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Cell adhesion on a supported lipid bilayer (SLB) functionalized with ligand proteins is a widely-used cell-mimetic model for the

study of the trans receptor-ligand interaction that mediates the adhesion, and has been shown to play an important role in unravel-

ling the molecular players in cell adhesion. Experimental studies of such cell-SLB adhesion systems often assume that there is no

cis interactions between the ligands. An important question remains whether the cis-interaction affects the trans receptor-ligand

interaction. Using a statistical-mechanical model and Monte Carlo simulations with biologically relevant parameters, we find

that the attractive cis-interaction of strength 1 kBT between adjacent ligands on the SLB can lead to an amplification of both

the affinity and cooperativity of the receptor-ligand binding, thereby facilitating the phase separation within the adhering cell

membrane. In contrast, the adhesion system is less sensitive to the repulsive cis-interaction between adjacent ligands on the SLB.

Our results suggest that the ligand-ligand cis-interaction should be carefully considered in the cell-SLB adhesion experiments.
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1 Introduction

Cell adhesion is essential for tissue formation, immune re-

sponse, cell signaling and locomotion. The adhesion process

is caused by the binding of cell surface receptors to their

cognate ligands presented on the neighboring cell, and is

implicated by intracellular adaptor proteins and cytoskeletal
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email: wuhuaping@gmail.com; Fan Song, email: songf@lnm.imech.ac.cn)

filaments [1-4]. To identify the receptor-ligand pairs and elu-

cidate physical interactions at the membrane interface, sup-

ported lipid bilayers (SLB’s) decorated with protein ligands

have been widely used as reconstituted model systems or

artificial target cells [5-7]. For example, SLB’s containing

antigenic peptide-major histocompatibility complex (pMHC)

molecules were used as a minimal model of antigen present-

ing cells to demonstrate that pMHC complexes are the lig-

and for T-cell receptors [5]. Dustin et al. [8] confirmed that
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lymphocyte function-associated antigen 3 (LFA-3) is a lig-

and for CD2 from adhesion experiments of CD2+ T lympho-

cytes with SLB’s bearing purified LFA-3. Biswas et al. [9]

showed that the initial stage of epithelial (E)-cadherin junc-

tion formation depends on the trans but not the cis interac-

tions between E-cadherins from cell-SLB adhesion experi-

ments. Schmid et al. [10] studied the size-dependent exclu-

sion of non-binding proteins from the adhesion zone formed

between giant unilamellar vesicles and SLB’s via the binding

of synthetic proteins.

Among the important physical interactions at the mem-

brane interface is the receptor-ligand binding interaction,

which is quantified by the apparent equilibrium constant

K = [RL]/([R][L]) [11-14] with [RL], [R] and [L] the area

concentrations of receptor-ligand complexes, free receptors

and free ligands, respectively. A variety of experimental

techniques have been attempted to measure K [15-19]. Theo-

retical modeling [20], computer simulations [21-25] and very

recent experiment [26] have shown that K depends not only

on the interaction of the binding proteins, but also on such

membrane properties as thermal roughness, membrane mi-

crodomains exhibiting affinity for the proteins, and bending

rigidity. These studies provide insights into our understand-

ing of the receptor-ligand binding in the two-dimensional

membrane environment and often assume that there was no

direct cis interaction between the receptors or ligands. In

fact, the receptors or ligands may experience cis interactions

due to electrostatics. For example, cadherins are known to

attract each other on the same membrane [1, 13]. It remains

to be understood how the cis interaction affects the receptor-

ligand binding, especially in the cell-SLB adhesion.

Here we report the study of a cell membrane adhering

to a SLB as shown in Figure 1. The adhesion receptors

are weakly coupled to the nanoclusters enriched in saturated

lipids and cholesterol within the cell membrane. Such cou-

pling was reported in biological experiments [27-29]. The

mobile ligands on the SLB experience short-range cis attrac-

tion or repulsion. From mean-field (MF) calculations and

Figure 1 (Color online) Cartoon of the contact zone of a cell membrane

adhering to a supported lipid bilayer via the receptor-ligand binding. The

cell adhesion receptors (dark green) exhibit weak affinity for the lipid rafts

(light green) within the cell membrane. The ligands (purple) may experience

short-range attraction or repulsion.

Monte Carlo (MC) simulations, we find that, in the biologi-

cally relevant range of model parameters, an attraction of one

kBT between adjacent ligands on the SLB can significantly

alter the receptor-ligand binding and therefore the behavior

of the adhesion system. Our results suggest that the ligand-

ligand cis-interaction should be carefully considered in the

cell-SLB adhesion experiments.

2 Model and methods

Cell adhesion involves length scales that differ by orders

of magnitude, ranging from angstroms (specific receptor-

ligand binding), to tens of nanometers (receptor-ligand com-

plex), and to micrometers (lateral size of a typical cell ad-

hesion zone). To deal with the multiscale problem involved

in the biological system, we employ a statistical-mechanical

model that has been widely used to study both the equi-

librium [14, 30] and dynamic adhesion behaviors [31, 32].

The configurational energy of the adhesion system contains

contributions from the membrane bending energy Hme, the

receptor-ligand binding interaction HR-L, the ligand-ligand

cis-interactionHL-L, the contact energy of neighboring lipid-

raft patches within the cell membrane Hr-r, as well as the

coupling energy between lipid rafts and adhesion receptors

Hr-R.

In our model, the cell membrane and SLB are described as

discretized elastic surfaces with quadratic patches of size a2,

as shown in Figure 2. Stimulated by Brownian motion of wa-

ter molecules, the cell membrane undergoes transverse fluc-

tuations in shape. In contrast, the thermal shape fluctuation

of SLB is totally suppressed due to the presence of supported

planar substrate. The conformation of the cell membrane

can be described in Monge representation via the height field

with respect to a reference horizontal plane. The bending

energy of the cell membrane is then given by [25, 33]

Hme =
κ

2a2

∑
i

(Δdli)2 , (1)

where κ is the bending rigidity of the cell membrane, and Δdli
is the discretized Laplacian of the height field {li} between

cell membrane and SLB at lattice site i.
We set the length unit of the model a = 10 nm to match

the exclusion radius of membrane proteins [34]. Each lattice

of size a2 can accommodate one single receptor or ligand

molecule, in analogy to the lattice gas model. The spatial

distribution of receptors in the upper cell membrane is de-

scribed by the composition field {m+i } with values m+i = 0 or

1 indicating the absence or presence of receptor at patch i.
Likewise, {m−i } with values m−i = 0 or 1 describes the spatial

distribution of ligands in the lower SLB. One receptor only
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Figure 2 (Color online) Results from MC simulations of the adhesion systems with short-range interaction of strength uL between adjacent ligands. (a)-(e)

Simulation snapshots at different values of uL as specified. uL < 0 means attraction, and uL > 0 repulsion. Lipid rafts, receptors, and ligands are modeled by

single square patches of size a2 with the same color coding as in Figure 1. (f) Distribution of the lipid-raft cluster size and the receptor-ligand binding constant

K as a function of uL for the corresponding systems shown in (a)-(e). The other parameters for these adhesion systems are the same, i.e., the area fraction

of rafts within the cell membrane x = 0.2, area concentration of receptors and ligands cR = cL = 1000μm−2, receptor-ligand binding strength ub = 6 kBT ,

raft-receptor affinity ua = 3 kBT , and raft-raft contact energy u = 0.8 u∗ with the critical value u∗ = −2 ln
(
1 +
√

2
)

kBT according to the exact solution of the

lattice gas model on a square lattice.

binds one ligand if they are located at opposite membrane

patches and their distance li is within the binding range, i.e.,

lc − lb/2 < li < lc + lb/2, where lc is the length of receptor-

ligand complex and lb the width of the square-well binding

potential Vb. The interaction energy of receptors and ligands

within the contact zone is described by [35, 36]

HR-L =
∑

i

Vbm+i m−i = −ub

∑
i

m+i m−i θ
(

lb
2
− |li − lc|

)
, (2)

where ub > 0 is the binding energy, θ(· · · ) is the Heaviside’s

step function, implying that a complex cannot be formed if

the two adhesion proteins are separated beyond the binding

range. The potential in eq. (2) incorporates the distance- and

orientation-dependence of the binding interaction and there-

fore effectively takes into account the binding specificity of

the adhesion proteins. For flexible adhesion proteins, their

conformation might play a role in the binding, which is not

included in our work and requires molecular modeling via

detailed models, e.g., the bead-spring model for polymer

chains. The conformational flexibility of adhesion proteins

shall be addressed in future studies.

In addition to the trans receptor-ligand binding, we also

consider the cis-interaction between ligands on the SLB.

Specifically, any two nearest-neighboring ligands interact

with an energy of uL. uL > 0 accounts for repulsion and

uL < 0 attraction. The total ligand-ligand interacting energy

is then

HL-L = uL

∑
〈i, j〉

(
m−i m−j

)
, (3)

which essentially sums over all pairs of nearest-neighbor

patches 〈i, j〉 occupied by ligands on the SLB.

The lipid rafts in the cell membrane are represented by dy-

namic clusters of square patches. The spatial distribution of

raft patches is described by the composition fields {n+i } with

values 0 or 1 indicating, respectively, the absence or pres-

ence of lipid rafts in cell membrane at lattice site i. Since

lipid rafts in vivo are highly dynamic microdomains which

undergo merging and fission, we introduce a contact energy

u between the nearest-neighbor raft patches. The total raft-

raft contact energy can be written as [24]:

Hr-r = u
∑
〈i, j〉

(
n+i n+j
)
. (4)

The lipid rafts tend to coalesce and form larger domains for

a contact energy u < 0.

To take into account the fact that protein molecules prefer

raft domains of the membranes, we introduce the energy de-

crease ua for a receptor to partition into a raft domain from

the non-raft region of the membrane, i.e., the raft affinity to

receptors. The total raft-receptor association energy is then

written as [37]:

Hr-R = −ua

∑
i

(
n+i m+i

)
. (5)

The overall configurational energy Had = Hme +HR-L +

HL-L +Hr-r +Hr-R defines the adhesion system studied here.
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2.1 Monte Carlo simulations

We use the MC simulation method with the standard

Metropolis algorithm to study the adhesion system. The sim-

ulation process involves three types of MC trial moves: (1)

transverse displacements of upper membrane patches to cap-

ture thermally-excited shape fluctuations of the cell mem-

brane, (2) lateral translations of proteins and (3) lateral trans-

lations of raft patches to mimic their diffusion. To prevent

the overlap of the two surfaces, all trial moves of type (1)

leading to li < 0 are rejected. By omitting the trial move

of type (1), we also perform MC simulations for the con-

trol adhesion systems with planar membranes at a fixed sep-

aration li = lc relative to the SLB in order to appreciate

the role of membrane shape fluctuations. The diffusive mo-

tion of proteins and rafts is modeled as a hopping process.

Each receptor, ligand or lipid raft can hop to one of the four

nearest-neighbor lattices with equal probability. The lipid

rafts in the cell membrane move independently of the recep-

tor molecules. The trial moves of type (1) leads to possi-

ble variations in Hme and HR-L, type (2) in HR-L, HL-L and

Hr-R, and type (3) in Hr-r and Hr-R. The proportion of these

trial moves in each MC sweep (MCS) is chosen according to

the physical timescales as in our earlier work [24]. The trial

moves will be accepted or rejected according to the standard

Metropolis algorithm. One MC sweep corresponds roughly

to a physical time of 10 μs, since the time for the proteins

traveling a distance of a = 10 nm to a neighboring lattice site

is of the order of 10 μs as estimated by t = a2/4D with the

typical diffusion coefficient D = 1μm2/s [38, 39] for mem-

brane proteins. To identify phase transitions in the adhesion

system, we use the method adopted in the Ising model to

measure the CV = (〈H2
ad
〉 − 〈Had〉e2)/(NkBT 2) as a function

of system variable, i.e., raft-raft contact energy u (see Fig-

ure a1 in Appendix). Here, N is the total number of lattice

sites and the angular brackets 〈. . .〉 denote the ensemble av-

erage. We calculate the receptor-ligand binding constant K =
[RL]/([R][L]) by computing the area concentration [RL] of

the receptor-ligand complexes, [R] of free receptors and [L]

of free ligands in the simulations.

We have performed simulations with the membrane area

of Ame = 600 nm × 600 nm under periodic boundary con-

ditions. In each of the MC simulations, a relaxation run of

5 × 107 MCS is performed for thermal equilibration and a

subsequent run of 5 × 107 MCS for statistical sampling. The

simulation parameters are chosen according to existing litera-

ture data. Specifically, the bending rigidity of the lipid mem-

brane has a typical value of κ = 10 kBT [22] with kB and T
being the Boltzmann constant and physiological temperature,

respectively. To define the square-well potential, we choose

binding energy ub = 3 kBT to 6 kBT , potential range lb =

1 nm, and complex length lc = 15 nm [20, 36]. To obtain the

experimentally measured protein concentration in the lipid

rafts, which is in the range of around 103 to 104 molecules per

μm2 [40], the raft affinity to receptor molecules ua = 2 kBT
to 4 kBT is adopted. We vary the area concentration of ligand

up to 0.1a−2 , which corresponds to a maximal concentration

of 1000 μm−2 [21]. In our simulations the area fraction of the

raft domains x = 0.2 unless otherwise specified [24,41]. The

adhesion proteins and lipid rafts are all randomly distributed

in the apposing surfaces at the beginning of each simulation.

Note that these initial distributions of proteins and lipid rafts,

however, do not affect the binding constant and phase be-

havior, since the equilibrium quantities do not depend on the

dynamic properties of the systems.

2.2 Mean field theory

We also perform calculations of the adhesion system based

on the MF theory. We start with the grand-canonical ensem-

ble in which the concentrations of adhesion proteins and lipid

rafts are adjusted by the chemical potentials μp and μr. The

configurational energy of the system in the grand-canonical

ensemble is

H = Had − μr

∑
i

n+i −
∑

i

(
μRm+i + μLm−i

)
. (6)

Transforming raft and protein variables n+i = 0, 1 and

m−i = 0, 1 to spin variables s+i = 2n+i − 1 = ±1 and

t−i = 2m−i − 1 = ±1, and using MF approximation s+i s+j ≈
〈s+i 〉s+i + 〈s+j 〉s+j − 〈s+i 〉〈s+j 〉 with the average s = 〈s+i 〉 = 〈s+j 〉,
t−i t−j ≈ 〈t−i 〉t−i + 〈t−j 〉t−j − 〈t−i 〉〈t−j 〉 with the average t = 〈t−i 〉 =
〈t−j 〉, we obtain MF Hamiltonian

HMF =Hme +HR-L +
∑

i

[
ε+r + ε

−
p − Ueffrs+i − UeffLt−i

]

+
∑

i

[ua

2

(
s+i +1

)
m+i +

Vb

2

(
t−i +1

)
m+i − μRm+i

]
, (7)

with ε+r =
1
2

[
−u(s2−1)−μ+r

]
, εL =

1
2

[
−uL(t2−1)−μ−p

]
,Ueffr =

−u(1 + s) + 1
2
μ+r ,UeffL = −uL(1 + t) + 1

2
μL. Then the grand-

canonical partition function is given by

ZMF =

⎡⎢⎢⎢⎢⎢⎣
∏

i

∫ ∞
0

dli

⎤⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∏

i

∑
s+i =±1

∑
t−i =±1

∑
m+i =0,1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ e−βHMF

=e−Nβ(ε+r +ε
−
p )

⎡⎢⎢⎢⎢⎢⎣
∏

i

∫ ∞
0

dli

⎤⎥⎥⎥⎥⎥⎦
×
⎡⎢⎢⎢⎢⎢⎣e−βHme

∏
i

∑
σ+=±1

∑
σ−=±1

wσ+,σ− (li)

⎤⎥⎥⎥⎥⎥⎦ , (8)

with β = (kBT )−1 and

wσ+,σ− (li) =
[
eβ
(
Ueffrσ

++UeffLσ
−)
+ eβ
(
Ueffrσ

++UeffLσ
−)
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× eβ
(
− 1

2
ua(σ++1)− 1

2
ubθ(lb/2−|li−lc |)(σ−+1)+μR

)]
. (9)

By defining Aσ+,σ− = wσ+,σ−(li)|θ(lb/2−|li−lc |)=0 and Bσ+,σ− =
wσ+,σ− (li)|θ(lb/2−|li−lc |)=1, the partition function given by eq. (8)

can be rewritten as:

ZMF =e−Nβ(ε+r +ε
−
p )

⎡⎢⎢⎢⎢⎢⎣
∑
σ+=±1

∑
σ−=±1

Aσ+,σ−

⎤⎥⎥⎥⎥⎥⎦
N

×
⎡⎢⎢⎢⎢⎢⎣
∏

i

∫ ∞
0

dli

⎤⎥⎥⎥⎥⎥⎦ e−β
[
Hme+

∑
i Vb,eff (li)

]
, (10)

where the effective binding potential Vb,eff(li) =

−Ub,effθ(lb/2 − |li − lc|) is a square-well potential of the same

width lb and location lc as the receptor-ligand binding poten-

tial in eq. (2). The effective binding strength

Ub,eff = kBT ln

∑
σ+
∑
σ− Bσ+,σ−∑

σ+
∑
σ− Aσ+,σ−

(11)

is a function of parameters ub, ua, u, μp, μr and T . The free

energy per lattice site is

F = −kBT
N

lnZMF

= ε+r + ε
−
p − kBT ln

⎡⎢⎢⎢⎢⎢⎣
∑
σ+=±1

∑
σ−=±1

Aσ+,σ−

⎤⎥⎥⎥⎥⎥⎦ + F0, (12)

where

F0 = −kBT
N

ln

⎧⎪⎪⎨⎪⎪⎩
⎡⎢⎢⎢⎢⎢⎣
∏

i

∫ ∞
0

dli

⎤⎥⎥⎥⎥⎥⎦ e−β
[
Hme+

∑
i Vb,eff (li)

]⎫⎪⎪⎬⎪⎪⎭ (13)

is the free energy per lattice site for the reference system

of two homogeneous membranes with Hamiltonian H0 =

Hme +
∑

i Vb,eff(li).
Phase separation occurs if F exhibits two equal minima

separated by a maximum, implying that ∂F /∂s = ∂F /∂t = 0

has three roots, and ∂2F /∂s2 and ∂2F /∂t2 are negative for

one of the roots and positive for the other two. The condition

∂F /∂s = 0 leads to the self-consistent equation

s = Pb

∑
σ+
∑
σ− σ

+Bσ+,σ−∑
σ+
∑
σ− Bσ+,σ−

+ (1 − Pb)

∑
σ+
∑
σ− σ

+Aσ+,σ−∑
σ+
∑
σ− Aσ+,σ−

,

(14)

where Pb = −∂F0/∂Ub,eff = 〈θ(lb/2−|li− lc|)〉 is the so-called

contact probability of the homogeneous membranes in the

aforementioned reference system. Specifically, 0 ≤ Pb ≤ 1

is the expectation value for the fraction of bound membrane

patches, i.e., membrane patches with lc − lb/2 < li < lc + lb/2
in the reference system. Similarly, the condition ∂F /∂t = 0

leads to the self-consistent equation

t = Pb

∑
σ+
∑
σ− σ

−Bσ+,σ−∑
σ+
∑
σ− Bσ+,σ−

+ (1 − Pb)

∑
σ+
∑
σ− σ

−Aσ+,σ−∑
σ+
∑
σ− Aσ+,σ−

.

(15)

In the case of fluctuating membranes we determine Pb by

simulating the reference system of two homogeneous mem-

branes with HamiltonianH0. In the case of two planar mem-

branes within the receptor-ligand binding range, i.e., with

θ(lb/2 − |li − lc|) = 1 at any site i, Pb = 1. We then identify

the phase transition points by numerically solving eqs. (14)

and (15) under the same constraint as for the adhesion sys-

tem that the solutions shall lead to equal minima of the free

energy F .

3 Results and discussion

The MC simulation snapshots in Figure 2(a)-(e) clearly illus-

trate that the short-range interaction of strength uL between

adjacent ligands (purple) on the supported lipid bilayers im-

pacts the spatial organization of receptors (dark green) and

lipid rafts (light green) within the adhering cell membranes.

In these adhesion systems all the other parameters except

uL are kept the same, i.e., area fraction of rafts within the

cell membranes x = 0.2, area concentration of receptors

and ligands cR = cL = 1000μm−2, receptor-ligand bind-

ing strength ub = 6 kBT , raft-receptor affinity ua = 3 kBT ,

and raft-raft contact energy u = 0.8 u∗ with the critical value

u∗ = −2 ln
(
1 +
√

2
)

kBT according to the exact solution of

the lattice gas model on a square lattice. Here, u∗ also cor-

responds to the critical contact energy required for the tran-

sition from the homogeneous to phase-separated state for a

planar membrane containing lipid rafts. Comparison of the

snapshots reveals that, ligand-ligand attraction (uL < 0) leads

to the domain formation on both surfaces, whereas ligand-

ligand repulsion (uL > 0) tends to disperse the adhesion re-

ceptors and lipid rafts. Although the ligand-ligand interac-

tion has a short range of a = 10 nm less than the average

spacing d̄ = c−1/2
L

= 31.6 nm between ligands, a strength

of uL = ±1.0 kBT for this interaction can significantly al-

ter the behavior of the adhesion systems. The distribution

of lipid-raft cluster size in Figure 2(f) shows that, the single

peak becomes narrower when uL increases from 0 (black) to

0.5 (light blue) to 1.0 kBT (blue). When uL decreases from

0 (black) to −0.5 kBT (light red), the single peak becomes

wider, indicating a further local clustering of raft patches.

At uL = −1.0 kBT (red), there appears a second peak corre-

sponding to large raft domains. These distribution plots are

consistent with the visual inspection of the snapshots. The

evolution of different energies given by eqs. (1)-(5) in the ad-

hesion systems with ligand-ligand interaction uL = ±1.0 kBT
is displayed in Figure a2 in Appendix.

The apparent equilibrium constant K for the receptor-

ligand binding that causes the adhesion is also plotted in Fig-

ure 2(f) and found to decrease with uL. This is related to
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the physical fact that a receptor-ligand complex constrains

the local separation between the two adhering surfaces and

then suppresses the shape fluctuations of the cell membrane.

The membrane conformational entropy thus induces an ef-

fective attraction between the complexes, see the cartoon in

Figure 3(a). The attraction between ligands on the supported

bilayers can cooperate with the membrane-mediated effec-

tive attraction and promote the formation of more complexes

as well as receptor-containing raft domains, see Figure 3(b).

On the contrary, the repulsion between ligand acts against

the effective attraction between the complexes and therefore

disfavors the receptor-ligand binding, see Figure 3(c). Our

results suggest that the adhesion system is sensitive to the

(a)

(b)

(c)

Figure 3 (Color online) Cartoons of the preferred configurations of the ad-

hesion systems in different cases of ligand-ligand short-range interactions on

the supported bilayer. (a) The membrane-mediated effective attraction be-

tween the receptor-ligand complexes enhances the coalescence of receptor-

containing rafts, but might be insufficient to merge the multiple raft domains

into one in the absence of ligand-ligand attraction (uL = 0). (b) The strong

ligand-ligand attraction, say uL = −1 kBT , together with the membrane con-

formational entropy can overcome the translational entropy of ligands and

receptor-containing rafts, leading to the formation of one mesoscale raft do-

main and large roughness of the cell membrane. (c) The strong ligand-ligand

repulsion, e.g., uL � 1 kBT , acts against the membrane-mediated complex-

complex attraction and disperses the complexes, which flattens the cell mem-

brane.

short-range interaction between the adjacent ligands on the

supported bilayer.

To further explore the phase behavior, both MC simula-

tions and MF calculations were performed for the adhesion

systems that differ in ligand concentration cL and ligand-

ligand attraction uL. The other parameters in these systems

are cR = 1000μm−2, x = 0.2, ub = 6 kBT , and ua = 3 kBT .

Control adhesion systems in which the adhering cell mem-

branes are planar without shape fluctuations were also con-

sidered in order to appreciate the effective attraction between

receptor-ligand complexes arising from the membrane con-

formational entropy. The resultant phase diagrams are shown

in Figure 4 for different values of uL. The points are identified

from the peaks in the plots of heat capacity against raft-raft

contact energy u in MC simulations (see Figure a1 in Ap-

pendix). The lines are from MF calculations as explained

in sect. 2. For the sake of comparison, the critical value

u∗ = −2 ln
(
1 +
√

2
)

kBT is used to rescale the MC data and

u∗ = −kBT the MF results. The lines exhibit systematic devi-

ations from the points, but successfully capture the trends for

the transition from the homogeneous to phase-separated state

occurs with increasing cL. In the phase-separated state, both

the receptor-containing rafts and ligands form mesoscopic

(a)

(b)

Phase separated

Phase separated

Homogeneous

Homogeneous

cL (μm-2)

cL (μm-2)

Figure 4 (Color online) Phase diagrams for the adhesion systems with

(a) fluctuating or (b) planar cell membranes. The points are identified

from the peaks in the plots of heat capacity CV against u in MC sim-

ulations, whereas the lines are from MF calculations. For comparison,

u∗ = −2 ln
(
1 +
√

2
)

kBT is used to rescale the MC data and u∗ = −1 kBT
the MF results. The other parameters in the adhesion systems are the same

as for Figure 2.
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domains as illustrated in Figure 2(a). In the homogeneous

state, the receptors, ligands and rafts are dispersed over the

surfaces like gas, possibly forming small clusters, see Fig-

ure 2(b)-(e) for example. Figure 4(a) shows that, for cL in the

range of 100-1000 μm−2, the presence of ligand-ligand repul-

sion (uL = 0.5 and 1.0 kBT ) increases by at most 9% the raft-

raft contact energy u for the phase separation to occur (blue,

light blue versus black points), and the presence of ligand-

ligand attraction (uL = −0.5 and −1.0 kBT ), however, de-

creases the value of u/u∗ at the transition point by up to 29%

(red, light red versus black points). In the control systems

with planar cell membranes, the aforementioned membrane-

mediated effective attraction between complexes does not ex-

ist, as evidenced by the unchanging value of u/u∗ at the tran-

sition points when varying cL in the absence of ligand-ligand

interaction (black points in Figure 4(b)). Therefore, the tran-

sition points for the same set of cL and uL in Figure 4(b) are

located at higher values of u/u∗ than in Figure 4(a) as ex-

pected. The quantitative discrepancies between the MC and

MF results arise from the fact that the MF approximation as-

sumes the fluctuations of local composition variables n+i and

m−i around their average values are small.

Now we take a closer look at the receptor-ligand bind-

ing by analyzing the data from MC simulations. Figure 5(a)

shows that the apparent binding constant K = [RL]/([R][L])

increases with the concentration cL of ligands, regardless of

the values of the ligand-ligand interaction strength uL (cir-

cles). In the control systems with planar cell membranes

(squares), K increases with cL for uL < 0 and decreases with

cL for uL > 0. At uL = 0, K remains constant and slightly

exceeds a2eub/kBT , the binding constant in the dilute limit of

receptors and ligands. The control systems exhibit larger val-

ues of K simply because the membrane conformational en-

tropy disfavors the complex formation that restricts the local

separation of the adhering surfaces in the systems with fluc-

tuating cell membranes.

The role of ligand-ligand interaction and its interplay with

the membrane-mediated attraction between the receptor-

ligand complexes can be better visualized in the plots of

log([RL]) versus log([R][L]) as shown in Figure 5(b). The

lines are least square fits to the data points in the same color.

The slope n of each line is then reflected in the law of mass

action [RL] ∝ [R]n[L]n for the receptor-ligand binding. In

the control systems, the relation [RL] ∝ [R][L] for non-

cooperative binding is recovered in the absence of ligand-

ligand interaction, i.e., uL = 0 (black squares). An attrac-

tion of uL = −1.0 kBT induces the binding cooperativity (red

squares, n = 1.15 ± 0.03). A repulsion of uL = 1.0 kBT
leads to weak anti-cooperativity of the binding (blue squares,

n = 0.95 ± 0.01). In contrast, the receptor-ligand binding

in the adhesion systems with fluctuating cell membranes is

cooperative with n dependent on uL. At uL = 0 (black

circles), the law of mass action is very close to [RL] ∝
[R]2[L]2 for the cooperative binding of adhesion receptors

and ligands anchored to fluctuating and homogeneous mem-

branes [20, 42]. Ligand-ligand attraction cooperates with

the membrane-mediated attraction between the complexes

and leads to n > 2 (red circles, n = 4.12 ± 0.3), whereas

ligand-ligand repulsion acts against the effective attraction

and therefore weakens the binding cooperativity (blue cir-

cles, n = 1.87 ± 0.03).

Since the MF theory gives the qualitatively correct phase

diagrams as previously discussed, we constructed phase di-

agrams from MF calculations for the adhesion systems with

different values of ua and ub. Figure 6(a) shows that, in the

presence of ligand-ligand attraction (uL = −1.0 kBT ), the

phase behavior of the adhesion systems is rather sensitive to

the change in ua and ub. At a given concentration of ligands

cL, the phase separation occurs at lower values of u/u∗ when

increasing ua (light red, red and black lines) or ub (light blue,

blue and red lines), because an increase in ua or ub leads to

the formation of more receptor-ligand complexes that facili-

tates the coalescence of raft domains. Figure 6(b) shows that,

(a)

(b)

cL (μm-2)

e

Figure 5 (Color online) Results for the receptor-ligand binding from MC

simulations of the adhesion systems at different values of uL for the ligand-

ligand interaction. The choices for the other parameters in the adhesion sys-

tems are the same as for Figure 2. (a) Rescaled receptor-ligand binding con-

stant K/(a2eub/kBT ) versus ligand concentration cL. (b) log(a2[RL]) versus

log(a4[R][L]). The lines are least square fits to the data points with the slopes

indicated by the numerical values. The data points in squares are from the

control adhesion systems with planar cell membranes.
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(a)

(b)

(c)

Phase separated

Homogeneous

cL (μm-2)

Phase separated

Homogeneous

cL (μm-2)

Phase separated

Homogeneous

cL (μm-2)

Figure 6 (Color online) Phase diagrams from MF calculations of the adhe-

sion systems with different raft-receptor affinity ua and receptor-ligand bind-

ing strength ub for short-range ligand-ligand interaction (a) uL = −1.0 kBT ,

(b) uL = 0, and (c) uL = 1.0 kBT . u∗ = −1kBT . The choices for the other

parameters in the adhesion systems are raft area fraction x = 0.2 and area

concentration of receptor cR = 1000μm−2.

in the presence of ligand-ligand repulsion (uL = 1.0 kBT ), the

values of u/u∗ at the phase boundaries change within 3% as

ua and ub vary. For relatively weak binding (ub = 3 kBT ,

light blue line), the value of u/u∗ for phase separation to

occur decreases monotonically with cL, suggesting that the

short-range ligand-ligand repulsion does not play a role when

the average spacing between the complexes d̄c = [RL]−1/2 is

rather large. For strong binding (ub = 6 kBT , light red, red

and black lines), the phase boundaries are all concave with

the lowest points slightly shifted to smaller values of cL as

increasing ua, reflecting that the short-range ligand-ligand re-

pulsion comes into effect when more complexes are formed.

Figure 7 shows the results for the receptor-ligand bind-

ing obtained from MC simulations of the adhesion systems

with ligand-ligand attraction (uL = −1.0 kBT ) or repulsion

(uL = 1.0 kBT ). Each data set in the same color is from the

simulations with the specified values of ua and ub. An in-

crease in the binding strength ub leads to the formation of

more receptor-ligand complexes (data points in light blue,

blue, and red), irrespective of whether uL is positive or neg-

ative. An increase in ua does not necessarily lead to the for-

mation of more complexes. In Figure 7(a), the binding con-

stant K increases with ua (data points in light red, red and

black). In Figure 7(b), however, K decreases with ua. This

is because the binding of ligands to receptors preferentially

localized in the raft domains gets more unfavorable by the

ligand-ligand repulsion (uL = 1.0 kBT ) as ua increases. In

both Figure 7(a) and (b), the apparent binding constant K
increases with the concentration of ligands cL, indicating the

cooperativity of the receptor-ligand binding that mediates the

adhesion. Figure 7(c) and (d) show the corresponding plots

of log([RL]) versus log([R][L]). As previously explained, the

slope of each fitted line in such plots quantifies the binding

cooperativity. The slope is found to increase considerably

with increasing ua and ub at uL = −1.0 kBT , and to decrease

slightly with increasing ua and ub at uL = 1.0 kBT (light red,

red and black lines; light blue, blue and red lines). Our re-

sults here demonstrate that the binding is more sensitive to

the change in the ligand concentration in the case of ligand-

ligand attraction than in the case of ligand-ligand repulsion.

4 Conclusions

We have investigated cell-SLB adhesion mediated by the

binding of cell adhesion receptors to the SLB-tethered lig-

ands that may experience short-range cis-interactions by

using MC simulations and MF calculations based on a

statistical-mechanical model. In the biologically relevant

range of model parameters, our results show that the cis-

interactions between adjacent ligands on the SLB can reg-

ulate the receptor-ligand binding and therefore the phase be-

havior of the adhesion system. More specifically, for the ad-

hesion system with attractive ligand-ligand cis-interactions,

we find that both the affinity and cooperativity of the

receptor-ligand binding are enhanced. This enhancement can

be attributed to the entropy gain of the cell membranes result-

ing from the attraction-induced protein aggregation. Con-

trary to the case of the homogeneous membrane without

ligand-ligand cis-attraction where the receptor-ligand bind-

ing is weakened by the thermal shape fluctuations of the

membranes, the membrane fluctuations actually function as

a positive regulator for the binding in collaboration with the

cis-attractive interactions of adjacent ligands. Meanwhile,

the lipid rafts can be further stabilized and made to coalesce

into mesoscale domains, thus facilitating the phase separa-
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cL (μm-2) cL (μm-2)

(a) (b)

(c) (d)

e e

Figure 7 (Color online) Results for the receptor-ligand binding from MC simulations of the adhesion systems with different raft-receptor affinity ua and

receptor-ligand binding strength ub at short-range ligand-ligand attraction uL = −1.0 kBT (a), (c) or repulsion uL = 1.0 kBT (b), (d). The other parameters

are the same as for Figure 2. (a), (b) Rescaled receptor-ligand binding constant K/(a2eub/kBT ) versus ligand concentration cL. (c), (d) log(a2[RL]) versus

log(a4[R][L]). The lines are least square fits to the data points with the slopes indicated by the numerical values.

tion of the adhesion system, due to the presence of attrac-

tive ligand-ligand cis-interactions. Conversely, the repulsive

ligand-ligand cis-interactions negatively affect the receptor-

ligand binding and coalescence of lipid rafts by suppressing

the protein aggregation and thermal shape fluctuations of cell

membrane.

The adhesion of cell membranes to ligand-coated sur-

faces has been investigated with emphasis on the effects of

thermally-excited membrane fluctuations [21], ligand mobil-

ity [37], external force [43,44], and surface morphology [45].

Our study here highlights the important role of ligand-ligand

cis-interaction, which should be carefully taken into account

in the cell-SLB adhesion experiments.
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Appendix

Figure a1 Heat capacity CV versus contact energy U as obtained from

MC simulations with raft area fraction x = 0.2, area concentration of re-

ceptors and ligands cR = cL = 1000μm−2, receptor-ligand binding strength

ub = 6 kBT , raft-receptor affinity ua = 3 kBT .
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Figure a2 (Color online) The evolution of different energies in the adhesion system with ligand-ligand interaction (a) uL = −1.0 kBT and (b) 1.0 kBT . The

other parameters are the same as Figure 2.


