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Two-Component Coarse-Grained Molecular-Dynamics Model for the
Human Erythrocyte Membrane

He Li and George Lykotrafitis*
Department of Mechanical Engineering, University of Connecticut, Storrs, Connecticut

ABSTRACT We present a two-component coarse-grained molecular-dynamics model for simulating the erythrocyte
membrane. The proposed model possesses the key feature of combing the lipid bilayer and the erythrocyte cytoskeleton,
thus showing both the fluidic behavior of the lipid bilayer and the elastic properties of the erythrocyte cytoskeleton. In this model,
three types of coarse-grained particles are introduced to represent clusters of lipid molecules, actin junctions, and band-3
complexes, respectively. The proposed model facilitates simulations that span large length scales (approximately micrometers)
and timescales (approximately milliseconds). By tuning the interaction potential parameters, we were able to control the diffu-
sivity and bending rigidity of the membrane model. We studied the membrane under shearing and found that at a low shear strain
rate, the developed shear stress was due mainly to the spectrin network, whereas the viscosity of the lipid bilayer contributed to
the resulting shear stress at higher strain rates. In addition, we investigated the effects of a reduced spectrin network connectivity

on the shear modulus of the membrane.

INTRODUCTION

Mature human erythrocytes do not have an internal struc-
ture; therefore, their mechanical properties originate from
the cell membrane, which is the only structural element of
the cell (1). The red blood cell (RBC) membrane is
composed of a two-dimensional (2D) sixfold spectrin
network that is tethered to a lipid bilayer comprised of
various types of phospholipids, sphingolipids, cholesterol,
and integral membrane proteins (see Fig. 1). The spectrin
network consists of spectrin tetramers that are connected
via actin filaments and additional proteins that form junc-
tional complexes. Each spectrin tetramer comprises two
heterodimers that consist of intertwined and antiparallel
a-spectrin and @-spectrin filaments (1). The integral mem-
brane proteins band-3 and glycophorin tether the cytoskel-
eton network to the phospholipid bilayer via additional
peripheral proteins (e.g., Ankyrin and 4.1) (2). The lipid
bilayer is essentially a 2D fluid-like structure embedded in
a three-dimensional (3D) space. It resists bending but cannot
sustain in-plane shear stress because the lipids and most
of the proteins can diffuse freely within the membrane to
relax the shear stress. The stiffness of RBCs arises primarily
from the spectrin network. It is also noted that the material
properties of the lipid bilayers play important roles in the
function and distribution of the membrane proteins (3).
Investigators have adopted continuum models based on
membrane elasticity (4—10) to elucidate vesicle shape tran-
sitions and estimate thermal fluctuations of fluid membranes
at length scales much larger than the bilayer thickness
(11,12). At the opposite end of the length-scale spectrum,
researchers have extensively used atomistic simulations to
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rationalize the molecular mechanisms of various functions
of bilayer membranes (13—16). However, because of their
prohibitive computational cost, atomistic models are inade-
quate for direct comparisons with the length scales and
timescales of typical laboratory experiments.

The limitations of atomistic simulations and continuum
approaches, along with the practical need to treat the hetero-
geneous nature of RBC membranes, have motivated the
continuing search for coarse-grained molecular-dynamics
(CGMD) methods that can bridge the atomistic and con-
tinuum models (17-40). A complete picture of CGMD and
relevant references can be found in recent reviews
(20,35,39). CGMD models can be generally categorized
into explicit-solvent and implicit-solvent (solvent-free)
schemes. Explicit-solvent schemes employ the hydrophobic
interactions between membrane and solvent particles (a
water molecule or a group of several water molecules) to
stabilize the 2D membrane (22,25,33). Explicit-solvent
models frequently employ dissipative particle dynamics, a
very efficient method that uses a soft bead to represent a large
volume of the solvent, thus significantly accelerating the
computations (41-44). Investigators extended this technique
to lipid bilayers by introducing spring forces between
representative particles in the polymer chains (25,45). In
the case of implicit-solvent schemes, the solvent particles
are not directly represented in the simulation, and their effect
is taken into account by employing effective multibody
interaction potentials, based on the local particle density
(21,24,34), or by implementing different pair-potentials
between particles representing the hydrophobic tail and those
representing the hydrophilic head of the lipids (26,30,31).

To largely extend the accessible length scale and time-
scale of the membrane model, Drouffe et al. (21) developed
an early CGMD lipid membrane model featuring
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FIGURE 1 (a) Schematic of the membrane of human RBC. Starting from
the left, the first circle corresponds to a band-3 complex connected to the
spectrin network, the second circle corresponds to a free band-3 complex,
the third circle represents a lipid particle, and the fourth circle signifies
an actin junction. (b) Two-component human RBC membrane model. Parti-
cles of type A represent actin junctions. Particles of type B represent band 3
complexes connected to the spectrin network. Particles of type C represent
free band-3 complexes. Particles of type D represent lipid particles. The
dashed line highlights the supporting spectrin network.

orientation-dependent interactions. In their model, they used
an anisotropic attractive interaction between spherical parti-
cles, along with a hard-core repulsive interaction and
a density-dependent hydrophobic multibody potential, to
describe the lipid interactions. Brannigan and Brown (46)
developed a solvent-free model in which lipids are repre-
sented as rigid, asymmetric spherocylinders that interact
through orientation-dependent attractions. Kohyama (40)
extended Drouffe et al.’s model by introducing an extra
degree of freedom that corresponds to the effective curva-
ture caused by thermal fluctuations. Yuan et al. (47) simu-
lated the biological fluid membranes by introducing a
one-particle-thick, solvent-free CG model in which the
interparticle interaction is described by a soft-core pairwise
potential. The model essentially combines the approaches of
Drouffe et al. (21) and Cooke et al. (31). The interaction
strength is also dependent on the relative orientations of
the particles, but no membrane cytoskeleton is involved.
In all of these models, the orientation-dependent interac-
tions are used to describe the hydrophobicity of the tail
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groups of the lipids, and are essential for the self-assembly
of a lipid bilayer in an aqueous environment.

In this work, we extend the CG solvent-free approach
followed in the simulation of lipid bilayers (47) to model
the entire RBC membrane by introducing a two-component
membrane model. Three types of particles are used to repre-
sent lipid molecules, actin junctions, and band-3 complexes.
The actin junction particles and a number of band-3 particles
are connected via the worm-like chain (WLC) potential to
form a hexagonal network linked to the lipid bilayer. Addi-
tional band-3 particles that do not sense the WLC potential
are employed to simulate the band-3 protein complexes
that can diffuse freely in the lipid bilayer. An orientation-
dependent potential, similar to the potentials introduced by
Yuan et al. (47), is employed between all particles to simulate
the 2D fluidic nature of the membrane. The article is orga-
nized as follows: First, we introduce the CGMD model and
show that when the parameters of the potential are tuned,
the membrane model exhibits a 2D fluid behavior. We next
measure the bending rigidity of the membrane and show
that the numerical result is consistent with the experimental
results and the continuum model based on bending elasticity
(4-6). We then examine the effects of the potential parame-
ters on the membrane properties and plot the phase diagram
of the membrane model. Finally, we apply the two-compo-
nent model to simulate the shearing of the RBC membrane,
and measure the mechanical properties of the membrane
with reduced network connectivity.

SIMULATION METHOD
Model

The model describes the RBC membrane as a two-component system con-
sisting of the cytoskeleton and the lipid bilayer. Three types of particles are
introduced (see Fig. 1 b). The blue-colored particles represent a cluster of
lipid molecules with a diameter of 5 nm, a value similar to the thickness
of the lipid bilayer. The red particles signify actin junctions that form
a canonical hexagonal network representing the spectrin network. An actin
junction has a diameter of ~35 nm and resides in the cytoplasm (48,49). It is
connected to the lipid bilayer via glycophorin, which is comparable in size
to the thickness of the lipid bilayer. Thus, the fluidic behavior of the
membrane is affected only by the size of the glycophorin, and not by the
size of the actin junctions. Therefore, the particles that represent the actin
junctions in the model have a diameter of 5 nm, similar to the size of gly-
cophorin. The yellow particles denote band-3 complexes that have a diam-
eter of 7.5 nm (1) and are connected to the spectrin network, whereas the
green particles represent the free band-3 complexes that are not connected
to the spectrin network. The masses of the particles are given further below.

In the model, each particles carry both translational and rotational
degrees of freedom (x;, n;), where x; and n; are the position and orientation
(director vector) of particle i, respectively. The rotational degrees of
freedom obey the normality condition |n;| = 1. Thus, each particle effec-
tively carries 5 degrees of freedom. We define x;; = X; — X; as the distance
vector between particles i and j. Correspondingly, r;;= |X;|is the distance,
and X;; = x;;/r; is a unit vector. The particles interact with one another
via a pairwise additive potential

uij(ni,nj,x,-]-) = Up (r,:,-) +A(a,a(ni,nj,xl~j)) Up (r,j) (1)
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with

A(a,a(ni,nj,x,j)) =1+ a(a(n[,nj,xij) — 1), (2)

where ug(r;;) and u,(r;) are the repulsive and attractive components of the
pair potential, respectively, and « is a tunable linear amplification factor.
The energy well of this potential is essential to regulate the fluid-like
behavior of the membrane; therefore, we define a function A(«, @) to enable
tuning of the energy well. The effects of function A(e, a)on the potential are
discussed further below. The interaction between two particles depends not
only on their distance but also on their relative orientation via the function
a(n;, n;,x;;), which varies from —1 to +1 and adjusts the attractive part of
the potential. We specify that a = 1 corresponds to the case in which n; is
parallel to n;and both are normal to vector x;((n; T 11n;) L X;;), and the value
a = —1 corresponds to the case in which n; is antiparallel to n; and both are
perpendicular to vector x;((n; T | n;) LX;;). The former instance is energet-
ically favored due to the maximum attractive interaction between particles
i and j, whereas the latter is energetically disfavored due to the maximum
repulsive interaction. In essence, the energy difference between these two
cases acts as the thermodynamic driving force responsible for the self-
assembly of the lipid bilayer. One simple form of a(n;, n;, x;;) that captures
these characteristics is

a(m,n;,X;) = (n; x Xy) + (m; x

2
=
S—

=men— (X)) (X))

The equations of motion include the translational and rotational
components

. av)  [a(V) L

mn; = _6—11,-+ G—n, cn;n; — mi(ni * ni)niv ®)
where V = Zj\/:] u;j, m; is a pseudo-mass with units of energy x time?, and
the right-hand side of Eq. 5 conforms to the normality constraint |n;| = 1.

Pair potential

To stabilize a fluid membrane, the lipid particles should be allowed to move
past each other with relatively low resistance while the overall cohesive
integrity is preserved. Cooke et al. (31) showed that the classical Len-
nard-Jones (LJ6-12) potential, u(r) = 4e((d/r)'> — (d/r)®), where ¢ is
the unit of energy and d is the unit of length, possesses a very strong repul-
sive core below the equilibrium distance r < 2'/%d. This suppresses the posi-
tion exchange of particles and makes it difficult to form a liquid phase. As
the temperature 7 is raised from absolute zero, the initial crystal phase
sublimes to the vapor phase without going through the liquid phase.
Compared with traditional particle systems, the vapor phase in the model
with orientation disorder is thermodynamically more favorable because
of the entropic contributions from its rotational degrees of freedom. To
describe a fluid membrane by self-assembled moving particles, we employ
the following repulsive and attractive potentials:

Ug ("zﬁf)
a ()

ug (1)

S((Rcut - r;:/')/(Rcul - rmjn))s for rij<Rcut

_28((Rcu[ - rl'j)/(Rcut - rmin))4 for rl:]'<RCu[ .

Uus (VU) = 07 ijZRcut
(6)

for r
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The association energy between lipid and lipid particles is €. We choose
the equilibrium distance between lipid particles to be ! = 2!/%dso that
the potential described in (6) has the same minimum energy and equilib-
rium distance as the LJ6-12 potential. Similarly, because the actin particles
have the same diameter as the lipid particles, the equilibrium distance
between a lipid particle and an actin particle (-%) as well as the equilib-
rium distance between two actin particles (r%;?) are chosen to be
rl=a = pa—a — 91/54_ Since the radius of the band-3 particles is 1.5 times
larger than the radius of the lipid particles or of the actin particles, the equi-
librium distances between a lipid particle and a band-3 particle ('), and
between an actin particle and a band-3 particle (+¢;) are chosen to be
rhb = paeb = 1.25+21/%4. Finally, the equilibrium distance between two
band-3 particles is chosen to be r2;” = 1.5 +21/°d. The association energy
between lipid and band-3 particles, between lipid and actin particles, and
between actin and band-3 particles is chosen to be 1.4¢. Fig. 2, a and b,
only show the potential between lipid particles. Another appealing charac-
teristic of the above potential (hereafter denoted by Poly4-8), is that the
first, second, and third derivatives of u(r,j) with respect to r; are all contin-
uous at rj; = Rey.

Fig. 2 a shows that the effective potential in the case of A(«,a) = +1 has
a wider energy well than the LJ6-12 potential, which gives rise to a larger
maneuverability near the equilibrium distance compared with the classical
LJ6-12 potential. This characteristic helps particles squeeze past each other
and stabilizes the liquid phase of the particle ensemble against the gas
phase. The effect of the function A(«, @) on the potential is illustrated in
Fig. 2 b. As the function A(a, a) changes from +1 to negative values, the
total potential shifts from attractive to repulsive, penalizing the nonparallel
arrangement of neighboring particles. This property of the potential ensures
the formation of a 2D membrane sheet rather than a dense 3D structure with

higher coordination numbers. We emphasize that because the parameter
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FIGURE 2 Pairwise interaction potential between lipid particles. (a)
Comparison with the Lennard-Jones (LJ6-12) potential. (b) The interaction
potential profile as a function of A(«,a). (¢) Increase in the value of the
parameter R.,, widens the potential well, giving rise to a softer core of
the interparticle interaction (A(a, a) = +1). The soft core is essential for
stabilization of the membrane at the fluid phase.
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« regulates the energy penalty paid by membrane particles when their rela-
tive orientation changes, it plays an important role in adjusting the bending
rigidity of the membrane.

One can tune the restoring force near the equilibrium distance between
the same or different types of CGMD particles by adjusting the parameter
R .. Fig. 2 ¢ shows that a decreasing R, narrows the potential well
between the lipid and lipid particles, which results in a rapid increase of
the repulsive force. This increase in repulsive force, in turn, prevents the
particles from passing each other and stabilizes them into a solid-like
crystal phase. The influence of R, on the stabilization of fluid membranes
is a general feature of soft-core potentials and is independent of the precise
functional form of the potentials (31).

A WLC potential (50,51) is employed to simulate the spectrin network.
The WLC forces between the connected actin and band-3 particles is
described by

kT 1 1
— — s ™

Jwre(L) = p |20 _n 4

where X = L/Lyax€ (0, 1), Lnax = 100 nm is maximum or the contour
length of the spectrin chain between an actin particle and a band-3 particle.
L is the instantaneous chain length or the instantaneous distance between
an actin and the corresponding band-3 particles, p = 10 nm is the persistent
length of the spectrin filaments (52), kg is the Boltzmann constant, and 7'is
the temperature. We used the WLC model to represent the RBC cytoskel-
eton without introducing bending rigidity to the spectrin network because
the RBC membrane cytoskeleton is a highly flexible structure with bending
rigidity k ~ 0.024-0.24 kgT (53,54), which is about two orders of magni-
tude smaller than the bending rigidity of the lipid bilayer k ~ 10-20 kgT
(52,55).

Simulation details

We performed CGMD simulations of a planar membrane to extract the
elastic properties of the membrane. Periodic boundary conditions were
imposed in the plane of the membrane (x- and y-directions), whereas the
z-direction (perpendicular to the membrane surface) was completely free
of constraints. The system consists of N = 35,500 particles, including
34,600 lipid particles, 90 actin junction particles, and 810 band-3 complex
particles (540 of which are not connected to the spectrin network). The
dimension of the membrane is ~1 um x 1 um. We performed a numerical
integration of the equations of motion (Eqs. 4 and 5) using the Beeman
algorithm (56,57). A Nose-Hoover thermostat was employed to control
the temperature. The model was implemented in the NAT ensemble
(34,58,59). Because the model is solvent-free and the membrane is a 2D
structure, we controlled the projected area instead of the volume. The pro-
jected area was adjusted to result in zero tension for both the lipid bilayer
and the spectrin network at the equilibrium state. The timescale that guides
the choice of the time step in the CGMD simulations is #;, = (m,-dz/s)l/z.
The chosen time step is 0.01 7,. In addition, to match the time steps used
for translational and rotational degrees of freedom, the pseudomass m; is
chosen to be m; ~ mld®, where m! is the mass of the lipid particles. As
described further below, we determined an appropriate timescale by
comparing the in-plane diffusion coefficient obtained from the simulations
with experimental values (60).

We use ¢ as the energy unit, and d as the unit length to quantify the
geometrical and mechanical properties of lipid bilayer and membrane
proteins. Given the diameter of the lipid particles /! = 21/6.d = 5 nm,
we find d=4.45nm. Each CG lipid particle carries a mass of
m! = 95.6 kDa, which we obtained by averaging over those of various
lipids that compose an area of ~20 nm?® of the erythrocytic membrane
(1). The band-3 complex consists of band-3 protein and glycophorin A,
with molecular masses of 102 kDa and 14 kDa, respectively. It also includes
Ankyrin, which connects the band-3 protein with the spectrin cytoskeleton,
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and protein 4.2, which binds with the band-3 and Ankyrin. Ankyrin and 4.2
proteins have molecular masses of 210 kDa and 72 kDa, respectively (2).
Therefore, the total mass of the band-3 complex is ~398 kDa, corresponding
to 4m'. As mentioned above, the band-3 complex is approximated as
a sphere with diameter of 7.5 nm, equivalent tol.5 7./, An actin junction
is composed of 14 kDa glycophorin C, short actin filaments (with a mass
of 546 kDa), 80 kDa protein 4.1, 200 kDa adducin, 41 kDa tropomodulin,
and 28 kDa tropomyosin (2). Thus, the actin junction is approximated as
a sphere with a total mass of 1000 kDa and a diameter of 5 nm, correspond-
ing to 10m' and r'=!. The maximum or the contour length of the spectrin
chain between actin particles and band-3 particles is equivalent to
Liax =20 zé;ﬁ As shown below, the system is found to be a fluid membrane
with bending rigidity well within the experimentally established range
at kgT/e = 0.22 and R, = 2.6 d. The amplification factor « in Eq. 2
was chosen to be 1.55.

RESULTS
Self-diffusion

In this section, we show that the proposed model simulates
a membrane with the appropriate mechanical and physical
properties. Simulations are initiated from a flat triangular
crystalline lattice that occupies the entire midplane of the
supercell. At zero temperature, the particles form a 2D solid
phase with a long-range order. As the temperature increases,
the membrane starts to fluctuate and is gradually equili-
brated at a fluid phase at the temperature of kg7 /e = 0.22
(see Fig. 3 a). To ensure that the model represents a fluid
membrane, it is necessary to examine whether the lipid
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FIGURE 3 (a) Thermally equilibrated fluid membrane of N = 35,500
particles at a reference time, representing a membrane with dimension of
~1 um x 1 um. Tiles with different colors are used to differentiate the posi-
tions of the particles at a reference time. (b) After 5x10° time steps, the
particles are seen to be mixed due to diffusion, demonstrating the fluidic
behavior of the model membrane. (¢) Linear time dependence of the
MSD of the two-component membrane model. (d) Radial distribution func-
tion in the 2D fluid membrane embedded in 3D.
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and band-3 particles can diffuse in a fluidic manner such that
the particle’s positions are exchangeable. Fig. 3, a and b,
shows the positions of the particles of a thermally equili-
brated fluid membrane at two separate times. The tiles
with different colors are used to differentiate the positions
of the particles at the initial moment. After 5x10° time
steps, the colored particles are mixed due to diffusion,
demonstrating the fluidic nature of the membrane.

We further verify the fluidic characteristics of the mem-
brane using two other methods. First, we show in Fig. 3 ¢
that the mean-square displacement (MSD) of lipid particles,
defined byl/N <ijlv[x,(t) —x;(0)]?), increases linearly
with time, indicating that self-diffusion and the changes
of the particle connectivity take place easily and that
the membrane is essentially a fluid within the simulation
time. Using the expression of the diffusion coefficient
D= t&rr;(l/4t MSD), we obtain from Fig. 3 ¢ that D =

2.7x107% d*/t, where 1 is the timescale. A typical value
of the diffusion coefficient for the lipid of the phospholipid
bilayer membranes is D = 10~ ’cm?/s (60). By comparing
that with the real value, we can determine the timescale,
t;=0.07 pus. Second, we find by examining the radial distri-
bution function at R., = 2.6d and kgT /¢ = 0.22 (see Fig. 3d)
that the membrane does not possess a crystalline order at
a distance larger than the equilibrium distance, further
demonstrating the characteristic of the fluid membrane.

Membrane elasticity

Within the framework of continuum mechanics, the free
energy of a fluid membrane can be described by the classical
Canham-Helfrich theory (4) as

F = /|:’Y —I—g(Cl + C2 — C0)2+EC1C2 dA, (8)

where C and C, are the principal curvatures, Cy is the spon-
taneous curvature, vy is the surface tension, and k and k are
the bending and Gaussian rigidities (61), respectively. The
first term on the right-hand side of Eq. 8 is the area-expan-
sion energy, and the second and third terms represent the
normal and Gaussian bending energies, respectively.
Because the topology of the membrane remains unchanged,
the Gaussian bending energy results in a constant contribu-
tion, and thus this energy term can be dropped. Surface
tension is defined as y = —(o1; + 022)Lz/2, where a3
and o, are the components of the in-plane virial stress
(57) in a 3D periodic supercell calculation, and L, is the
height of the supercell, so that v has the unit of N/m.
Because the spectrin network is described by the WLC
model, which does not directly introduce resistance to
bending, we expect that the Canham-Helfrich theory for
lipid bilayers is still valid in the equilibrium. In what
follows, we extract the bending rigidity from the power
spectrum of the height thermal fluctuations.
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Applying the equipartition theorem on the Helfrich free
energy in the Monge representation (4,6,11,52), one can
express the power spectrum as

2 KyT
> T P(y@® +kq*) ©)

(|a)

where iz(q) is the discrete Fourier transform of the out-of-
plane displacement A(r) of the membrane, defined as

~ [ )
h(g) =7 D _h(r)esr, (10)

where L is the lateral size of the supercell, = r'=l = 21/64
sets the mesh size equal to size of smallest particles, and
g is the norm of the wave vector q = (qy,qy), ie.,
(qx,qy) = 2m(ny, ny) /L.

To compute the bending rigidity, we first construct an
equilibrated membrane at kg7/e = 0.22 and with zero
tension. This effectively excludes the membrane tension
effect, and consequently we expect the power spectrum to
exhibit only a g~* dependence on the wave vector. Then,
we calculate |(g)|* from the raw data of each recorded con-
figuration and average them over all the available configura-
tions to evaluate(|A(g)|*). Finally, by fitting the numerical
data to Eq. 9 for ¥ = 0 via a minimization procedure based
on a nonlinear regression scheme, we obtain the bending
rigidity k = 11.3 kgT of the membrane model (see Fig. 4).
The numerical result lies within the experimental range of
(10 kgT — 20 kgT) for a lipid bilayer (52,55).

Comparison between the two-component
membrane model and the corresponding
one-component lipid bilayer model

We compare the obtained diffusion coefficient and bending
rigidity from the two-component membrane model with the

10

100.

10° -
10° 10 05

FIGURE 4 Vertical displacement fluctuation spectrum of the two-
component membrane as a function of the wave number g.
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results from the one-component membrane model, which
employs only lipid particles, to examine the effects of the
cytoskeleton on the membrane. The diffusion coefficient
of the one-component lipid bilayer model (see Fig. S1
a in the Supporting Material) is computed as described in
the “Self-diffusion” section above, and is found to be D =
4.2x107* d’/t,, which is 1.5 times larger than the diffusion
coefficient measured in the two-component model. This
result shows that the lipid particles diffuse less, primarily
because of the interaction with the membrane cytoskeleton
and the free band-3 particles. A measurement of the bending
rigidity for the one-component lipid bilayer model is ob-
tained as well. The vertical displacement fluctuation spec-
trum of the lipid bilayer as a function of the wave number
is plotted in Fig. S1 b. The result shows that the bending
rigidity of the one-component model is approximately the
same as that of the two-component model, demonstrating
that the cytoskeleton represented by the WLC model does
not affect the overall bending rigidity that originates mainly
from the lipid bilayer. We note that the model cannot
describe the diffusion of band-3 proteins, which are
confined by the spectrin network and undergo so-called
confined or hop diffusion (62,63). A subsequent model in
which the detailed structure of the spectrin network is
considered will address this phenomenon.

Phase diagram and the effects of the interaction
potential parameters on membrane properties

We plotted a phase diagram of the membrane model based
on the potential parameters R, and 7. We then investigated
the dependence of the diffusion coefficient D on the temper-
ature T and R, as well as the dependence of the bending
rigidity on the parameter «, to study the effects of the
parameters of the interaction potential on the behavior of
the membrane model.

First, we determined the conditions under which the
model behaves as a stable fluid membrane. The main param-
eters that govern the behavior of the model are R, and T.
We constructed a 2D phase-diagram, as shown in Fig. 5 a,
and performed simulations to determine the diffusivity of
the membrane model. A similar analysis was conducted
by Cooke and Deserno (64). The phase diagram is based
on a system consisting of N = 35,500 CG particles. At
low temperature and for small R, the model behaves as
a gel with very low diffusivity. At large values of Ry, the
model is unstable, independently of the temperature. As
the temperature increases, the range of R.,/d within which
the membrane behaves as a stable fluid widens. The gel-
fluid boundary is identified by a sudden increase in the diffu-
sion coefficient and the disappearance of the crystalline
order at a distance larger than the equilibrium distance.
The transition from a fluid to an unstable state (gas phase)
is characterized by the observation that the tensionless
membrane starts to break apart (64).
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FIGURE 5 (a) Phase diagram. The hand-drawn lines show the phase
boundaries. (b) Dependence of the diffusion coefficient D on the tempera-
ture 7 for R, = 2.6d and 2.8d, respectively. (¢) Dependence of the bending
rigidity k on the parameter « at temperature 7' = 0.175, 0.22, and 0.275,
respectively.

We then study the dependence of the diffusion coefficient
D on the temperature T for R = 2.6d and 2.8d, and o =
1.55. Measurements of D are limited in the fluid phase of
the membrane. As shown in Fig. 5 b, D increases monoton-
ically with T for both cases of R.,—= 2.6d and 2.8d, as the
higher temperature leads to a larger kinetic energy. On the
other hand, an increase in R, from 2.6d to 2.8d broadens
the interaction potential well between the particles, as
shown in Fig. 2 ¢, resulting in a decrease in the repulsive
force. This decrease in repulsive force makes the particles
pass each other with lower resistance and thus contributes
to an increase in the diffusion coefficient. In addition, we
study the dependence of the bending rigidity on the param-
eter « at three temperatures. R, is chosen to be 2.6d. The
main role of « in the interaction potential is to regulate
the energy well when the two interacting particles are
disoriented from their favorable relative orientation (see
Fig. 2 b), and thus it is closely related to the bending rigidity
of the membrane model. As shown in Fig. 5 ¢, the bending
rigidity k increases monotonically with « for three different
temperatures. We note that x increases faster when the
temperature is lower. As « increases, the function A(«, a)
decreases and the total potential shifts from attractive to
repulsive, imposing a greater penalty for the nonparallel
arrangement of neighboring particles and forcing the
membrane to become a flat 2D sheet. Fig. 5 ¢ also shows
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that the temperature affects the bending rigidity of the
membrane. The bending rigidity drops significantly when
the temperature increases, because a higher temperature
increases the equilibrium distance between the membrane
particles.

Application

We applied our two-component membrane model in
shearing experiments in which the shear moduli of the
membrane were measured. Here, we compare the numerical
results with experimentally obtained values. We also
examine the effect of the reduction of the spectrin network
connectivity on the shear modulus.

As discussed above, phospholipid bilayers behave as 2D
fluid-like structures, and thus they can resist bending but
cannot sustain static in-plane shear stress because the lipids
and proteins can diffuse freely within the membrane. The
resistance of the membrane under a low shearing strain
rate is due only to the cytoskeleton. At the high shear strain
rate, however, the viscosity of the lipid bilayer also con-
tributes to the total resistance to the deformation. The
membrane is sheared up to a shear strain of one at a temper-
ature of kgT/e = 0.22 (see Fig. 6, a and b) at the two strain
rates of 0.001d/t; and 0.01d/t, respectively. The response
of the membrane to shearing at the low strain rate of
0.001d/t, is illustrated by the blue line in Fig. 6 c. At this
strain rate, the shear viscosity of the lipid bilayer is not
detectable and the total resistance is due only to the spectrin

c d
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FIGURE 6 (a) Thermally equilibrated fluid membrane at a temperature of
kT /e = 0.22. (b) Sheared membrane at a temperature of kg7T/e = 0.22 and
at an engineering shear strain of one. (c¢) Shear stress-strain response of the
membrane at two strain rates. The continuous smooth curve represents the
response of the bare spectrin network. The two undulating curves signify
the shear stress obtained for strain rates of 0.001d/t; and 0.01d/t,, respectively.
(d) Shear moduli of the membrane versus spectrin network connectivity at
engineering shear strains of 0.1 and 0.9, respectively.
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network. This becomes apparent from the fact that the red
line in Fig. 6 ¢, which describes the shear-stress/shear-strain
response of the corresponding WLC network, follows the
pattern of the blue line, which describes the shear-stress/
shear-strain response of the entire membrane. It is worth
noting that the WLC model captures the experimentally
identified stiffening behavior of the RBC membrane (65)
and the behavior of a detailed spring-based model of a cyto-
skeleton network (66). When the strain rate is increased to
0.01d/t,, the viscosity of the lipid bilayer contributes to
the total shear resistance (black line in Fig. 6 ¢). As a result,
the initial value of the shear stress is not zero but 8 uN/m,
which is equal to the shear stress measured during the
shear deformation of a one-component lipid bilayer model
(see Fig. S2).

Up to this point, the connectivity of the spectrin network
is maintained at 100%, meaning that each actin junction is
connected to its six neighboring junctions through the
WLC potential, forming a perfect 2D sixfold structure.
However, both experimental evidence (67-70) and sound
theoretical studies (71,72) show that the connectivity of
the spectrin network in the RBC membrane is not 100%
and the network is not a perfect 2D sixfold structure.
Electron microscopy images showed that although most
of the actin junctions are connected to six other actin
junctions, a small amount of actin junctions are connected
to five or seven actin junctions (67,68). Subsequent atomic
force microscopy results showed a lower connectivity of
the cytoskeleton (approximately three or four links per actin
junction), leading to square, pentagon-, and hexagon-like
structures in the network (69,73,74). A CGMD model of
the RBC cytoskeleton predicted that the biconcave shape
of RBCs can be attained only if the network undergoes
constant remodeling to relax the in-plane shear elastic
energy to zero during the deformation, meaning that the
connectivity of the spectrin network is changeable (72).
Recent experimental results showed that remodeling of the
spectrin network plays a vital role in determining the
cellular deformation and biconcave shape of RBCs (70).

As shown in Fig. 6 ¢, when the spectrin network connec-
tivity is 100%, the shear modulus of the membrane at small
deformations is ~10 uN/m, whereas it is 28 uN/m at 90%
engineering shear strain. The linear elastic shear modulus
of the model is larger than the experimentally measured
values of 7.3 uN/m (65) and 4-9 uN/m (52), as well as
the simulation results of 8.3 uN/m (72). This is probably
because the connectivity of the employed spectrin network
is 100%, whereas, as noted above, the actual spectrin
network is not perfect. Because the membrane’s resistance
to shearing results mainly from the spectrin network, the
shear modulus of the membrane would be expected to
decrease as the connectivity of the spectrin network is
reduced. To investigate the effect of the spectrin network’s
connectivity on the mechanical properties of the membrane
model, we measured the shear modulus of the membrane
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when the connectivity of the spectrin network was reduced
from 100% to 50%. The resulting shear moduli at small
and large deformations are shown in Fig. 6 d, which clearly
shows that their values drop dramatically with decreased
spectrin network connectivity, especially at large deforma-
tions. The shear moduli of the membrane fall within the
experimentally measured range of values when the network
connectivity is between 60% and 90%. An RBC with
a lower spectrin network connectivity is softer and easier
to deform when it passes through narrow blood vessels.
However, this low connectivity could lead to insufficient
surface shear resistance to maintain the cell’s biconcave
shape and integrity during circulation in the blood. Our
simulation results show that when the connectivity drops
below 50%, the membrane model does not resist shear
deformation, indicating that the RBC will completely
lose its ability to recover its biconcave shape after defor-
mation (66).

CONCLUSION

We have developed a two-component CGMD model for
RBC membranes. In this model, the lipid bilayer and the
cytoskeleton are considered as an ensemble of discrete
particles that interact through a direction-dependent pair
potential. Three types of CG particles are introduced, repre-
senting a cluster of lipid molecules, actin junctions, and
band-3 complexes. The large grain size extends the acces-
sible length scales and timescales of the simulations to
approximately micrometers and milliseconds. By tailoring
only a few parameters of the intergrain interaction potential,
we were able to stabilize the model into a fluid phase
manifested by free diffusion of the particles and reproduc-
tion of the essential thermodynamic properties of the RBC
membrane. An important feature of the proposed model is
the combination of the spectrin network with the lipid
bilayer, which provides a more compete representation of
the RBC membrane compared with a one-component
CGMD model and most of the continuum models. This
model allows us to study the behavior of the membrane
under shearing. The behavior of the model under shearing
at different strain rates illustrates that at low strain rates
up to 0.001d/t,, the developed shear stress is due mainly
to the spectrin network and shows the characteristic
nonlinear behavior of entropic networks, whereas the
viscosity of the fluid-like lipid bilayer contributes to the
resultant shear stress at higher strain rates. The decrease
in spectrin network connectivity results in a significant
decrease in the shear modulus of the membrane, demon-
strating that the cytoskeleton carries most of the load
applied on the cell, whereas the lipid bilayer functions
only as 2D fluid. The values of the shear moduli measured
from the membrane with reduced spectrin network connec-
tivity are in good agreement with previous experimental,
theoretical, and numerical results.
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SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)05363-X.
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