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ABSTRACT: Heterogeneity of dynamics plays a vital role in membrane
function, but the methods for quantifying this heterogeneity are still being
developed. Here we examine membrane dynamical heterogeneity via
molecular simulations of a single-component dipalmitoylphosphatidylcholine
(DPPC) lipid bilayer using the MARTINI force ﬁeld. We draw upon wellestablished analysis methods developed in the study of glass-forming ﬂuids and
ﬁnd signiﬁcant changes in lipid dynamics between the ﬂuid (Lα), and gel (Lβ)
phases. In particular, we distinguish two mobility groups in the more ordered
Lβ phase: (i) lipids that are transiently trapped by their neighbors and (ii)
lipids with displacements on the scale of the intermolecular spacing. These distinct mobility groups spatially segregate, forming
dynamic clusters that have characteristic time (1−2 μs) and length (1−10 nm) scales comparable to those of proteins and other
biomolecules. We suggest that these dynamic clusters could couple to biomolecules within the membrane and thus may play a
role in many membrane functions. In the equilibrium membrane, lipid molecules dynamically exchange between the mobility
groups, and the resulting clusters are not associated with a thermodynamic phase separation. Dynamical clusters having similar
characteristics arise in many other condensed phase materials, placing membranes in a broad class of materials with strong
intermolecular interactions.

■

ular packing.21−27 While there is widespread acknowledgment
of the importance of these transient structures, a precise and
quantiﬁable deﬁnition of heterogeneous dynamics in membranes remains a challenge.1
In the case of biological cell membranes, protein extraction,
phase separation, and supramolecular assembly, all pose
challenges to understanding membrane dynamics and their
corresponding function. However, structural heterogeneity
associated with phase separation, protein inclusions, or
molecules bound to the membrane surface is not a prerequisite
for observing dynamical heterogeneity; it has been demonstrated that even simple single-component lipid membranes
have dynamics that are intrinsically heterogeneous.12,13,15,18,28,29 Of course, structural heterogeneity in biological membranes can cause and/or complicate dynamic
heterogeneity. Thus, we consider a “bottom-up” approach to
the problem, where we begin by attempting to understand the
fundamentals of cooperative dynamic motion within a model
DPPC bilayer. Studying a single-component membrane allows
us to identify eﬀects intrinsic to lipid systems (rather than those
that are a consequence of diﬀering compositions and
interactions) and is an important step toward a common
framework that takes into account increasingly complex lipid

INTRODUCTION
Lipid membranes bustle with dynamic phenomena that
underlie essential cellular processes such as transport and
signaling. While the structural features of membranes have been
carefully examined, their dynamical characteristics are less well
understood.1 It is increasingly appreciated that cell membranes
have dynamic regions of associating molecules with properties
that can diﬀer signiﬁcantly from their surroundings and that this
“dynamic heterogeneity” is important for biological function.2
Generally speaking, dynamic heterogeneity occurs in many
condensed phase materials and is characterized by the existence
of transient ﬁnite regions of either limited or enhanced
mobility.3,4 This phenomenon arises even in the absence of
phase separation, and this form of dynamic heterogeneity
should not be confused with composition or density
ﬂuctuations associated with phase separation. In lipid systems,
the existence of such regions has been experimentally
demonstrated by neutron scattering,5−8 single-molecule tracking studies,9,10 and rotational probe dynamics,11 as well as
molecular simulation.12−18 The partitioning of membranes into
laterally heterogeneous domains having diﬀerent mobilities
creates a tunable environment to modulate protein interactions
and other cellular functions. Accordingly, the dynamical
heterogeneity could give rise to intermittency of protein
displacements in membranes,19,20 and membrane ﬂuidity shows
a strong sensitivity to molecular additives (e.g., anesthetics,
antibiotics, neurotransmitters, proteins) that inﬂuence molec© 2016 American Chemical Society
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structures that eﬀect dynamical heterogeneity within biological
membranes. The ﬁrst challenge that arises in this eﬀort is how
to quantitatively describe complex concerted molecular
motions arising in these materials, even in the absence of
compositional heterogeneity.
To address this challenge, we take advantage of the fact that
dynamical heterogeneity is a ubiquitous and well-studied
property in a broad class of dense, strongly interacting
materials. Most notably, dynamical heterogeneity has been a
topic of emphasis in glass-forming ﬂuids,3,4 and the theoretical
tools to quantify collective motion in glass-forming ﬂuids are
fairly mature in their development.30,31 Such ﬂuids are
characterized by strong intermolecular interactions relative to
the eﬀects of thermal energy, a situation that applies to the case
of lipid membranes. While glass-forming ﬂuids and lipid
bilayers are clearly distinct material systems, strong intermolecular interactions could lead to a common tendency for
clusters of relatively mobile molecules to form large scale
transient domains and a tendency toward collective molecular
rearrangement motion within these clusters. This relationship
has not gone unnoticed in the literature, as previous studies
have mentioned qualitative similarities between the observations of dynamic heterogeneity between lipid membranes and
glass-forming ﬂuids.13,15,32−34 Recently, we directly applied
methods developed in the context of glass formation to a
simple coarse-grained lipid membrane model.18 Given the
simplicity of the model used,35 validation of the previous
ﬁndings for a more realistic lipid model is a prerequisite to the
investigation of multicomponent membranes more relevant to
living systems.
Accordingly, here we utilize the MARTINI force ﬁeld36 to
simulate membranes comprised of dipalmitoylphosphatidylcholine (DPPC), probably the most studied lipid system,
sometimes referred to as the “hydrogen atom of lipids”.37 The
MARTINI model has been systematically parametrized to be
quantitatively comparable to experimental studies, but allows
for the simulation of much longer time and length scales than
are feasible using traditional atomistic models. As we shall see,
the characteristic length and times of heterogeneity in this
system (order 10 nm and 1 μs) make it necessary to examine
large systems over long timescales.
Our molecular dynamics simulations for a pure DPPC
membrane demonstrate that intrinsic heterogeneity of the lipid
motions occurs in the Lβ gel phase, while the ﬂuid Lα phase is
characterized by simple Brownian dynamics. The diﬀerence is
attributed to transient “caging” of lipids by their neighbors
within the gel phase, similar to the dynamics seen in ﬂuids
approaching a glass transition. In the Lβ phase, we demonstrate
the existence of two mobility groups: (i) lipids that are
transiently trapped by their neighbors and (ii) lipids with
displacements on the scale of intermolecular spacing. Most
signiﬁcantly, these mobility groups spatially segregate and form
dynamic clusters. The size-scale (1−10 nm) of these clusters is
comparable to that of many proteins and other biomolecules;
the clustering time-scale (1−2 μs) is similar to that of biological
processes such as short enzymatic turnover and protein folding
events,1,38 leading to the possibility that this dynamic
heterogeneity plays a functional biological role. The dynamical
clusters are very similar to those that occur in glass-forming
systems where the clustering is distinct from thermodynamic
phase separation.
The length and time scales of these dynamical clusters accord
well with those argued to occur in much debated “lipid rafts”,39

which are thought to be essential for the function of living
membranes. This commensurability of length and time scales is
probably not accidental and suggests that this intrinsic lipid
heterogeneity may play a role in the formation of dynamic
raftlike structures in cell membranes. Looking forward, the
investigation of more complex membrane models should help
establish a comprehensive framework to describe lipid dynamic
association within membranes and its relation to rafts. We view
the present work as an initial step in this direction, and the
results provide a reference point for understanding the
heterogeneous dynamics of multicomponent membranes.

■

MODEL AND SIMULATIONS
The MARTINI model for lipids oﬀers a balance of computational eﬃciency and chemical detail and has been systematically
parametrized to reproduce the thermodynamic properties of
lipid membranes.36 The model is based on a four-to-one
mapping, where an average of four “heavy” atoms are
represented by a single interaction site. For DPPC, the
phosphatidylcholine headgroup comprises two charged hydrophilic groups. The glycerol ester component of the lipid is
modeled with two sites of intermediate hydrophilicity. Each
fatty acid chain, or lipid tail, is modeled by four hydrophobic
particles, representing 16 methylene or methyl units. While the
MARTINI model is able to capture the sequence of phase
transitions observed experimentally,40 it should be noted that in
the gel phase, the MARTINI model does not readily form a
tilted phase (Lβ′, the prime denoting tilt), so that our gel phase
(Lβ) is not tilted. Detailed comparisons to experimental
observations have been made for lateral diﬀusion rates,40
pressure−area isotherms,41,42 and areal densities.36 Therefore,
the MARTINI model oﬀers an opportunity to quantitatively
study the dynamics of lipid systems without the computational
costs of more detailed atomistic models.
We use molecular dynamics (MD) simulations to examine
the thermodynamics, structure, and dynamics of the MARTINI
model for DPPC. All simulations are performed using
GROMACS,43 the standard package used to implement the
MARTINI model. Due to the considerable size of dynamical
structures, we simulate a rather large system. Speciﬁcally, we
use N = 2660 DPPC lipids (1330 per membrane layer),
hydrated by 85 120 MARTINI water molecules, corresponding
to a water/lipid ratio of 32:1, consistent with the experimentally
determined ratio.44 We use periodic boundary conditions to
minimize ﬁnite-size eﬀects. Simulations are performed with
ﬁxed average temperature T and pressure P. In accord with
previous MARTINI studies, long-ranged Coulombic forces
were truncated at 1.2 nm, and we use an integration time step
δt = 0.02 ps.36 Temperature and pressure were controlled via a
Berendsen thermostat and barostat, respectively, both with time
constants of 1.0 ps. The simulations were performed at ﬁxed
semi-isotropic pressure P = 0. Semi-isotropic pressure coupling
allows for the xy plane (the membrane plane) to be scaled
independently of the z-axis (membrane normal), which mimics
the natural state of bilayers better than uniform, or isotropic,
pressure scaling. In this way the surface tension, which is
deﬁned by the diﬀerence between lateral and transverse
pressure, is zero; thus we have tensionless membranes. Under
these conditions, the resulting simulation cell has mean
dimensions in the membrane plane of ≈25 nm in the ordered
gel phase.
We performed preliminary simulations of 1 μs in duration to
equilibrate bilayers at six diﬀerent temperatures between T =
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295 K and T = 320 K. Systems were prepared from either a
uniform low or high density state, to avoid the potential
problem of coexisting phases due to an incomplete phase
transition. Since the ﬂuid−gel transition exhibits considerable
hysteresis, we can obtain both Lα and Lβ systems at T = 305
and 310 K. We discard the data for systems that experience a
phase transition. After equilibration, each system was simulated
for an additional 1 μs, during which trajectory data were saved
for the analysis we present. On the basis of the number of lipids
and simulation duration, we can probe size (≈1−10 nm) and
time scales (on the order of μs) expected for dynamically
associating regions in membranes.

temperatures 305 and 310 K; metastability of the phases results
in modest hysteresis of the transition upon cooling or heating
of the membrane.47 As expected, the Lβ phase is substantially
denser than the Lα phase, and Figure 1b also conﬁrms that tails
are more oriented in the Lβ phase. Speciﬁcally, we quantify the
lipid orientation via an orientational order parameter,
⟨S⟩ =

1
(⟨3uz 2⟩ − 1)
2

(1)

where uz is the z-component (normal to the membrane plane)
of the unit vector of the lipid from the end of its tails to its
phosphatidylcholine headgroup. ⟨S⟩ = 1 corresponds to
alignment perpendicular to the plane of the membrane, while
⟨S⟩ = 0 corresponds to an isotropic system. As noted in the
modeling section, the gel phase of the MARTINI model is
untilted so that ⟨S⟩ is nearly 1. If the gel phase were tilted, we
would expect ⟨S⟩ ≈ 0.62−0.75, corresponding a tilt of 25−
30°.48
Our later analysis of spatially correlated motions will require
structural information, and these data are part of the general
characterization of the membrane phases. Accordingly, we
evaluate in-plane radial distribution function g(r), also known
as the pair-correlation function, for the DPPC center-of-mass
separation r (Figure 2a). As expected, the g(r) in the Lα phase
shows only weak correlations in DPPC positions, while the Lβ
phase shows substantial ordering of lipids. Due to the
asymmetry of DPPC molecules, nearest neighbor lipids can
pack in a variety of orientations; consequently, the ﬁrst three
peaks of g(r) all correspond to nearest neighbor lipid
molecules. This splitting of the peak has been experimentally
observed in other lipid systems.49 This will be important later,
as we need to identify ﬁrst neighbors, which we deﬁne as those
lipids with a center-of-mass separation less than the third
minimum of g(r) in the gel phase, which occurs at r ≈ 1.02 nm.
The Fourier transform of g(r) yields the static structure
factor S(q) as a function of wave-vector magnitude q. S(q) is
directly measured experimentally and is sensitive to periodicity
of structure. Figure 2b demonstrates that these membranes are
indeed amorphous, due to the lack of Bragg peaks. However, a
signiﬁcant increase in the ordering of the Lβ gel phase is
apparent from the features located at q0 = 14, √3q0, and 2q0.
These features are commonly observed in what is known as a
2D hexatic phase, an intermediate between crystal and isotropic
liquid phases, and includes the presence of defects that disrupt
long-range translational order. The hexatic phase is wellcharacterized in 2D ﬂuids,50 and previous studies of lipid
bilayers also indicate that the high-density phase shares many
similarities to this phase.18,40,42,51

■

MEMBRANE STRUCTURE AND
THERMODYNAMICS
As a preliminary to our study of the membrane dynamics, we
brieﬂy characterize of the thermodynamics and structure of our
simulated DPPC membranes, which are consistent with prior
MARTINI simulations for DPPC.
Simple lipid membranes are characterized by a sequence of
phases that depend on temperature, pressure, and hydration.45,46 On cooling, the main phase transition occurs from
ﬂuid phase (Lα) with very little order to a much denser gel (Lβ),
which is less ﬂuid and exhibits substantial local ordering. (The
term “gel” is somewhat misleading, since the system does
remain ﬂuid but only on much larger time scales; nonetheless,
the term is standard convention.) The common order
parameter deﬁning these phases is the lipid areal density, and
Figure 1a shows the mean area per lipid A as a function of
temperature. The Lα−Lβ phase transition occurs between

■

MEMBRANE DYNAMICS
As a prelude to considering correlations in lipid displacements,
we ﬁrst characterize the average single-molecule dynamical
properties. To quantify mean lipid mobility, we evaluate the inplane mean-squared displacement ⟨r2(t)⟩ of the center-of-mass
of lipid molecules (Figure 3a). It is immediately apparent that
⟨r2(t)⟩ separates into two distinct groups, which correspond to
the Lα and Lβ phases. For both phases, ⟨r2(t)⟩ ∼ t2 for very
short intervals (≲1 ps), corresponding to ballistic motion,
expected on scales less than the mean collision time.
For the ﬂuid Lα phase, ⟨r2(t)⟩ transitions to linear time
dependence, or normal diﬀusion behavior, at large time
intervals; at an intermediate time scale that spans about 2
decades, there is a subdiﬀusive regime in which displacement

Figure 1. (a) The area per lipid A demonstrates a phase transition
from a ﬂuid (Lα) to a gel (Lβ) phase between temperature T = 305 K
and T = 310 K. Metastability leads to hysteresis of the transition
between cooling and heating. (b) The lipid tail orientational order
parameter ⟨S⟩ shows an increase in tail orientation of lipids along the
axis perpendicular to the membrane surface for the Lβ phase relative to
the Lα phase.
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Figure 3. (a) In-plane mean-squared displacement ⟨r2(t)⟩ for lipids.
There is a notable gap in ⟨r2(t)⟩ crossing the Lα−Lβ phase transition.
In the Lβ gel phase, ⟨r2(t)⟩ exhibits a “plateau”-like region over a
substantial t-range, indicative of transient “caging”. This plateau is
ubiquitous in ﬂuids approaching a glass transition. The heavy dashed
lines show subdiﬀusive behavior ⟨r2(t)⟩ ∼ t0.35 at intermediate t that
crosses over to a nearly diﬀusive behavior ⟨r2(t)⟩ ∼ t0.85 at larger t. The
intersection of the dotted lines deﬁnes a characteristic scale ⟨u2⟩ =
0.045 nm2. (b) Instantaneous value of the anomalous diﬀusion
exponent α, deﬁned by eq 2. Even in the Lα ﬂuid phase, there is an
anomalous region from ∼10 to 500 ps where α ≈ 0.7. In the gel Lβ, the
more pronounced molecular caging yields a smaller α ≈ 0.35. Even
approaching 1 μs, the Lβ phase does reach the diﬀusive limit, and
instead α ≈ 0.85.

Figure 2. (a) In-plane radial distribution function of lipids within the
membrane in the Lα and Lβ phases. The oscillations in the gel and Lβ
phase indicate long-ranged order, which are notably absent in the Lα
phase. Curves are shifted vertically for clarity in this ﬁgure; lowest T is
at the top, highest T is at the bottom; temperatures follow Figure 1,
where we remind the reader that we can observe both Lα and Lβ
phases at T = 305 and 310 K. (b) In-plane structure of the membrane
lipids quantiﬁed through the static structure factor in the Lα and the Lβ
phases. The Lβ phase displays hexatic ordering of the lipids, as
indicated by the presence of sharp features in S(q) indicated by the
arrows. Curves are shifted vertically for clarity; lowest T is at the top,
highest T is at the bottom.

subdiﬀusive regime is qualitatively similar to simulations of
DSPC in the gel phase.52 Such strong subdiﬀusive behavior is
also a canonical feature of glass-forming ﬂuids3,4,30,31 and other
amorphous materials when thermal energy becomes small
relative to the molecular interactions. This phenomenology can
be naturally expected to occur in the dense lipid phases where
the molecules are strongly interacting while at the same time
exhibiting a degree of disorder, so that intermolecular
interactions are strongly anharmonic. In this subdiﬀusive
regime, the crowding of nearest-neighbors leads to transient
“caging” of lipid molecules that hinders the diﬀusion process.
As noted before, lipids eventually escape from the cages that
arise from interactions with their neighbors, and the system
gradually crosses over to diﬀusive behavior. Clearly, this is a
cooperative phenomenon that goes beyond simple diﬀusion,
and understanding the distinction between lipids that are
transiently trapped and those that have found pathways for
motion will provide a quantitative picture of dynamical
heterogeneity in the membrane.
To link more directly to experimental measurements of lipid
mobility, we extract the in-plane diﬀusion coeﬃcient from the
Einstein relation in 2D,

grows sublinearly. In the transient subdiﬀusive regime, the
displacement follows a power law ⟨r2(t)⟩ ∼ tα, where α is
sometimes referred to as the anomalous diﬀusion exponent.
The instantaneous value for α can be deﬁned from the
logarithmic slope of displacement,
α (t ) ≡

d ln⟨r 2(t )⟩
d ln t

(2)

Figure 3b shows that in this intermediate regime, α ≈ 0.7 until
about 100 ps, whereupon displacement returns to normal
diﬀusion with α = 1; these values are very similar to those
reported for the ﬂuid phase of DSCP, SOCP, and DOCP in allatom studies.52 This type of “anomalous” transport is well
documented,52−56 but the present work emphasizes correlated
dynamics that cannot be captured using only a consideration of
single lipid molecule displacements.
The lipid mobility in the gel Lβ phase is substantially reduced
compared to the Lα phase, and the displacement exhibits a
more pronounced subdiﬀusive regime, where α ≈ 0.35. At
larger time, the exponent α does not recover diﬀusive behavior
and asymptotes to α ≈ 0.85 over the 1 μs scale. At even larger
time scales than accessed here, the lipid displacement process
should return to ordinary diﬀusion. This pronounced

D = lim

t →∞
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in the regime where ⟨r2(t)⟩ grows linearly. Since ⟨r2(t)⟩ never
fully recovers linear behavior in the gel phase within the time
scale of our simulations, our estimates for D of the gel are an
upper bound,57 but this does not detract from the qualitative
implications of the ﬁndings. Figure 4 shows a discontinuous

Figure 5. Non-Gaussian parameter α2(t) for the Lα and Lβ phase.
While α2 is near zero for the Lα phase, signiﬁcant growth can be seen
in the Lβ phase in the same t-range that ⟨r2(t)⟩ shows a subdiﬀusive
behavior. α2(t) has a characteristic time t* when displacements show
the largest deviation from a simple Gaussian distribution, which does
not vary signiﬁcantly with T in the Lβ phase. The inset expands α2(t)
for the ﬂuid Lα phase, demonstrating that it is nearly zero for all t.
Figure 4. Lateral diﬀusion coeﬃcient D extracted from the asymptotic
behavior of ⟨r2(t)⟩/(4t). The transition to the Lβ phase is marked by a
dramatic drop in the value of D, and the D values for the gel phase
should be considered upper bounds.

⟨r2(t)⟩2. In contrast, in the Lβ gel phase α2(t) exhibits a
pronounced peak, indicating that displacements are highly nonGaussian during the time that ⟨r2(t)⟩ shows transient caging
and begins to return to diﬀusive behavior. The peak of α2(t)
occurs at roughly the same characteristic time t* for all T in the
Lβ phase. At large t, α2(t) decreases toward zero, consistent
with approaching linear (diﬀusive) growth of ⟨r2(t)⟩.

drop in D crossing the Lα−Lβ transition by a factor of 10,
consistent with experimental results.58 The time scales of the
MARTINI model are known to be 2- to 10-fold faster than
experiments.40 This speeding up of the dynamics is a
consequence of coarse-graining the molecular description of
the molecules. A comparison between Figure 4 and experiments58 indicates that D values in our simulations are ≈6 times
greater than those determined through experiments. Therefore,
we anticipate that experimental time scales should be roughly 6
times larger, and we revisit this issue in the Conclusions
section.
Given the similarities between the behavior of ⟨r2(t)⟩ in the
gel phase with that observed for glass-forming ﬂuids, we are
motivated to examine if the theoretical framework and tools
traditionally used in glass formation are useful to understand
the variations in membrane mobility. Thus, as a ﬁrst step, we
examine the degree to which the molecular displacements that
determine ⟨r2(t)⟩ conform to a Gaussian distribution. For
ballistic or diﬀusive regimes, the displacements must follow a
Gaussian function. During the transient caging regime in glassforming systems, the displacements typically do not follow a
Gaussian distribution. In these strongly interacting ﬂuids, the
degree of deviation is commonly quantiﬁed through the nonGaussian parameter α2(t), deﬁned in 2D as
α2(t ) =

⟨r 4(t )⟩
−1
2⟨r 2(t )⟩2

■

MEMBRANE DYNAMICAL HETEROGENEITY
The presence of non-Gaussian displacements indicates an
alternative mechanism for molecular displacements but does
not provide an explanation of its physical origin. One proposal
is that molecular displacements are homogeneous and
described by a fractional Langevin equation.52 On the other
hand, in both glass-forming ﬂuids and the hexatic phase of 2D
ﬂuids, non-Gaussian behavior occurs due to inhomogeneous
spatial correlations in the motions of a fraction of molecules in
the system. This mobile fraction exhibits enhanced mobility
from the rest of the system, and these molecules typically
cluster together spatially − the phenomenon of dynamical
heterogeneity. We now consider this possible scenario.
Distinct Mobility Groups. In order to quantify the nature
of non-Gaussian displacements and develop a model
description, we explicitly examine the distribution of centerof-mass displacements r at a given time t, better known as the
self-part of the van Hove correlation function Gs(r,t).59 We
evaluate Gs(r,t) for the Lβ gel phase at the time t*, since this is
when non-Gaussian eﬀects are strongest.
Figure 6 shows Gs(r,t*) of the gel phase, which has a large
peak at small displacements, indicating that the majority of
lipids have hindered motion and are only able to sample their
local surroundings; Gs(r,t*) also shows a long “tail”, much
longer than would be expected from Gaussian displacements of
the same mean. This tail extends to displacements beyond
nearest neighbor distances, indicating that on the time scale of
t*, a small fraction of lipids are able to escape the cages formed
by their neighbors. This should not be confused with so-call
“hop-diﬀusion”.

(4)

For systems with a Gaussian distribution of displacements,
α2(t) = 0. (The non-Gaussian parameter α2 should not be
confused with α, the anomalous diﬀusion exponent, although
both provide an indication of non-Brownian dynamics.) Figure
5 shows that for the Lα phase α2(t) ≈ 0 for all t, consistent with
lipid molecular motions that conform to Brownian statistics;
this is true even in the regime where the anomalous diﬀusion
exponent α ≈ 0.7. This ﬁnding is consistent with the all-atom
studies of ref 52, where where they considered the ratio ⟨r4(t)⟩/
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molecular spacing on this time scale, suggesting that a
molecular “replacement” mechanism may be at work.
In short, we have so far shown that the DPPC molecular
displacements are starkly diﬀerent in the ﬂuid Lα and gel Lβ
phases; in particular, lipid displacements are non-Gaussian in
the gel phase, due to the existence of two mobility
subpopulations: lipids that are trapped in cages formed by
their neighbors and a fraction ϕ of lipids that escape their cages
and move beyond the space between neighboring lipids. We
next examine the structure of these relative mobility groups. We
will emphasize how this dynamic, interchanging population of
mobility subsets can naturally arise without invoking concepts
of thermodynamic phase coexistence, just as they commonly
occur in glass-forming materials.
Cluster Size. Having established that single lipid motion in
the gel phase can be partitioned into two groups at the
intermediate time scale of subdiﬀusive motion, we now examine
the spatial distribution of this heterogeneity. To provide a
useful qualitative picture of the consequences of this
heterogeneity, Figure 7 shows a simulation snapshot of the

Figure 6. van Hove function Gs(r,t*) at the time t* of the maximum of
non-Gaussian behavior for T = 300 K, representative of the gel phase.
The van Hove function is well described by the superposition of a
Gaussian function, representing low-mobility caged lipids (green line),
and an exponential function to represent highly mobile lipids (blue
line). The red line indicates that the summation of these terms follows
the simulation results (circles) closely. The inset shows the tail of the
distribution in enlarged form.

More signiﬁcantly, we now show that it is possible to
quantitatively describe Gs(r,t*) as a superposition of two
distinct mobility groups,
Gs(r ,t *) = ϕGmobile(r ,t *) + (1 − ϕ)Gcage(r )

(5)

where ϕ represents the fraction of mobile lipids. We ﬁrst
consider an appropriate form for Gcage(r). We can use ⟨r2(t)⟩ to
deﬁne a characteristic displacement scale ⟨u2⟩ of the transiently
trapped lipids. Speciﬁcally, the crossover over from subdiﬀusive
behavior with α = 0.35 to α = 0.85, indicated by the
intersection of the dashed lines in Figure 3a, deﬁnes ⟨u2⟩ =
0.045 nm2 and does not depend signiﬁcantly on T. Assuming
Brownian motion of the caged lipids with mean ⟨u2⟩, the van
Hove of these particles should obey a Gaussian function,
2
2
2r
2πrGcage(r ) = 2 e−r / ⟨u ⟩
⟨u ⟩
(6)

Figure 7. Representative snapshots of one side of the bilayers at (a) T
= 300 K and (b) T = 320 K. Mobile lipids are colored red, while caged
lipids are white. We use only the centers of mass of the lipids to
facilitate visualization; mobile lipids are drawn slightly larger than
immobile ones. In the ﬂuid Lα phase there are no distinct mobility
classes, and the fraction of the most mobile lipids are randomly
dispersed. In the gel Lβ phase there are strong spatial correlations
between the fraction ϕ of mobile lipids.

Figure 6 demonstrates (1 − ϕ)Gcage(r) describes the primary
peak of Gs(r,t*), where ϕ is the only adjustable parameter.
The tail of Gs(r,t*) is associated with those lipids that are
highly mobile and are able to escape their local surroundings. In
glass-forming ﬂuids, the tail of Gs(r,t*) is often described as an
exponential function,60
r
2πrGmobile(r ) = 2 e−r / r0
r0
(7)

lipid centers-of-mass, looking down at one layer of the
membrane; beads are colored according to whether lipids are
mobile (red) or caged (white) over the time interval t*. This
ﬁgure clearly shows that the mobile fraction (ϕ) of the lipids is
highly spatially correlated in the gel phase, leading to
substantial clustering of mobile lipids within a background of
caged lipids. Although this image is highly remiscent of phase
coexistence of the Lα and Lβ phases, we shall provide evidence
that these clusters are not associated with phase segregation.
We observe that such clusters can span at least 10 nm, putting
them on a size scale comparable with proteins and many cell
membrane constituents. By way of comparison, we highlight
the same fraction of the most mobile lipids in the Lα phase and
show that these mobile lipids are essentially randomly
distributed in the membrane. This is consistent with the
Brownian nature of displacements in the ﬂuid Lα phase, which
assumes that single particle displacements occur independently.
Accordingly, spatial correlations of mobility appear only in the
gel phase.
We now proceed to quantify the size of clusters formed by
mobile lipids in the gel phase. We deﬁne a cluster as those
mobile lipids that are nearest neighbors, where nearest

Indeed, we ﬁnd that the tail of Gs(r,t*) exhibits the signature
exponential tail of many glass-forming liquids. Fitting the tail of
Gs(r,t*) determines values for r0 and ϕ; the value of ϕ
estimated for mobile particles is consistent with the fraction (1
− ϕ) of caged lipids in the superposition expression for Gs(r,t*)
(eq 5). In sum, the only free parameters in the superposition
description are the values of ϕ and r0, since ⟨u2⟩ is determined
from ⟨r2(t)⟩. The fraction ϕ of these mobile particles varies
around a mean value of 14.2% with standard deviation of 2.7%.
We ﬁnd r0 values between 0.55 and 0.71 nm so that the mean
mobile lipid ⟨rmobile2(t*)⟩1/2 = 2r0 varies from 1.1 to 1.4 nm,
slightly larger than the intermolecular spacing (1.02 nm). In
other words, a typical mobile lipid moves on the order of a
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molecular transport of any embedded molecules near the
transition. Jin et al.62 have observed a strong enhancement of
diﬀusion in the membranes of lipids extracted from E. coli
driven by growth temperature, and they have suggested that
this phenomenon arises from some sort of ﬂuctuations in the
membrane.
To characterize the length scale of these dynamic clusters, we
evaluate the mean radius of gyration, which for a given cluster is
deﬁned by

neighbors are deﬁned as those having a separation less than
1.02 nm, a criterion discussed when we examined the paircorrelation function g(r) (see Figure, 2a). Up to now, we have
deﬁned these clusters only for displacements on the time
interval t*. We can trivially generalize this approach by looking
at the same fraction ϕ of the most mobile lipids at any arbitrary
time interval t and thus evaluate the mean cluster size ⟨n(t)⟩.
For very short intervals (where lipid motion is ballistic) or after
long intervals (where motion is nearly diﬀusive), single lipid
motions are independent. Thus, partitioning mobility groups
should reveal spatial correlations of mobility only on an
intermediate time scale. Figure 8a conﬁrms this expectation. At

R g 2(t ) =

1
2N 2

∑ (ri − rj)2
i,j

(8)

where ri, rj are the positions of the center-of-mass of lipids
within a cluster deﬁned over interval t. As should be anticipated,
Figure 8b shows that ⟨Rg(t)⟩ of mobile lipid clusters exhibits
the same trend observed for ⟨n(t)⟩. In particular, ⟨Rg⟩ has a
peak value around 2.5−3 nm so that the average size of a
mobile clusters is comparable to many proteins and other
biomolecules. Obviously, speciﬁc clusters can be larger or
smaller, as illustrated in Figure 7. For the simpler lipid model
that we examined in ref 18, we found that the cluster size
distribution followed a power law with an exponential cutoﬀ, a
behavior consistent with percolation theory.63 A broad size
distribution is a rather generic ﬁnding in the assembly of
branched particle aggregates. The peak ⟨Rg(t)⟩ ≈ 3 nm is
consistent with a peak ⟨n(t)⟩ ≈ 30, if we approximate clusters
as compact 2D objects and use the interlipid spacing of ≈1 nm.
In fact, these objects are probably not compact, and ref 18
suggests they have a slightly smaller fractal dimension df ≈ 1.9,
the fractal dimension of critical percolation clusters in 2D.63 We
lack suﬃcient data to accurately estimate df here, so this
remains an open question.
Cluster Structure. A natural question that arises from this
analysis is the following: How do the structures of these
mobility groups compare, and are they related to the structure
of the ﬂuid Lα and gel Lβ phases? For example, one might
anticipate that these patches arise from a thermodynamic
coexistence of a ﬂuid patches within the gel phase, and so we
examine the degree to which we can identify structural
diﬀerences in the mobile and immobile domains. Since the
area and tail orientation of lipids diﬀer substantially between
the gel and ﬂuid phases, these may be good metrics to assess
the variation in structure of mobile and immobile regions.
We quantify the area occupied by a lipid using the area of the
Voronoi cell, where the Voronoi mesh is constructed from the
2D projection of the center of mass locations of lipids in each
layer of the membrane. A Voronoi cell speciﬁes the region
closer to a given lipid than to any other lipid in the layer. Figure
9 (a, b) shows typical examples of the Voronoi mesh for both
the gel and ﬂuid phases. In the ﬂuid phase, the spatial
distribution of the cell areas does not exhibit an obvious
pattern. In contrast, in the gel phase, regions of relatively larger
area are spatially correlated. A comparison to the mobile
regions shown in Figure 7 (based on the same conﬁguration)
shows that these lower density regions of the material correlate
well with the locations of regions of enhanced mobility. This
suggests the possibility of using the local structure to identify
regions of diﬀering mobility, a possibility that we test below. To
quantify the diﬀerences in the local density of mobile and caged
regions and thus address the possibility of phase coexistence,
we explicitly evaluate the distribution of areas P(A) for lipids
that were identiﬁed as mobile or caged, as well as for the overall

Figure 8. (a) Mean cluster size ⟨n(t)⟩ of the fraction ϕ of the mobile
lipids as a function of t. Clustering is most pronounced on the time
scale near that of the peak time t*of α2(t). As the system reaches the
long-time diﬀusive regime, the clustering diminishes as Brownian
motion begins to dominate. (b) Radius of gyration Rg as a function of
time t. It is most pronounced when ⟨n(t)⟩ reaches its peak and
diminishes when system begins to approaches diﬀusive behavior.

very short times, ⟨n(t)⟩ ≈ 2, trivial clusters that arise due to a
random choice of a fraction of lipid molecules. The maximum
cluster size at these thermodynamic conditions occurs on a
time interval that is slightly larger than t* so that the clustering
is most pronounced at a time scale in the range t = 150−300 ns.
On the basis of the correspondence between the diﬀusion
constants in the simulation and experiments, we expect this to
map to an experimental time scale in the range t ≈ 1−2 μs.
A characteristic maximum value of ⟨n(t)⟩ similarly occurs in a
simpler lipid membrane model18 and this feature is general in
glass-forming liquids. A curious feature of Figure 8 is that the
maximum cluster size monotonically decreases on cooling,
while the value normally increases on cooling for the case of
glass-forming systems. On the other hand, an enhancement of
clustering upon heating has been documented for the atomic
motions of crystals approaching their melting transition;61 these
crystals also exhibit the same type of two-state description of
mobility groups. As in the case of crystal melting, the proximity
to the Lα−Lβ phase transformation may serve to enhance the
size of heterogeneous regions, an eﬀect that also likely enhances
5178

DOI: 10.1021/acs.jpcb.6b02982
J. Phys. Chem. B 2016, 120, 5172−5182

Article

The Journal of Physical Chemistry B

Figure 10. Typical examples of the spatial variation of lipid tail
orientations for (a) the gel phase and (b) the ﬂuid phase. We use again
use the Voronoi mesh, but here cell coloring denotes orientation (see
scale to the right), and the dots indicate the locations of the centers of
mass for each lipid. Spatial correlations of area are visibly distinct in
the gel phase. (c) Distribution P(S) of tail orientations S for the ﬂuid
and gel phases. In addition, we separate the contributions to P(S) of
mobile and immobile lipids in the gel phase. There is overlap of the
P(S) distributions for mobile and immobile lipids in the gel phase, but
nearly all lipids with S < 0.9 are mobile.

Figure 9. Typical examples of the Voronoi mesh for (a) the gel phase
and (b) the ﬂuid phase. Cell coloring denotes area (see scale to the
right), and the dots indicate the locations of the centers of mass for
each lipid. Spatial correlations of area are more pronounced in the gel
phase. (c) Distribution P(A) of Voronoi area A for the ﬂuid and gel
phases. In addition, we separate the contributions to P(A) of mobile
and immobile lipids in the gel phase. P(A) for mobile lipids in the gel
phase is clearly distinct from that of the ﬂuid phase.

ﬂuid and gel phases. Figure 9c shows that while mobile lipids
are skewed to somewhat larger areas, the mean area for mobile
lipids is only about 5% larger than that of the gel phase.
Moreover, the distribution of mobile lipid areas is notably
diﬀerent from that of the ﬂuid phase, so these mobile regions
do not correspond to phase coexistence with the ﬂuid phase.
We carry out a similar analysis to the above for the tail
orientation, which we deﬁne by the lipid tail orientational order
parameter S, given in eq 1 (without averaging over lipids).
Figure 10 (a, b) shows typical examples of the lipid orientation
for both the gel and ﬂuid phases, partitioned using the same
Voronoi mesh for comparison. Like the Voronoi areas, regions
of relatively low orientation are spatially correlated in the gel
phase, and the eﬀect appears much more pronounced than for
the lipid area. In the gel phase, caged lipids have a value of ⟨S⟩
= 0.96, while the mobile lipids in the gel phase have ⟨S⟩ = 0.71,
a substantially larger diﬀerence than observed for area (≈25%
versus ≈5%). Similar to the case of area, mobile lipids in the gel
phase are still far more oriented than those of the ﬂuid phase
(where ⟨S⟩ ≈ 0.50−0.55). We more carefully dissect these
diﬀerences by evaluating probability distribution P(S) of tail
orientation values. Figure 10c shows that S values for the gel
phase are very narrowly distributed near S = 1, while for the
ﬂuid phase, S values are extremely broad, with a weak peak
around S = 0.75. The mobile regions have a considerably
broader distribution of S values than the caged regions, but
both still peak near S = 1. Moreover, P(S) for the mobile
regions of the gel phase is distinct from that of the ﬂuid phase,
further supporting that these are not regions of thermodynamic
phase separation. The diﬀerent mobility clusters do not appear
to represent coexisting phases but instead reﬂect local
diﬀerences in ordering within a single thermodynamic phase.
Even if these clusters are not associated with phase
separation, the variations in the local area, and especially the

tail orientation, of mobile and caged lipid molecules suggest
that these local structural measures might be suﬃcient to
distinguish these mobility groups. To test this possibility, Figure
11 compares the spatial distribution of the fraction ϕ = 0.142 of
(a) the most mobile lipid molecules over the interval t*, (b) the
lipids with the smallest tail orientation S, or (c) the largest
Voronoi cell area A. All extremes give rise to a degree of
clustering, but it is visually apparent that the degree of
clustering is strongest based on mobility and is weakest based
on local area; the clusters of highly mobile lipids show a strong
similarity to those having the least tail orientation. The
normalized covariance of the mobility (measured by displacement) with tail orientation S is quite large, 0.943, while the
covariance of mobility with area A is considerably weaker,
0.346. Thus, tail orientation provides a helpful indicator of the
underlying dynamical heterogeneity, while local area is only
modestly useful as a structural indicator of dynamics. Murtola
et al.12 found evidence for a similar relationship between local
mobility with density or orientation. This relationship between
orientation and mobility is practically beneﬁcial, since the
detailed procedure to identify mobility groups is not currently
accessible to experiments, although single molecule tracking
methods oﬀer a promising future approach. On the basis of the
strongly hexagonal order in the gel phase,18,42 other measures
of local order, such as the hexagonal rotationally invariant order
parameter Q6,64 could also be sensitive to changes in local
mobility.

■

CONCLUSIONS
We used the MARTINI model to examine the heterogeneity of
dynamics in a simulated DPPC lipid membrane. Our results
support the ﬁndings of a previous work based on a more
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Figure 11. Visualization of the clusters formed in the gel phase by highlighting the same fraction ϕ of (a) the most mobile lipid molecules, (b) the
lipids with the smallest tail orientation S, and (c) lipids with largest Voronoi area A. The conﬁguration used is the same as Figure 7. In each case, the
highlighted fraction ϕ is shown in red, with the counterpart in white. It is apparent that the mobility groups can, in large part, be distinguished on the
basis of their local tail ordering and to a lesser extent by local density.

coarse-grained lipid model with nonspeciﬁc lipid interactions.18
We showed that in the gel phase, subdiﬀusion arises due to
transient caging of lipid molecules by neighboring molecules,
resulting in non-Brownian motion of the lipid molecules. This
phenomenon is accompanied by the coexistence of two distinct
mobility subpopulations: low-mobility lipids that have slight
enhancement in orientational order and are trapped in cages
formed by their neighbors, and a smaller fraction of mobile lipid
molecules that have a comparatively low local orientational
order.
Of particular signiﬁcance for membrane dynamics, the
particles in these extreme mobility groups have strong spatial
correlations, in the form of self-assembled dynamic clusters that
do not appear to be associated with the phase separation
process. While a signiﬁcant correlation exists between tail
orientation and lipid mobility, the mobile lipid clusters are not
consistent with patches of lipids existing in the ﬂuid Lα phase.
Instead, these clusters appear to be a manifestation of dynamic
heterogeneity, a phenomenon observed in many condensedmatter systems, particularly glass-forming ﬂuids. In terms of
time and size scale, these clusters are most prominent at 1−2 μs
(accounting for the shift to experimental time scale) and have a
characteristic size of 1−5 nm, but speciﬁc clusters can be as
large as 10 nm.
Given the inherent sluggishness of dynamics in the gel phase,
a natural concern is whether our results are aﬀected by
insuﬃcient equilibration in the gel phase. Indeed, a poorly
chosen initial state can aﬀect quantitative ﬁndings on the μs
time scale we simulate. That said, the ubiquity of the dynamic
heterogeneity in condensed phase systems indicates it is a
rather robust phenomenon when intermolecular interactions
are strong compared to thermal excitation.3,4,30 Hence, the
qualitative features of heterogeneity are likely not strongly
sensitive to the details of equilibration. Additionally, the
qualitative similarity of the dynamics we observe to those
found in all-atom studies52 suggests that our core ﬁndings
should not be dependent on the details of the lipid
representation. Indeed, the general pattern of dynamic
clustering is consistently observed in glass-forming systems,
independent of the details of the model or system size, and we
anticipate a similar scenario for membranes.
The strong correlation between the tail orientation and
mobility of individual lipid molecules in the gel phase is
somewhat unanticipated. Past studies of glass-forming ﬂuids
typically do not indicate any clear-cut correlation between
structure and dynamics at the scale of individual molecules.65
This is a consequence of the fact that distributions of various
measures of local order for mobile and immobile molecules
overlap substantially, making it diﬃcult to distinguish mobility

species solely using measures of local order. In contrast to most
glass-forming systems, the proximity to a liquid−liquid phase
transition allows the membrane to access dynamic local
structures with substantially diﬀerent ordering, as well as
mobility, based on the diﬀerences in mean order and diﬀusivity
of the ﬂuid and gel phases. Consequently the distributions of
local order (here deﬁned by the tail orientation) of the diﬀering
mobility groups are more separated. Presumably, this could also
be quantiﬁed through strong hexatic ordering of the gel state
(Figure 2b). Liquid water, where there is also a possible liquid−
liquid transition, is another example where pronounced
ordering does give rise to strong correlations between local
structure and mobility.66,67
The characterization of collective coordinated motion is a
separate matter from identifying particles in extreme mobility
states. In glass-forming ﬂuids31 and our earlier membrane
study,18 it has been shown that the clusters of enhanced
mobility can be dissected into subgroups of particles that
cooperatively replace each other, revealing stringlike collective
motions. Indeed, we found that the characteristic displacement
of highly mobile lipid molecules corresponds to roughly an
interlipid separation, suggesting just such a cooperative
exchange motion. Pictorial evidence from Falck et al.13 also
suggests such a scenario. We are then led to the following
question: What are the biological implications of this type of
collective motion?
Though our speciﬁc results are limited to the comparatively
simple case of the DPPC membrane, it is valuable to consider
the potential broader biological relevance of our ﬁndings. As
alluded to in the Introduction, the size and time scales of the
mobile lipid clusters are consistent with those expected of
dynamically associating lipid rafts.1 However, it is important to
note that the situation of highly mobile groups in an immobile
environment is inverted from the situation expected for lipid
rafts: lipid rafts are usually conceived of as patches of relatively
low mobility in a ﬂuid background. Thus, the coincidence in
scales may be just fortuitous. On the other hand, the emergence
of ﬂuid regions in an ordered background is characteristic of
superheated crystals,61 so this situation certainly has precedence. The dissonance between our observations and expectations for rafts may also be a consequence of examining a
single-component membrane. In many glass-forming systems,
the appearance of high-mobility clusters is also accompanied by
the appearance of low-mobility clusters, usually with similar size
and time scales, especially when ordering is frustrated.31 This
type of frustration in ordering is realized, for example, in a
simple binary mixture of atomic species having diﬀerent sizes
with interparticle interactions that favor a homogeneous
liquid.68 Real membranes are multicomponent ﬂuids that
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must exhibit this type of packing frustration, so these materials
may exhibit dynamics more similar to glass-forming liquids.
Although the application of results for the single-component
membrane to describe cell membranes is necessarily limited,
the simple model membrane system is exceedingly valuable as a
reference point to build comprehension of more complex living
membranes. As a continuation of our “bottom-up” strategy, we
are currently working to quantify heterogeneity in multicomponent membranes and determine to what degree the
compositional heterogeneity aﬀects the intrinsic dynamic
heterogeneity of lipid molecules.
We believe that dynamic cluster formation in a singlecomponent lipids membrane is potentially signiﬁcant for
understanding biological function, even if these clusters do
not directly relate to lipid rafts. The mobile lipid clusters near
the ﬂuid−gel transition are on the order of a few nm and can
thus accommodate a number of proteins and other
biomolecules within a cluster and persist for a microsecond,
comparable to enzyme turnover time and many other biological
processes associated with membrane function.1 The rather
general tendency of many types of cells to adjust their
composition to bring the membrane near the gel transition
seems to point some survival advantage of this critical condition
and biological functionality of these dynamic clusters.
We hope that our observation of this general clustering
phenomena brings us one step closer toward elucidating
dynamical aspects of lipid membranes that have long remained
elusive and that our observations will stimulate measurements
of this dynamical heterogeneity using NMR and other methods
having suﬃcient time and spatial resolution. Further, the
ﬁnding of dynamical heterogeneity in lipid membranes points
to a general tendency for molecules having strong intermolecular interactions to form large-scale, self-assembled dynamic
structures at equilibrium. This opens up the possibility that
tools from the ﬁeld of glass-forming ﬂuids can be further
applied to deepen our understanding of lipid dynamics and
potentially the dynamics of other complex biological systems,
such as proteins. Such a framework may even prove useful to
quantify the inherently complex dynamics of biological
macromolecules and living systems at even larger scales, such
as the dynamics within cells growing tissue.69,70
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