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ABSTRACT: Nanoscale molecular clusters in cell membranes can serve as platforms to recruit membrane proteins for various
biological functions. A central question is how these nanoclusters respond to physical contacts between cells. Using a statistical
mechanics model and Monte Carlo simulations, we explore how the adhesion of cell membranes affects the stability and
coalescence of clusters enriched in receptor proteins. Our results show that intercellular receptor—ligand binding and membrane
shape fluctuations can lead to receptor aggregation within the adhering membranes even if large-scale clusters are
thermodynamically unstable in nonadhering membranes.
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B iological cells need to respond to various stimuli. Receptor
molecules embedded in the cell membrane detect diverse
biomolecules in the cell surroundings and transmit the
information to the interior of the cell. Some of the membrane
receptors have been reported to associate with lipid rafts,'
which are nanoscale molecular clusters enriched in sphingo-
lipid, cholesterol, and proteins.” The lipid rafts can be
stabilized and made to coalesce, forming platforms that
function in membrane signaling.”’ There are possibly many
mechanisms that lead to the stabilization and functionality of
lipid rafts, and they are the subject of a long-standing debate
and intense research.'™® A central question is how lipid rafts
respond to physical contacts between cells. Here we discuss the
effect of cell—cell adhesion on the stabilization and coalescence
of lipid rafts.

The adhesion of cell membranes is caused by the specific
binding of membrane-anchored receptor proteins to their
cognate ligand proteins anchored in the apposing membrane
(Figure 1a). The suppression of conformational fluctuations of
adhering membranes by receptor—ligand binding leads to an
effective lateral attraction between the receptor—ligand
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complexes.” "% This effective, fluctuation-induced attraction
alone is not strong enough to induce lateral phase separation
within the adhering membranes. More precisely, if the
adhesion of tensionless membranes is mediated by only one
type of receptor—ligand complex, then additional interactions,
such as direct attraction between the adhesion molecules'" or
generic repulsion between the apposing membranes,'” are
necessary for the separation between a phase depleted of the
receptor and ligand proteins and a phase enriched in the
receptor—ligand complexes.

Here we study a system in which the receptor and ligand
proteins are weakly coupled to lipid rafts (Figure 1a). This type
of coupling between adhesion proteins and lipid rafts has been
observed in biological experiments.">~'> We demonstrate that
three factors together — (i) the weak propensity of the lipid
rafts to coalesce, (ii) the weak coupling between the adhesion
proteins and the lipid rafts, and (iii) the fluctuation-induced
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Figure 1. Illustration of the system under study. (a) Cartoon of the contact zone of two adhering cells. Lipid rafts are shown in orange; membrane-
anchored receptors, in green; and membrane-anchored ligands, in blue. (b) Snapshot from Monte Carlo simulations of two membranes that adhere
via receptor—ligand complexes. Lipid rafts, receptors, and ligands are represented by square patches in orange, green, and blue, respectively. One
adhesion protein (receptor or ligand) occupies a single membrane patch. The coupling between lipid rafts and adhesion proteins is reflected in the
colocalization of blue and green patches with orange patches. A ligand binds to a receptor only if they are located at apposing membrane patches
and the distance between these two patches is within the receptor—ligand binding range. Lipid rafts have a tendency to coalesce because of the
hydrophobic mismatch between the rafts and the membrane matrix. Both lipid rafts and adhesion proteins diffuse within the membranes. The

humps on the membranes arise from thermal fluctuations.

attraction between the receptor—ligand complexes — can
overcome the mixing entropy and thus lead to phase separation
within the adhering membranes, even in situations when the
lipid rafts do not coalesce into large, stable domains within
free, nonadhering membranes. We also quantify the relative
impact of factors (i), (ii) and (iii) on the lateral phase
separation.

B MODEL

The adhesion of cell membranes involves multiple length
scales ranging from angstroms (specific binding of the
receptors to their ligands) to micrometers (lateral size of a
typical cell adhesion zone). To deal with the complexity of the
biological system, it is necessary to use simopliﬁed theoretical
models and apply suitable approximations.'”'® We employ a
modeling approach that has been widely used to study both the
equilibrium pro;)erties“’”’18 and the dynamic behavior of
biomembranes.'”*” It is based on representing membranes by
surfaces whose elastic deformations are described by the
Helfrich Hamiltonian®' and then discretizing these surfaces
into “patches” of linear size a larger than the membrane
thickness (Figure 1b). For two membranes that have no
spontaneous curvature and that are on average parallel, the

Helfrich Hamiltonian can be written in a discretized form
11,17
as

- K 32
E() = > Z (A4h) 0

where k = k;k,/(k; + K;) is the effective bending rigidity
modulus of the two membranes with rigidities k; and k,, [; is
the distance between two apposing membrane patches with
index i = (i, i,), and Ayl; is the discretized Laplacian of field I =

{1}, which is proportional to the local mean curvature around
membrane patch i. We assume that bendin§ ri§idity modului
and k, take a typical value of 10 kyT,”” > leading to the
effective bending rigidity modulus x = S k3T, where kg is the
Boltzmann constant and T is room temperature.

We set a = 10 nm to match the average exclusion radius of
membrane proteins.”> Then, by analogy to lattice-gas-type
models, a patch in one membrane can accommodate only one
receptor (R) and a patch in the other membrane can
accommodate only one ligand (L). The spatial distribution
of R’s is described by composition field m* = {m;} with m{ =0
or 1 indicating the absence or presence of R at patch i
respectively. Likewise, the spatial distribution of L’s is
described by composition field m™ = {m;} with m; = 0 or 1.

To ensure the specific binding, R binds L only if they are
located on opposite membrane patches and the distance [;
between these two patches is within the R—L binding range,

. ] I . .
ie, I — ;b <L<Il + ;b, where [_ is the extension of the R—L

complex and I, is the width of the binding potential. The total
energy of R—L binding is' 172627

I
Ey(l, m*) = -U, ), mfm,.‘e(—" — I - u)
i 2 )

where 6(--) is the Heaviside step function. We assume that [,
=1 nm and I, = 15 nm*** and that the energy of the R—L
binding, U, > 0, is in the range of 3 to 6 kT.””**

The distribution of lipid rafts in the membrane containing
R’s is described by a composition field n* = {n]} with nj = 0 or
1. The value n; = 1 indicates that the membrane patch with
index i is within a lipid raft. The value n{ = 0 means that the
membrane patch with index i does not belong to a lipid raft.
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Figure 2. Snapshots from MC simulations of planar (a—c) and fluctuating (e—g) membranes. The color code is the same as in Figure 1 (i.e., lipid
rafts are shown in orange; receptors, in green; and ligands, in blue). Here, ¢, = 0.05/a% U, = 6 k3T, and U, = 3 ksT. The values of the contact
energy U are indicated. (d) Size distributions of raft clusters for U/Ug = 0.83 (black), 0.88 (red), and 0.93 (blue) as well as C, as a function of U/
U# (purple) obtained from the MC simulations of the planar membranes. (h) Size distributions of raft clusters for U/Ug = 0.76 (black), 0.81 (red),
and 0.86 (blue) as well as the C, versus U/Uj curve (purple) obtained from the MC simulations of the fluctuating membranes.

Likewise, the distribution of lipid rafts in the membrane
containing L’s is described by composition field n™ = {n;"} with
n; = 0 or 1. The total energy of coupling between adhesion
proteins and lipid rafts is*

Ey(n*, m*) = -, z (n'm" + n7m])
i )

where U, > 0 is a coupling energy that can be understood as
follows: if R or L is moved from a lipid raft to a non-raft region
of the membrane, then the energy of the system is increased by
U,. The value of U, is chosen to be between 3 and 4 kT so
that the protein concentration within the lipid rafts is in the
range reported in experimental studies."

To take account of the hydrophobic mismatch between the
lipid rafts and the membrane matrix, we introduce a contact
energy U > 0 between the nearest-neighbor patches occupied
by the rafts, which is analogous to the interaction energy in the
two-dimensional lattice-gas model. This short-ranged attrac-
tion is the driving force for the coalescence of the lipid rafts
into large domains, whereas the entropy of the lattice-gas-type
system favors disordered states with many separate rafts. The
total energy of the lipid rafts

E,(n*) = -U Y (n'n + n7n))
j j
(i) (4)

is a sum of contributions from all pairs of nearest-neighbor
patches i, j.

The model for adhering membranes is defined by
Hamiltonian E(l, n*, m*) = E,(I) + E,(I, m*) + E;(n*, m*)
+ E,(n*). We study this mesoscopic model within the
framework of classical statistical mechanics using both Monte
Carlo (MC) simulations and mean-field (MF) theory, as
detailed in the Supporting Information (SI).

Without a loss of generality, we assume symmetry in the
composition of the two membranes, i.e., the area concentration
of R’s is equal to the area concentration of L’s,

¢ = 2 m*/a* = > m”/a’, and the two membranes have

the same area fraction of the raft-type patches,
x=, n'/N = 2., n /N, where N is the total number of

patches in one membrane. In our MF calculations and MC
simulations, the area concentration of adhesion proteins, Cp 18
varied between 0 and 0.2/a? which corresponds to a maximal
concentration of 2000/um?%** whereas the membrane area

fraction x of raft-type patches is varied to up to 0.3.>

B RESULTS AND DISCUSSION

Consider now planar membranes (], = I for all patches i)
without the adhesion proteins (¢, = 0). The membrane model
introduced above then reduces to the two-dimensional lattice-
gas model. The rafts coalesce into large domains if U > U*. If
U < U¥, then the rafts are typically small and distributed more
or less uniformly in the membranes. According to the exact
solution of the two-dimensional Ising model on the square
lattice,* the transition between the ordered and disordered
phases occurs at U = U* as given by

*
sinh[U—] =[1-(2x — 1)8]_1/4
2k, T (s)

The phase-transition line ends at the critical point given by
x = % and U = U§, where Uy = 21In(1 4+ /2 )ksT. Within
MF theory, however, Uf = kT.

Consider now planar membranes (with [, = I, for all patches
i) in the presence of the adhesion proteins (cP > 0) that
preferentially partition into lipid rafts (Figure 2a—d). The
three snapshots from the MC simulations shown in panels a—c
indicate a transition from a disordered phase with many small
rafts (panel a, U/U§ = 0.83) to an ordered phase with a large
raft-type domain (panel ¢, U/U§ = 0.93). This transition is
quantified by the domain size distributions shown in black, red,
and blue in Figure 2d.

The purple line in Figure 2d shows the heat capacity per
membrane patch, C,, as a function of U/U§. The maximum in
the heat capacity indicates a phase transition, which occurs at

DOI: 10.1021/acs.nanolett.9b04596
Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b04596/suppl_file/nl9b04596_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b04596

Nano Letters

(a) 1.4 T T T — (b) 14 T T T T
Planar membranes, MC‘ Fluctuating membranes, MC|
12 =01 12 ]
*510 oo x=02 *:,°10 ..
=~ 10 e ordered =03 | =" &2 ordered 1
-) 83 8 =0 =) 3 ;
0sl s@@g;;;;;occcc_ 08 "'.. e
g g g g o . . o000 80
disordered ° disordered ey, s08g3;
0.6 s : : : 0.6 s : : :
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
c [a’] ¢ [a’]
p P
(c) 1.4 T T T T ™ (d) 14— T — T T
N ‘Planar membranes, MF ‘ ‘F luctuating membranes, MF
2 . “S<._ ordered 12r ordered 1
*bo _\~~\\\\ _________________ *bo
N = 10} :
-) e -
o8t T 0.8} ]
disordered disordered
0.6 s : : : 0.6 s : : :
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
2 -2
c [a”] ¢ [a7]

p

P

Figure 3. Phase diagrams for the planar (a and c) and fluctuating (b and d) membrane systems as obtained from the MC simulations (a and b) and
the MF calculations (c and d) with U, = 6 k3T and U, = 3 kzT. (a and b) The circles indicate the phase-transition points determined from the C,
versus U plots as in Figure 2dh. (c and d) The lines show the location of phase transitions predicted by MF theory.
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Figure 4. MF results for the planar (dashed lines) and fluctuating (solid lines) membrane systems. (a—c) Phase diagrams for different values of U,
U, and «. (d) Shift of the critical contact energy U* relative to U§ = kT as a function of protein concentration ¢, for different values of U, and U,.

U/U§ = 0.88 in this case. Interestingly, in the absence of the
adhesion proteins, when ¢, = 0, the phase transition takes place
at U > U§ according to eq S. Therefore, the adhesion proteins
that associate with the lipid rafts promote lateral phase
separation (i.e., they cause a substantial decrease in the value of
contact energy U at which the phase separation occurs). This
effect results from the coalescence of the lipid rafts that is
favored by the translational entropy of the R—L complexes
associated with the rafts.

Consider now a system in which thermal fluctuations cause
local transverse displacements of the adhering membranes
(Figure 2e—h). The three snapshots from the MC simulations
shown in panels e—g indicate a phase transition occurring as U

is increased from U/U§ 0.76 to U/U§ 0.86. The
qualitative differences in the domain size distributions (black,
red, and blue lines in panel h) indicate the phase transition at
U/Ug§ = 0.81. The heat capacity per membrane patch (purple
line in panel h) attains its maximum value also at U/ U = 0.81.

Taken together, Figure 2 shows that the phase transition
occurs in planar membranes at U/U§ = 0.88 and in fluctuating
membranes at U/U§ = 0.81. Therefore, membrane thermal
fluctuations decrease the value of U at which phase separation
occurs. This result implies that there can be regions in the
model parameter space where the planar membrane system is
in the disordered phase while the fluctuating membrane system
is in the ordered phase.
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To explore the phase behavior further, we performed a series
of MC simulation runs with c, ranging from 0 to 0.2/ a?, U/U%
ranging from 0.6 to 1.2, and x = 0.1, 0.2, or 0.3. The values of
other parameters were fixed at U, = 6 kgT, I, = 1 nm, I, = 1§
nm, and U, = 3 kgT. We simulated membranes with sizes of up
to 100 X 100 a?, with negligible finite-size effects (SI), and
identified the phase transitions based on the domain size
distributions and the C, versus U plots, as illustrated in Figure
2. The resulting phase diagrams for the planar and fluctuating
membrane systems are shown in Figure 3a,b, respectively. In
both cases, the phase diagrams for x = 0.2 and 0.3 are rather
similar. For x = 0.1, however, the phase-transition lines are
nonmonotonic in the ¢,—U plane. Importantly, an increase in
protein concentration from ¢, = 0 to, say, 1/ (25 a?) causes the
phase transition to occur at a significantly smaller contact
energy U, which reflects the adhesion-induced phase
separation.

A careful comparison of the phase diagrams in Figure 3a,b
indicates that membrane thermal fluctuations tend to decrease
the values of U at which the phase transitions occur.
Importantly, this effect is not only observed in the MC
simulations but also confirmed by numerical calculations
within MF theory. In fact, the MF phase diagrams (Figure
3¢,d) are in very good qualitative agreement with the phase
diagrams obtained from the MC simulations (Figure 3a,b).
Note that for the sake of comparing panels a and c and panels
b and d, we rescale U by U; = 2 In(1 + ~/2)kT for the MC
data and by U} = kgT for the MF results. The minor
quantitative discrepancies between the MC and MF results in
Figure 3 result from the MF approximation, which assumes
that fluctuations of local composition variables n/ and n;
around the average value (1) = (n;) are small (SI).

The stronger effect of adhesion-induced phase separation in
the fluctuating membrane systems can be explained as follows:
the formation of the R—L complexes suppresses fluctuations of
the adhering membranes, which results in an effective,
membrane-mediated, lateral attraction between the R—L
complexes.””” This lateral attraction between the raft-
associated protein complexes leads to an enhancement in the
coalescence of the rafts. Therefore, lateral phase separation in
the fluctuating membrane system can occur at smaller values of
contact energy U than in the planar membrane system.

Panels a—c of Figure 4 show MF phase diagrams for
different values of U,, U,, and «x for both the planar (dashed
lines) and fluctuating (solid lines) membrane systems. These
diagrams together quantify the relative impact of different
factors (such as the receptor—ligand binding, the propensity of
the lipid rafts to coalesce, the coupling between the adhesion
proteins and the lipid rafts, and the membrane shape
fluctuations) on the lateral phase separation. We note that,
in the parameter range studied here, these factors can impact
the phase behavior of the adhering membranes with
comparable importance.

By comparing Figure 4a,b, we can see that the phase diagram
does not change qualitatively if U, is increased from 3 to 4 kzT.
However, by comparing Figure 4a,c we notice that the phase-
transition lines change their shape if Uy, is decreased from 6 to
3 kgT. Moreover, in Figure 4c, the dashed lines lie below the
solid lines, which means that the membrane fluctuations
weaken the propensity of the adhering membranes to phase
separate, in opposition to the conclusion drawn from the phase
diagrams in panels a and b.

Because the R—L complexes locally constrain the mem-
branes, the conformational entropy of the fluctuating
membranes disfavors R—L bond formation. Therefore, for a
given set of model parameter values, the average number of R—
L complexes is smaller in the fluctuating membrane system
than in the planar membrane system (Figure S1). One effect of
the membrane fluctuations is thus a decrease in the average
area concentration of the R—L complexes. This effect leads to
less-efficient stabilization of the raft domains by the raft-
associated adhesion proteins in the fluctuating membrane
system than in the planar membrane system. A second effect is
the enhancement of raft coalescence that is induced by the
effective lateral attraction between the raft-associated protein
complexes in the fluctuating membrane system. If the
membrane adhesion is sufficiently weak (i.e., if both U, and
¢, are sufficiently small), then the latter effect is dominated by
the former effect and, in that case, the lateral phase separation
is induced more efficiently in the planar membrane system
than in the fluctuating membrane system, as shown in the
phase diagram in Figure 4c. On the other hand, if the adhesion
is stronger (i.e., if U, and ¢, are sufficiently large), then the
fluctuating membrane system has a greater propensity to phase
separate than the planar membrane system, as shown in the
phase diagram in Figure 4b.

MEF theory also allows us to explore how the critical contact
energy U* depends on the model parameters. In Figure 4d, we
show the shift of the critical contact energy, (1 — U*)/Uj, as a
function of ¢, for different values of U, and U,. The dashed and
solid lines correspond to the planar and fluctuating membrane
systems, respectively. If the R—L binding is rather strong (U =
6 kgT), then the shift of U* relative to UF is larger for the
fluctuating membrane system (black and purple lines). On the
other hand, if the R—L binding is weak (U, = 3 kgT), then the
shift of U* relative to U§ is larger for the planar membrane
system (orange lines). These results are conceptually
consistent with the phase diagrams displayed in Figure 4a—c.
We also note that the dashed lines in Figure 4d are much
closer together than the solid lines, which implies in particular
that variations in Uj, at constant , lead to larger changes in U*
for the fluctuating membrane system than for the planar
membrane system. This observation indicates that membrane
fluctuations make the critical behavior of the model system
more sensitive to the strength of the receptor—ligand binding.

B CONCLUSIONS

In the ordered phase at U > U¥*, the receptor proteins are
aggregated within the raft domains. Receptor aggregation
induced by ligand binding is a ubiquitous process triggering
intracellular signals.’’~** Different molecular mechanisms have
been proposed by which ligands promote aggregation of their
receptors and thus cause the cytoplasmic domains of the
aggregated receptors to remain in close proximity for times
much longer than random motions of freely diffusing receptors
permit. The novel mechanism for receptor aggregation that we
have presented here involves collective, cooperative, mem-
brane-mediated interactions between the intercellular recep-
tor—ligand complexes.

We have shown here that thermally excited undulations of
the membranes can either facilitate or impede the adhesion-
induced receptor aggregation, depending on the strength of the
receptor—ligand binding (Figure 4), which may have profound
implications for our understanding of physical mechanisms of
cellular signaling. In fact, the strength of receptor—ligand
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binding can be actively modulated in living cells. For example,
interactions between the T-cell receptor (TCR) and the major
histocompatibility complex (MHC) are modulated by peptides
displayed at the MHC molecules,” and the ability of the TCR
to discriminate “foreign” from “self” peptides is a requirement
of an effective adaptive immune response. Our theory predicts
how the peptide-modulated strength of the TCR-MHC
binding can regulate the TCR aggregation. Because the
MHC proteins are present in lipid rafts,'>'* our theory
implies, in this particular case, that the chemical composition
of the MHC-bound peptide can directly affect the TCR
aggregation.
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