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Epidermal growth factor receptor (EGFR/ErbB1) is a transmembrane protein that can drive cell growth and sur-
vival via the ligand-induced dimerization of receptors. Because dimerization is a common mechanism for signal
transduction, it is important to improve our understanding of how the dimerization process and membrane
structure regulate signal transduction. In this study, we examined the effect of lipid nanodomains on the dimer-
ization process of EGFRmolecules.We discovered that after ligand binding, EGFRmoleculesmaymove into lipid
nanodomains. The lipid nanodomains surrounding two liganded EGFRs can merge during their correlated mo-
tion. The transition rates between different diffusion states of liganded EGFR molecules are regulated by the
lipid domains. Our method successfully captures both the sensitivity of single-molecule processes and statistic
accuracy of data analysis, providing insight into the connection between the mobile clustering process of recep-
tors and the hierarchical structure of plasma membrane.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Live cells must execute a variety of cellular processes to survive in a
changing environment. These cellular processes can be organized into
three networks: the signaling network, transcription regulation net-
work, and metabolic network [1–5]. The signaling network is responsi-
ble for relayingmessages from the external environment to the cellular
nucleus. The first event of signaling processes occurs at various types of
receptors on the plasma membrane of a live cell. One such receptor is
the epidermal growth factor receptor (EGFR/ErbB1), which drives cell
growth and survival [6]. EGFR signaling is also responsible for several
disease pathogeneses [7].

EGFR is a transmembrane protein containing an extracellular bind-
ing domain, a single transmembrane domain, and a cytoplasmic tyro-
sine kinase domain. Ligands such as epidermal growth factor (EGF)
can bind to the extracellular domain and thus stimulate conformational
changes in EGFR that promote receptor dimerization and the activation
of the intracellular tyrosine kinase domain [6,8]. The phosphorylated
tyrosine residues then act as docking sites for adaptor proteins, which
further activate intracellular signaling cascades.

EGFR can form either a homodimer with an EGFR or heterodimers
with other members of its receptor-family [8–10]. However, conclu-
sions about the size of these molecular aggregates and the ligand-
occupancy of the signaling complex remain controversial. Conventional

steady-state ensemble approaches cannot be used to address the sto-
chastic nature of receptors that encounter each other in the highly het-
erogeneous and fluidic plasma membrane. Recent advances in single-
molecule fluorescent imaging and tracking have providedmore insights
into the behavior of intact EGFR on the plasma membranes of live cells
[11–14]. Multiple EGFR signaling complexes have been found with
varying degrees of stability. For example, by analyzing single-molecule
trajectories the dissociative rate constants of dimers, koff = 1.24s−1,
koff = 0.74s−1, and koff = 0.27s−1, have been determined for unoccu-
pied, singly, and doubly liganded dimers, respectively [13]. It was
found that dimers composed of two ligand-bound receptors are the
most long-lived; their dissociative rate is more than four times slower
than that of the unoccupied dimers. The association of EGF tomonomer,
unliganded dimers, and singly liganded dimers also differs. The doubly
liganded dimers can enter into a very slow-moving state that correlates
directly with receptor activation [13].

Recently, Lidke and his coworkers devised a two-color quantum-dot
trackingmethod to visualize the state-dependent dimerization process-
es of human EGFR [13]. A three-state hidden Markov model was pro-
posed to deduce the transition rates between free, co-confined, and
dimerized states. They found that disruption of actin networks leads
to the faster diffusion of receptor dimers and concluded that actin cor-
rals establish the confinement zones for EGFRs. Sequestering cholesterol
to disrupt lipid domains was found to have a minimal effect on the dif-
fusion of EGFR dimers [13], suggesting that lipid domains have a negli-
gible role in the confinement of EGFRs. However, as the native protein–
lipid architectures and dynamics in the membrane environment are far
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fromwell understood, the existence and resulting functionality of a lipid
nanoscale structure on EGFR dimerization remains controversial. In this
study, we address the issue of the effect of lipid nanodomains on the
dimerization process of EGFR molecules.

2. The energetic model

The plasma membranes of live cells are complex and highly hetero-
geneous [15–18]. Single-molecule tracking of a receptor protein can
effectively probe into the microscopic environment and thermal fluctu-
ations in a living cell. The influences of cellular objects or structures far
separated from a receptor protein are negligible in the description of
single-molecule diffusion of the protein. Thus, we can focus on the
local environment of the protein. Based on our current knowledge of
single-molecule diffusion in the plasma membrane, two types of inter-
actions between a receptor protein and its local environment shall be
taken into account. Firstly, the receptor protein can induce a local order-
ing of the surrounding lipid molecules via a lipid–protein interaction
[19–21]. The receptor can also serve as a nucleation site to form a stable
lipid domain and results in a free energy decrease. Secondly, there exist
actin skeleton-induced membrane compartments [22,23]. Our model
incorporates a cooperative action with the hierarchical structure of
actin skeleton-induced membrane compartments, protein-induced
lipid ordering domains and dynamic diffusion of receptor proteins.
The basic ideas of the model are illustrated in Fig. 1(a) including the
protein-induced lipid ordering and the actin skeleton-induced mem-
brane compartment with length scales λx and λy.

The diffusion of a receptor protein in the plasma membrane can be
described with the generalized Langevin equation [24]:

mγ∂t xk
!¼ −∇k Vþ Fð Þ þ f k

�! ¼ −mγUþ f k
�!

: ð1Þ

Here xk
! is the position vector of the k-th receptor molecule and γ is

the frictional parameter, which relates to the diffusion coefficient by

mγ = kBT/D. The fluctuation force f k
�!

on the molecule fulfills the

fluctuation-dissipation theorem f k
�!

tð Þ f k
�!

t þ τð Þ
D E

¼ 2kBTmγδ τð Þ. We

used a potential profile of V ¼ V0cosn π xk
λx
þ yk

λy

� �h i
cosn π xk

λx
− yk

λy

� �h i
to

model the interaction between the protein and actin corral with differ-
ent gradients. By adjusting the exponent n and V0, we can control the
interaction strength and range of the actin confinement in a membrane
compartment.

We consider the lipid-dependent segregation of amixture of raft and
non-raft lipids as a lipid domainwith anorder parameterϕ(r),which in-
dicates the degree of enrichment of raft lipids. The enriched lipid rafts
are ϕ(r) N 0 (inside the red dashed circle in Fig. 1(a)) and the depleted
raft lipids areϕ(r) b 0 (outside the red dashed circle in Fig. 1(a)). The dy-
namic evolution of the order parameter ϕ(r) follows the Cahn–Hilliard
equation [25,26]

∂tϕ r; tð Þ ¼ D∇2 ∂ϕF
h i

ð2Þ

with F denoting the Ginzburg–Landau functional of the lipid–lipid and
protein–lipid interaction energy densities [27]. F can be expressed as

F ¼
Z

1
2
αϕ r; tð Þ2 þ 1

4
βϕ r; tð Þ4 þ 1

2
χ ∇ϕ r; tð Þj j2−ϕ r; tð ÞSP rð Þ

� �
dA: ð3Þ

The Cahn–Hilliard equation is a coarse-grained version of Brownian-
like diffusion [26]. According to the Landau mean field theory [25] of a
physical system with an inversion symmetry ϕ(r) = ϕ(−r), the first
two terms of Eq. (3) describe the thermal stability of the system. The
parameter α represents the binding energy of lipids (i.e., the energy
needed to remove a lipidmolecule from the lipidmembrane), β denotes
the interaction strength between lipid molecules, and the third term is

from a line tension at the boundary of two different lipid phases. Typical
values of the parameters are α= kBT/2, β= kBT/3, and χ= 4kBT ⋅ μm2

for the plasmamembrane system of live cells. The presence of a protein
results in a force field that breaks the symmetry of lipid phases. The
symmetry breaking yields a linear term with negative value in F [25].
Therefore, the lipid ordering ϕ(r) N 0 induced by a protein (SP(r) = 1)
decreases the free energy of a lipid domain.

To evaluate the effect of the heterogeneities of plasmamembrane on
the movement of a receptor molecule, we solved Eqs. (1) and (2) self
consistently to yield single-molecule trajectories and then calculated
the variance σ2

R2 of the squared displacements R2(t). We present our

simulation results in a plot of V(R2) versus R2 tð Þ with V(R2) = σ2
R2=

Fig. 1. Model and simulation result. (a) Schematic showing the model that involves the
structure of actin skeleton-induced membrane compartments, protein-induced lipid or-
dering domains and dynamic diffusion of protein complexes. The actin skeleton is
modeled with a potential barrier V0ð Þ and the length scales (λx and λy). The region with
induced lipid ordering (inside the red dashed circle) has ϕ(r) N 0 for enriched raft lipids
and outside has ϕ(r) b 0 for depleted raft lipids. (b) Simulation results of V(R2) are plotted
in the V(R2)) − R2 − D space for single-molecule receptors under free Brownian motion
(red solid circles), under confined diffusion by either actin corrals alone (green open
squares, λx = λy = 70nm, barrier height V0 = 0.5 eV, and n = 1) or both actin corrals
and lipid domains (blue open triangle). The initial condition of the lipid environment
was assumed to be a homogeneous mixture with 40% raft lipids and 60% non-raft lipids
(ϕ0=−0.2). The length scales, confinement amplitude, and exponent of the actin corrals
are λx = λy = 70nm, barrier height V0 = 0.5 eV, and n = 3.
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