent to which the dy-
namics and structure of more complex lipid mixtures (for
example, mimicking the outer leaflet of the plasma mem-
brane (63)) are captured by simpler model membranes.
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