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We investigate the combined effects of transmembrane proteins and the subjacent cytoskeleton on
the dynamics of phase separation in multicomponent lipid bilayers using computer simulations of
a particle-based implicit solvent model for lipid membranes with soft-core interactions. We find
that microphase separation can be achieved by the protein confinement by the cytoskeleton. Our
results have relevance to the finite size of lipid rafts in the plasma membrane of mammalian cells.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890655]

I. INTRODUCTION

There currently exists a consensus that the plasma mem-
brane of mammalian cells exhibits lateral heterogeneities in
the form of nanoscale domains known as lipid rafts, which
are rich in cholesterol and sphingolipids.1–3 Lipid rafts are be-
lieved to serve as platforms for proteins and are implicated in
a range of biological functions including signal transduction,4

endocytosis,5 trafficking,6 virus uptake,7 and regulation of
membrane tension.8, 9

Due to the complexity of the plasma membrane, which
results from the presence of a large number of lipid species
and membrane proteins as well as various protein-mediated
active processes, investigations of the lateral organization of
the plasma membrane in vivo conditions are experimentally
very challenging. To overcome this difficulty, the majority of
experimental studies of the lateral organization of biomem-
branes have been carried out on multicomponent giant unil-
amellar vesicles (GUVs) and planar membranes composed
of a saturated lipid, such as dipalmitoyl phosphatidylcholine
(DPPC) or sphingomyelin, an unsaturated lipid, such as dio-
leyol phosphatidylcholine (DOPC) and cholesterol.10 These
experiments show that μm-scale segregated liquid-ordered
(Lo) regions,11 rich in Chol and saturated lipids, coexist with
liquid-disordered (Ld) regions that are rich in unsaturated
lipids.12–19 Since the length scales of these domains extend
up to the size of the reconstituted vesicles, one should view
these segregated regions as coexisting phases in a thermody-
namic sense.20 Segregated lipid domains in multicomponent
GUVs are thus several orders of magnitude larger than lipid

a)Permanent address: Department of Physics, Jahangirnagar University,
Savar, Dhaka 1342, Bangladesh.

b)Current address: Department of Chemical Engineering, Auburn University,
Auburn, Alabama 36849, USA.

c)Author to whom correspondence should be addressed. Electronic mail:
mlaradji@memphis.edu

rafts in the plasma membrane. Lipid rafts are therefore rem-
iniscent of a microphase separation stabilized by effects that
are absent in experimental model membranes.

While the mechanisms which prevent lipid rafts from
reaching μm-size domains have been under immense debate,
there are some noticeable differences between the plasma
membrane and multicomponent GUVs: (1) The transbilayer
lipid distribution in the plasma membrane is highly asymmet-
ric with most of the saturated sphingolipids located on the
outer leaflet;21 (2) active lipid recycling to and from the bi-
layer is present in the case of the plasma membrane while
it is absent in reconstituted membranes;22, 23 (3) the plasma
membrane contains transmembrane proteins which partition
differently in the Lo and Ld domains;24, 25 and (4) the lipid
bilayer of the plasma membrane is attached to a subjacent ac-
tomyosin cytoskeleton which may lead to the confinement of
some transmembrane proteins.26–28

Several mechanisms have been postulated to explain the
nanoscale of lipid rafts in the plasma membrane. For ex-
ample, lipid rafts have been hypothesized as compositional
fluctuations,29, 30 and the recent study by Veatch et al.30 of
GUVs reconstructed from the plasma membrane of rat ba-
sophil leukemia cells suggests that the physiological tem-
perature of the plasma membrane is slightly higher than the
critical point of the lipid mixture, and thus lipid rafts may
be just critical fluctuations. The transbilayer asymmetry of
the lipid distribution in the plasma membrane has also been
shown, by dissipative particle dynamics (DPD) simulations,
to lead to nanoscale domains with a length scale determined
by the amount of asymmetry in the transbilayer distribution
of the saturated sphingolipids.31 More recently, it was sug-
gested that mismatch between the spontaneous curvatures of
the Lo and Ld monolayers leads to microphase separation in
multicomponent membranes.32 Active lipid recycling has also
been shown through coarse-grained simulations of phase-field
models to lead to nanoscale domain structures.33–35 There has
also been a proposal that hybrid lipids with one fully saturated
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chain and one partially unsaturated chain may act as a linac-
tant (two-dimensional analog of surfactant) that prefer to lo-
cate at the boundaries between regions rich in saturated lipids
(and cholesterol) and regions rich in unsaturated lipids.36 The
linactants therefore produce two-dimensional microemul-
sions with a nanoscale domain structure. Some transmem-
brane proteins may also act as linactants.37–40

The stability of nanoscale lipid rafts has also been hy-
pothesized through the picket-fence model due to Kusumi
and co-workers.26 This model is based on the fact that the
plasma membrane is compartmentalized by the actomyosin
meshwork into corrals with a length scale 30–40 nm. The
effect of these corrals on the diffusion of membrane pro-
teins was demonstrated by an anomalous hop-diffusion of G-
protein coupled receptors.41 The cortical cytoskeleton may
therefore act as a pinning agent of the segregating Lo and Ld
domains, preventing them from full phase separation. Yethi-
raj and Weisshaar42 performed Monte Carlo simulations of
a spin-1 Ising model, where the ±1-spins represent coarse-
grained Lo and Ld particles, and the 0-spins, represent trans-
membrane proteins. The 0-spins are immobile in this model
and interact symmetrically with the ±1-spins. They found
that the quenched 0-spins lower the demixing critical tem-
perature and that this decrease is accentuated with increas-
ing the amount of immobile proteins. Similar results were
obtained by Gómez et al.43 Ehrig et al.44 used a spin- 1

2
Ising model to describe the gel-fluid phase separation of dis-
tearoyl phosphatodylcholine (DSPC)-dimyristoyl phospha-
todylcholine (DMPC) binary mixtures in the presence of a
quenched actin cytoskeleton, with average linear corral size
of 50 nm. In this model, a fraction of the actin filaments is
treated as a quenched field that interacts more favorably with
the lipids in the gel phase (i.e., DSPC), and therefore acts as
a pinning agent of DSPC. Using Monte Carlo simulations of
their model with conserved order parameter, they found that in
the absence of cytoskeleton, near-critical compositional fluc-
tuations may lead to transient anomalous subdiffusion. They
also found that this subdiffusive behavior is further enhanced
when the concentration of the cytoskeleton pinning sites is
increased. Furthermore, they found that, in the two-phase re-
gion, the cytoskeleton leads to logarithmically slow domain
growth, a confirmation that actin, according to this model, acts
as a quenched disorder. Even slightly above the critical point,
they found that the cytoskeleton leads to some domain struc-
ture, due to the affinity between the cytoskeleton and lipids
in the fluid state. Machta et al.45 used a similar model to
investigate phase separation around the critical temperature
of the system and in the presence of a quenched cytoskele-
ton. The cytoskeleton filaments act as pinning sites for one of
the lipid components therefore favoring one of the two liquid
phases. They found that the cytoskeleton leads to hop diffu-
sion of the lipids, and even sparsely distributed quenched pin-
ning sites are able to produce microphase separation in the
critical region of the phase diagram. In contrast, a higher con-
centration of pinning sites is needed far from the critical re-
gion. Fan et al.34 investigated the kinetics of phase separation
using a generalized time-dependent Ginzburg-Landau model
and found as well that the cytoskeleton leads to microphase
separation. These results are in agreement with recent experi-

ments by Honigmann et al.46 on supported ternary lipid mix-
tures with binding lipids to actin filament. Both experimental
and computational studies with quenched disorder induced by
the filamentous actin show that the domain structure mirrors
that of the underlying skeleton.

In the studies above, the effect of the cytoskeleton is
assumed through either direct interaction between the cy-
toskeleton and the lipids or mediated by the almost quenched
lipids which are anchored to the cytoskeleton, thus acting
as a pinning agent of the lipid composition field. A ques-
tion that arises is whether lipid rafts are also or rather caused
by transmembrane proteins that are sterically confined by the
cytoskeleton due to their protrusion in the cytoplasmic side
of the bilayer.26 A portion of the actin cytoskeleton is only
few nanometers from the lipid bilayer.47 This part of the cy-
toskeleton is likely significant in producing membrane cor-
rals, and should sterically hinder the diffusion of membrane
proteins that protrude in the cytoplasmic side. The effect that
sterically hindered proteins have on the lateral organization
of lipids has not been tested previously using explicit mod-
els. The purpose of the present study is to specifically in-
vestigate the combined effects of these proteins and their
confinement by an explicit cytoskeleton on the kinetics of
phase separation in multicomponent lipid bilayers, through
an explicit model of self-assembled fluid membranes using
coarse-grained molecular dynamics simulations.48 Our results
show that the protein confinement leads to slow kinetics of
phase separation and microphase separation with an aver-
age domain size that decreases with increasing protein con-
finement and/or increasing their areal number density on the
membrane.

The rest of this article is organized as follows. In Sec. II,
The implicit-solvent model is introduced and the details of the
computational approach are presented. In Sec. III, the simula-
tions results are presented and discussed. Finally, a summary
and conclusion are presented in Sec. IV.

II. MODEL AND SIMULATION DETAILS

In order to allow for simulations of large planar mem-
branes and over long timescales, we use a mesoscale implicit-
solvent model, developed by us earlier, for self-assembled
lipid molecules with soft interactions.48–50 Here, a lipid
molecule is coarse-grained into a semi-flexible short amphi-
pathic chain composed of one hydrophilic (h) bead and two
hydrophobic (t) beads. Since we are concerned here with the
effect of transmembrane proteins on the phase separation of
multicomponent membranes, two types of lipid chains, la-
beled A and B, are considered. A mimics the unsaturated
lipid, while B mimics a mix of saturated lipid and choles-
terol. The tail beads of these lipids are labeled tA and tB.
The head beads of A and B lipids are however identical in
this model. This is reasonable, since the phase separation in
lipid bilayers is believed to be mainly due to the conforma-
tional differences between the saturated and unsaturated tail
groups.51, 52

The upper (cytoplasmic) side of the planar lipid bi-
layer is underlined with a semi-flexible polymer meshwork
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FIG. 1. A snapshot of the model membrane complex showing a one-
component lipid bilayer, one protein, and the cytoskeleton. Red and blue
beads correspond to lipid head and tail beads, respectively. Yellow beads
correspond to the protein’s hydrophilic hp beads, and the gray beads cor-
respond to the proteins hydrophobic, tp beads. Cyan beads correspond to the
cytoskeleton beads, and are also hydrophilic.

tessellated into triangles formed by linking vertices with
semi-flexible polymer chains. This polymer meshwork is
a simple model for the cortical cytoskeleton and was re-
cently used by us to study cytoskeleton-induced blebbing in
biomembranes.53 The topology of this meshwork is static, and
therefore we do not account for the active behavior of the
cytoskeleton mediated by myosin motors in this model. For
the sake of clarity of the model, both side and top views of the
cytoskeleton meshwork together with the self-assembled lipid
bilayer are depicted in Fig. 1. The cytoskeleton vertices are
anchored to the membrane through a bond with single lipid
head groups.

In addition to the lipids and the cytoskeleton, the system
also contains transmembrane protein-like clusters of beads,
which tend to protrude into the cytoplasm. Our model protein
has a cylindrical geometry and is composed of 12 layers of
beads, each layer composed of seven beads corresponding to
the vertices and center of a hexagon, as shown in Fig. 1. The
hydrophobic part of a protein model consists of five layers,
each containing seven tp beads. The exoplasmic (hydrophilic)
group of the protein is composed of one layer containing
seven hp beads, and the endoplasmic (also hydrophilic) group
of the protein is composed of six layers, to allow its protru-
sion into the cytoplasm. Somewhat similar protein structures
have recently been used earlier.53

The interaction potential between beads includes two-
body interactions, harmonic interactions for the bonds within
a lipid chain, cytoskeleton meshwork, or a protein, and three-
body interactions to account for the bending rigidity of a lipid

chain, cytoskeleton, or a protein:48
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Here, U
αβ
max > 0 for any pair (α, β). Since the solvent is not

explicit in this model, the self-assembly of the lipid chains
is achieved through making the interaction between lipid tail
beads attractive at intermediate distances, i.e., U

αβ

min < 0 for
(α, β) = (tk, tl) for any values of k and l. Otherwise, the in-
teraction between two lipid head beads or between a tail and
a head bead is fully repulsive, i.e., U

αβ

min = 0 if either α or β

= h. The interaction between two non-bonded cytoskeleton
beads and the interaction between a cytoskeleton bead and a
lipid bead is assumed repulsive. The hydrophobic beads of
a protein interact attractively with the lipids tail beads, i.e.,
U

αβ

min < 0 for (α, β) = (tk, tP) or (tP, tk), for k = A, B, or P. Oth-
erwise, the interaction between a protein bead and any other
bead is assumed repulsive.

The potential Uα
bond ensures the connectivity between two

consecutive monomers in a lipid chain, cytoskeleton, or pro-
tein and is given by

U
α

i
α

j

bond (rij ) = kbond

2
(rij − ab)2, (3)

where kbond is the bond stiffness coefficient and ab is the pre-
ferred bond length. Both parameters are assumed to be the
same for all bonds.

Uα
bend is a three-body interaction potential ensuring bend-

ing stiffness of a lipid chain, cytoskeleton, or protein, and is
given by
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rij rjk

)2

, (4)

where kbend is the bending stiffness coefficient of any triplet of
connected beads belonging to a lipid chain, cytoskeleton, or
a protein, and is assumed to be independent of the molecular
species. θ0 is the preferred splay angle and is chosen as 180◦

for all triplets belonging to either lipid or cytoskeleton chains.
However, θ0 = 60◦, 90◦, 120◦, or 180◦ in the case of protein
beads, depending on the triplet in a protein. This will ensure
a relatively rigid structure of protein particles.
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The values of the various interaction parameters used in
the present simulations are given by

U
αβ
max = 100ε unless α and β = tA, tB or tP ,
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m,

kbend = 100ε,

ab = 0.7rm.

In the present study, ab = 1.01 nm for a cytoskeleton
bond. The number of bonds in the cytoskeleton between two
anchors, Nc, is varied between 10 and 40. All simulations
were performed on membranes with constant area. The mem-
brane’s linear size along the x-axis is Lx = 167.20 nm and its
dimension along the y-axis is Ly = Lxtan (π /3)/2. Note that Lx
�= Ly in these simulations due to the use of periodic boundary
conditions and the need to preserve the triangular symmetry
of the cytoskeleton. The lipid number density in the simula-
tions is σ 0 = 3.1 nm−2 (which corresponds to 75 050 lipids in
a bare membrane case). We note that a bare membrane with
this lipid number density is tensionless. We considered cases
where the numbers of cytoskeleton anchors to the bilayer, na,
is 16, 64, and 256, corresponding to corrals with average lin-
ear size Lc = 41.80 nm, 20.90 nm, and 10.45 nm, respectively.

The proximity of the cytoskeleton to the bilayer is con-
trolled by varying the number of monomers between two
anchors while keeping the average corral size constant. We
define a proximity parameter, γ c = Dc/Lc, where Dc is the
contour length of a cytoskeleton filament between two an-
chors. A small γ c corresponds to a cytoskeleton that is fairly
close the bilayer, whereas a large γ c corresponds to a cy-
toskeleton with large conformational fluctuations from the bi-
layer. We considered cases where γ c = 1.06, 1.43, 1.91, and
2.24, corresponding to average distances of the cytoskeleton
from the lipid head groups, of the upper leaflet, varying be-
tween 1.6 nm and 4.4 nm. An increase in the fluctuations of
the cytoskeleton leads to a decrease in the steric hindrance
that it exerts on the proteins.

In all simulations, the area fraction of the majority lipid,
φB = 70%. When the amount of proteins is varied, the amount
of A-lipids is varied such as φA + φP = 30%.

Three sets of simulations were performed: (1) Set A is
used to investigate the effect of protein number density, while
the average corral size, Lc, is fixed. Here, we consider the case
where Lc = 10.45 nm (corresponding to 256 anchors) and
the cytoskeleton proximity parameter is fixed at γ c = 1.06.
The number of transmembrane proteins here are Np = 0, 50,
100, 200, and 400, which correspond to an area fraction of
0%, 0.625%, 1.25%, 2.5%, and 5%, respectively. (2) Set B

is used to investigate the effect of cytoskeleton’s proximity
for a fixed number of proteins Np = 400 and average linear
corral size, Lc = 10.45 nm. Here, we consider cytoskeleton
filaments with proximity parameter γ c = 1.06, 1.43, 1.91,
and 2.24. (3) Set C is used to investigate the effect of the
linear size of the cytoskeleton corral for a fixed number of
proteins, Np = 400, and a fixed cytoskeleton proximity pa-
rameter, γ = 1.06. Here, we consider average linear corral
size Lc = 10.45 nm, 20.90 nm, and 41.80 nm. We emphasize
that in the present model, the cytoskeleton affects phase sep-
aration indirectly through steric hindering of the diffusion of
the transmembrane proteins. This is contrasted with previous
studies34, 43–45 where the cytoskeleton directly interacts with
the lipids.

The simulations are performed as follows: a single com-
ponent lipid bilayer, composed of A-lipids with transmem-
brane protein and cytoskeleton, is initially equilibrated over
a long time. Randomly picked lipid molecules with the de-
sired volume fraction are then switched to B-lipids, triggering
the onset of phase separation. Domain growth is monitored
through three measures: (1) The first length scale of the do-
main structure is extracted from the compositional structure
factor defined as

S(q‖, t) = 〈|φ̃(q‖, t)|2〉, (6)

where q‖ = (qx, qy) and
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where r‖ = (x, y), and φA(r‖, t), φB(r‖, t), and φP(r‖, t) are the
local volume fractions of the components A, B and proteins
at time t, respectively. A domain size, R2(t), is extracted from
the second moment of the compositional structure factor,
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(8)
where qc is a cutoff wave vector taken to be 2.5r−1

m .
(2) The average domain area, AD(t), is extracted from

the domain area distribution, P (A, t), where A is the domain
area:

AD(t) =
∫

P (A, t)AdA. (9)

Domains are determined numerically by subdividing the sys-
tem’s area into small squares of linear size 1.5rm. A square
is then filled if it contains a bead that belongs to lipid A or
protein. Otherwise, the square is empty. Two filled squares
belong to the same cluster if they are nearest neighbors.

(3) To quantify the anisotropy of the domains, we also
measured the quantity S(t) = lD(t)/

√
AD(t), where lD is the

average perimeter length of a single domain. The perimeter of
a domain is defined by the number of filled squares, as defined
above, that are along the contour of a domain.
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III. RESULTS

A. Protein confinement by the cytoskeleton

To demonstrate that the present model allows for the con-
finement of proteins by a relatively tight cytoskeleton, we
made simulations of one-component lipid bilayers (composed
of A-lipids only) with proteins and cytoskeleton. The density
profiles of the various types of beads in the membrane are
shown in Fig. 2 for both cases of a tight cytoskeleton (γ c
= 1.06) and a loose cytoskeleton (γ c = 2.24). Fig. 2(a) shows
that in the case of a tight cytoskeleton (γ c = 1.06), the dis-
tribution of the hydrophilic part of the proteins within the cy-
toplasm is broader than that of the cytoskeleton beads, which
implies that in this case the proteins are well confined by the
cytoskeleton. This is consistent with the fact that in this case,
the cytoskeleton filaments are 1.6 nm from the head groups
of the upper leaflet of the lipid bilayer. In contrast, Fig. 2(b)
shows that in the case of a loose cytoskeleton (γ c = 2.24), the
width of the distribution of the cytoskeleton beads extends be-
yond that of the hydrophilic beads of the proteins within the
cytoplasmic side of the membrane, implying that in this case
the proteins are not well confined. In this case the cytoskele-
ton is in average 4.4 nm from the head groups of the upper
leaflet of the lipid bilayer, but extending up to 10 nm from the
top leaflet, implying that proteins can easily escape the corrals
in this case as compared to the case of γ c = 1.06.

FIG. 2. Density profiles of the various types of beads in the system. Panel
(a) corresponds to the case of a tight cytoskeleton, γ c = 1.06, and (b) corre-
sponds to the case of a loose cytoskeleton, γ c = 2.24.

FIG. 3. The asymptotic value of the root mean square displacement, 
R, for
the case of a tight cytoskeleon, γ c = 1.06, vs. the average corral size, Lc.

In order to quantify the confinement of proteins, we also
looked at their diffusion through the mean square displace-
ment of a protein’s center of mass in a one-component lipid
bilayer, (
RCM(t))2 = 〈(RCM(t + t0) − RCM(t0))2〉. The con-
finement length, defined as lim
RCM(t) as t → ∞, as a func-
tion of γ c is shown in Fig. 3. We found that in the case of
a tight cytoskeleton, γ c = 1.06, the mean square displace-
ment reaches a plateau. However, finite diffusion coefficients
are found for γ c = 1.43, 1.91, and 2.24. Fig. 3 shows that
the asymptotic value of 
RCM, in the case of γ c = 1.06, is
proportional to the average corral size, Lc, implying that the
proteins are indeed confined by the cytoskeleton.

B. Effect of protein density on the kinetics
of domain growth

In this section, we present results pertinent to the effect
of protein number density on the phase separation process
of multicomponent lipid bilayers. We recall that we consider
here the case of transmembrane proteins that interact more
attractively with A-lipids than B-lipids. This is motivated by
the work of Lillemeier et al., where they found that most of
transmembrane proteins have an affinity to cholesterol rich
regions.28

In Fig. 4, time sequences of snapshots of Set A sys-
tems containing 50, 200, and 400 transmembrane proteins
are shown. These snapshots show that the proteins and the
cytoskeleton have a dramatic effect on both the kinetics of
domain growth and the domains morphology. In particular,
Fig. 4 shows that in the case of small amount of proteins,
NP = 50 (cf. snapshot sequence of column (a)) domains are
more circular than in the cases of NP = 200 (column (b)) and
NP = 400 (column (c)). The shape of the domains becomes
increasingly irregular with increasing the number density of
proteins. Furthermore, Fig. 4 qualitatively shows that the
growth rate is slowed down with increasing protein density.
In particular, we note that at late times, the domains structure
hardly evolves in systems with 200 and 400 proteins, imply-
ing that the proteins are acting as a pinning agent for domain
growth.

The early dynamics of the phase separation process here
proceeds as a result of the instability of long wavelength
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FIG. 4. Snapshot series for Set A systems containing 50 proteins (a), 200 proteins (b), and 400 proteins (c). Snapshots from top to bottom correspond to 200τ ,
40 000τ , 60 000τ , and 80 000τ , respectively. Yellow corresponds to protein beads, cyan corresponds to the cytoskeleton. Red corresponds to the head beads of
the majority lipid, and green corresponds to the head beads of the minority lipid.

compositional fluctuations, as opposed to nucleation, due to
the relatively large volume fraction of the minority A-lipid
(we note that the volume fraction of A+proteins is 30%, which
falls within the regime of spinodal decomposition instead of
nucleation). The fluctuations eventually become well-defined
compact domains at early times. Due to the affinity between
A-lipids and proteins, a fraction of these domains contain pro-
teins. While the domains that do not contain proteins are free
to diffuse, the diffusion of protein-containing domains be-
comes restricted by the proteins being confined by the cy-
toskeleton, as shown by Fig. 4. The more mobile protein-free
domains eventually merge with protein-containing domains
since Fig. 4 shows that all domains at late times contain pro-
teins in the cases of NP = 200 or 400.

The average domain size as calculated from the second
moment of the structure factor, i.e., using Eq. (8), is shown
in Fig. 5 for Set A systems. Also shown in this figure are the
average domain sizes of a pure binary mixture (i.e., where
both proteins and cytoskeleton are absent) and the case of
400 proteins but without cytoskeleton. This figure quantita-
tively shows that the presence of both proteins and cytoskele-
ton leads to a dramatic slowing down of the kinetics at late
times. Furthermore, Fig. 5 shows that growth is further slowed
down as the amount of proteins is increased, in agreement
with Fig. 4, and that the domain size at saturation decreases
with increasing protein content in the membrane.

Fig. 5(b) shows that, in the absence of cytoskeleton and
proteins, R2(t) grows algebraically in time, i.e., R2 ∼ tα , with
the exponent α ≈ 0.2. Previous simulations of domain growth
of lipid domains using DPD have shown that in the case
where domains are compact, the average domain size, R(t)
∼ tα with α = 1/3.54–56 This discrepancy is due to the lack
of hydrodynamics in the present study, whereas DPD fully
takes into account hydrodynamic interactions.57 Indeed, in
the present model, the ambient solvent is not present explic-
itly and the equations of motion do not conserve local mo-
mentum. Hydrodynamics are therefore absent in these simu-
lations. Earlier scaling arguments by Binder and Stauffer,58

for phase-separating binary mixtures where compact domains
grow via their random diffusion and coalescence without hy-

drodynamics, lead to a growth law, R ∼ t1/(3+D), where D is
the spatial dimension. Therefore, R ∼ t0.2 for D = 2, which
is in very good agreement with our simulation results in the
absence of cytoskeleton. In the presence of proteins, with
NP = 400, but without cytoskeleton, domain growth is also

FIG. 5. (a) Domain size, as defined from the second moment of the structure
factor vs. time for Set A simulations. The top dotted line corresponds to a pure
binary mixture and the bottom dotted line corresponds to a system containing
400 proteins but without cytoskeleton. The solid lines from top to bottom
correspond to 50, 100, 200, and 400 proteins, respectively. (b) Same data as
in (a) presented in a double logarithmic plot. The slope of the straight solid
black line is 0.2.
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FIG. 6. Number of domains vs. time in the case of Set A. The black curve
corresponds to the system with 400 proteins but without cytoskeleton. The
other curves from bottom to top correspond to NP = 50, 100, 200, and 400,
respectively. The slope of purple line is −0.4.

algebraic with same exponent, α ≈ 0.2, except that in this
case the prefactor of the power law is smaller. This is expected
since proteins are bulkier and their diffusivity is lower than
that of lipid molecules, thereby reducing the overall dif-
fusion of domains composed of A-lipids and proteins.
Similar results were found earlier in molecular dynamics sim-
ulations of the effect of nanoparticles on spinodal decompo-
sition of fluid mixtures.59 The results of Fig. 5 are substan-
tiated by Fig. 6, which shows the number of domains, ND(t)
as a function of time. This figure shows that in the absence
of cyotoskeleton, the number of domains grows algebraically
with time, ND ∼ t−β with β ≈ 2α. This is expected since the
total area covered by the domain is constant, and therefore,
ND(t)R2

2(t) ∼ const . In the presence of cytoskeleton and pro-
teins, however, N(t) decays slower and non-algebraically, in
line with the results of Fig. 5. Fig. 6 also shows that the
number of domains increases with increasing the number of
proteins.

The domains anisotropy, defined here as S(t) = lD(t)/√
AD(t) (where lD and AD are the average perimeter length

and area of a single domain, respectively) is shown as a func-
tion of time in Fig. 7. This figure shows that in the case of
0, 50, and 100 proteins, S(t) is almost independent of the
number of proteins at late times, and that it saturates fairly
early during the kinetics. This indicates that the domains as-
sume almost circular shapes early in the dynamics, and that
the addition of small amounts of protein, although slows
down and eventually arrests domain growth, does not affect
the overall domain structure. Fig. 7 shows that the value of
S(t) at saturation during late times increases with increasing
NP, implying an increase in the irregularity of the domains
shape as NP is increased. This is qualitatively substantiated by
Fig. 4.

C. Effect of cytoskeleton proximity and average corral
size on the kinetics of domain growth

Since the cytoskeleton proximity affects the confinement
of the proteins, as shown by Figs. 1 and 2, an effect of this
on domain growth is also expected. Snapshots at t = 20 000τ

FIG. 7. Average domains perimeter over the square root of the domain area,
l
D

(t)/
√

A
D

(t), in the case of Set A. Black curve corresponds to a pure binary
bilayer. Red, green, orange, and blue curves correspond to NP = 50, 100, 200,
and 400, respectively.

FIG. 8. Snapshot series for Set B systems containing 400 proteins at 20 000τ .
Panel (a) corresponds to the case of γ c = 1.06 and (b) corresponds to
γ c = 2.24.

FIG. 9. Average domain area, AD, vs. for Set B systems. Solid lines from
top to bottom correspond to a pure binary bilayer (without proteins and cy-
toskeleton), γ c = 1.06, γ c = 1.43, γ c = 1.91, and γ c = 2.24, respectively.
The slope of the dotted line is 0.4.
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FIG. 10. Average domain size, R2, vs. for Set C systems containing 400 pro-
teins. Solid lines from top to bottom correspond to an average corral size Lc→ ∞ (no cytoskeleton), 41.80 nm, 20.90 nm, and 10.45 nm, respectively.
The slope of the dotted line is 0.2.

are shown in Fig. 8 for the case of Np = 400 with γ c = 1.06
and 2.24. This figure shows that there are fewer domains in
the case of a relaxed cytoskeleton than in the case of a tense
cytoskeleton. In Fig. 9, the average domain area is shown vs.
time for different values of the cytoskeleton proximity param-
eter for Np = 400. This figure demonstrates that the growth of
the average domain size is slowed down with increasing the
cytoskeleton proximity parameter.

Our Set C simulations in which the number of proteins
is Np = 400, and the cytoskeleton proximity parameter is γ c
= 1.06, while the average corral size is varied show that the
corral size also has a strong effect on the kinetics, as demon-
strated by Fig. 10. In particular, we found that the domains
growth rate is reduced with decreasing the average corral size.
We note that even for the largest value of the corral size, Lc
= 41.80 nm, the average domain size is expected to saturate
at later times. However, the average domain size at saturation
will be larger than the size of the simulation box, and cannot
therefore be achieved with the current simulations.

IV. SUMMARY AND CONCLUSION

In this article, we presented results based on a computa-
tional study of the combined effects of transmembrane pro-
teins and cytoskeleton on the dynamics of domain formation
in multicomponent membranes. Specifically, we focused on
lipid bilayers in the two-phase liquid-liquid coexistence con-
taining transmembrane proteins with affinity to the minor-
ity lipid component. In this model, the proteins protrusion in
the cytoplasmic side of the membrane makes them subject to
steric hinderance by the cytoskeleton, with the degree of hin-
drance that depends on the cytoskeleton’s proximity parame-
ter, defined as the ratio between the arclength of the cytoskele-
ton strand between two anchors and the average end-to-end
distance between two anchors. Our simulations are based on
an implicit-solvent model with soft interactions that allows
the lipids to self-assemble into bilayers, and with explicit pro-
teins and cytoskeleton. The proteins in this model are mobile

and the cytoskeleton is flexible. Our central result is that due
to the favorable interaction between the proteins and one lipid
phase and the steric hindering of the proteins by the cytoskele-
ton lead to microphase separation with an apparent domain
size that decreases with increasing amount of proteins or cor-
ral size. We also found that the rate of domain growth is in-
creased when the proximity parameter of the cytoskeleton is
reduced. This is due to the fact that the protein diffusion is
less hindered by the cytoskeleton when its proximity param-
eter is reduced, allowing for their escape, and therefore more
coalescence of the protein-containing domains.

Our study is motivated by the fact that experimental ev-
idence of hop diffusion of transmembrane proteins60 and by
the fact that transmembrane proteins are observed to cluster
in regions enriched with cholesterol.28 Our model is different
from a previous phase field34 and lattice models,42–45 where
the cytoskeleton’s structure is time-independent, and in which
the lipids directly interact with the cytoskeleton or with other
lipids or proteins that are anchored to, and therefore immobi-
lized by, the cytoskeleton. In these models, the observed mi-
crophase separation is due to the fact that the cytoskeleton
effectively acts as a quenched disorder. As a result of this dif-
ference between our model and these models, the domains in
our model are more compact, while the domains are intercon-
nected in the previous models, faithfully conforming to the
interconnected structure of the cytoskeleton. Most proteins in
the plasma membrane are not anchored to the cytoskeleton,
as demonstrated by their high diffusivity over short time and
length scales. The confinement of most transmembrane pro-
teins is the result of their hindered diffusion by the cytoskele-
ton rather than being rigidly attached to the cytoskeleton.

Our simulations were performed in the two phase region,
while as demonstrated by Veatch et al.,30 lipids in the plasma
membrane might be close to the critical point. We plan to gen-
eralize our study to the critical region of the phase diagram,
and detect how protein confinement and their affinity to liquid
ordered regions affect the lateral lipid organization.
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