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ABSTRACT There is clear evidence of an interleaflet coupling in model lipid/cholesterol membranes exhibiting liquid-liquid
phase separation. The strength of this coupling is quantified by the mismatch free energy, g. We calculate it using a molecular
mean-field model of a phase-separated lipid/cholesterol bilayer and obtain values that increase as the concentration of saturated
lipids in the coexisting phases is increased. These values lie in the range 0.01–0.03 kBT/nm

2. We clarify the relationship between
the interleaflet coupling and the extent of interleaflet alignment of liquid domains by analyzing a statistical mechanical model of
coupled fluctuating domain interfaces. The model is solved exactly using the correspondence between statistical mechanics and
quantum mechanics, yielding an expression for the characteristic size of fluctuations out of domain registry. This length scale
depends only weakly on the strength of the interleaflet coupling and inevitably is only of the order of nanometers, which explains
the experimental result that fluctuations out of domain registry have not been observed by optical microscopy.
INTRODUCTION
The hypothesis that the plasma membrane is not homoge-
neous, but rather is characterized, inter alia, by agglomera-
tions enriched in cholesterol and saturated lipids, like
sphingomyelin, which float like rafts in a sea enriched in
unsaturated lipids, has been an enormously stimulating
one (1). The great interest is due to the supposition that
because of the different physical properties of the raft and
nonraft regions, most membrane proteins would preferably
partition into one or the other (2). By this means, rafts could
regulate biological processes by enhancing interactions
between colocalized proteins and suppressing interactions
between proteins that prefer different environments.

To shed light on this hypothesis, numerous studies have
been performed onmodel membranes (3) most often consist-
ing of only three components: cholesterol, a high-melting-
point lipid, usually saturated, and a low-melting-point lipid,
usually unsaturated. Such ternary mixtures exhibit at least
three phases, two of which are of biological interest:
a liquid-ordered (lo) phase that, like the posited raft, is rich
in relatively well-ordered saturated lipids and cholesterol,
and a liquid-disordered (ld) phase that, like the posited sea,
is rich in the more disordered unsaturated lipids.

The connection between lo domains in model membranes
and rafts in cell plasma membranes is complicated by the
compositional asymmetry of the latter (4). Although
liquid-liquid phase separation occurs in model membranes
with compositions typical of the extracellular leaflet (5),
model membranes with compositions similar to that of the
cytoplasmic leaflet display only a single liquid phase (6).
These observations imply that raft and nonraft regions differ
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primarily in their extracellular leaflet compositions.
However, among the proteins that are believed to partition
preferentially into rafts are several that are anchored by lipid
chains to the cytoplasmic leaflet of the plasma membrane
(7). The two leaflets must therefore be coupled by some
means. A transmembrane protein that partitions preferen-
tially into rafts could, for example, give rise to such
a coupling. However, experiments on model membranes
have revealed two related effects of interleaflet coupling
in the absence of transmembrane proteins. First, experi-
ments on compositionally asymmetric membranes (8–11)
have shown that the presence or absence of liquid-liquid
phase coexistence depends jointly on the compositions of
the two leaflets. Second, in symmetric model membranes
without proteins, phase domains in each leaflet are well
aligned (5,12) so that there are no optically visible over-
hangs or mismatches, that is, regions where one leaflet has
the composition of the lo phase while the apposing leaflet
has that of the ld phase. We refer to this phenomenon of
alignment as that of domain registry. These facts indicate
a coupling between the compositional order parameters in
each of the two leaflets, in the sense that the free energy
of the bilayer depends upon products of these order param-
eters. This has important effects on the thermodynamics of
asymmetric bilayers, which can exhibit three-phase coexis-
tence, as has been observed experimentally (11). On the
theoretical side, the thermodynamics of mixed bilayers
with coupled leaflets has been explored phenomenologically
(13–17).

The magnitude of the interleaflet coupling can be quanti-
fied as the free-energy cost of creating a unit area of
mismatch. This is a region in which the two coexisting
phases are replaced by an area in which one leaflet has the
composition it would have in the lo phase and the other
the composition it would have in the ld phase (Fig. 1).
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FIGURE 1 (Left) Phase separation in a symmetric lipid bilayer in which

the domains in the two leaflets are aligned. (Right) If the domains are dis-

placed out of alignment, mismatch regions of asymmetric composition

(gray) are created at the expense of the areas of the symmetric coexisting

phases.

FIGURE 2 Interleaflet domain registry in a phase-separated symmetric

lipid bilayer. The boundary between the lo and ld phase regions is shown

as a solid line in the upper leaflet and as a dashed line in the lower leaflet.

The characteristic width of the mismatch region is denoted as xt.

FIGURE 3 (Top) Initial configuration of the mismatch process. There are

equal areas,A, of symmetric ld and lo bilayer. (Bottom) Final configuration

of the mismatch process. The upper leaflet has the same composition as it

has in the the ld phase, whereas the lower leaflet has the composition as it

has in the lo phase. The total area is 2A0.
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Following May (18), we refer to this quantity as the
mismatch free energy and denote it by g.

In this article we give, in Section 2, an expression for
the mismatch free energy in terms of the free energies of
the symmetric coexisting phases as well as that of the asym-
metric mismatched state. In Section 3, we calculate g using
a molecular mean-field theory that describes liquid-liquid
phase separation in a ternary mixed membrane consisting
of saturated lipids, unsaturated lipids, and cholesterol.
We arrive at values of g that are on the order of 0.01–0.03
kBT/nm

2 at T ¼ 17�C; these values increase as the concen-
tration of saturated lipids increases. They are roughly an
order of magnitude smaller than those obtained from
heuristic estimates (12,18) or from the estimate extracted
by Risselada and Marrink (19) from coarse-grained molec-
ular dynamics simulations of liquid-liquid coexistence in
a lipid/cholesterol bilayer; theirs seems to have been the first
attempt to calculate g in a systematic manner.

Intuitively, it is clear that the mismatch free energy
g tends to maintain the interleaflet alignment of domains
in phase-separated bilayers. However, it is not immediately
obvious how the value of g is related to the extent of inter-
leaflet registry. If one considers the rigid relative displace-
ment of the two leaves of a region of one phase embedded
in the other (Fig. 1), then the change in free energy is
seen to be gA, where A is the area of the mismatch region
(Fig. 1, gray region). This area of mismatch, arising as it
does from the fluctuations of the interface shown in
Fig. 2, clearly scales with the nominal length of the inter-
face. Thus, the free energy of the mismatch also scales
with the length of interface and therefore contributes to
the interfacial line tension. The ratio of the area of overlap
to the length of the interface defines a characteristic width
of the overlap region, which we denote as xt, and which
is also shown in Fig. 2. In Section 4, we present a statistical
mechanical model of coupled interfaces in which the fluctu-
ations of these interfaces are governed by their line tensions
as well as the interleaflet coupling. The model is solved
exactly using the mathematical correspondence between
statistical mechanics in two dimensions and quantum
mechanics in one, resulting in expressions for the character-
istic separation, xt, between the interfaces, as well as the
line tension of the lo/ld interface. We find that xt depends
only weakly on the strength of the interleaflet coupling
and inevitably takes on a value on the order of nanometers.
This explains why fluctuations out of interleaflet domain
registry are never observed under optical microscopy, which
can only access the micron length scale.

In the conclusion of the article, we discuss our results in
relation to previous work on the nature and magnitude of the
interleaflet coupling, focusing in particular on the estimate
of g given by Risselada and Marrink (19). We also suggest
extensions of our work, not only to further elaborate on the
structure of liquid domain boundaries in lipid bilayers, but
also to assess the thermodynamic implications of composi-
tional asymmetry in biological membranes.
THE MISMATCH FREE ENERGY

The mismatch free energy g is the free-energy penalty for
creating an asymmetric mismatch region of unit area at
the expense of areas of the coexisting symmetric phases.
More precisely, it is the free-energy difference between
the initial state and the final state (Fig. 3, upper and lower,
respectively) normalized by the area of the asymmetric
Biophysical Journal 100(4) 996–1004



FIGURE 4 Phase diagram of the model bilayer consisting of identical

leaves of cholesterol (C), dipalmitoylphophatidylcholine (S), and dioleoyl-

phosphatidylcholine (U) at a temperature of T ¼ 17�C. Four tie lines

between lo and ld phases are labeled A–D.
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bilayer in the final state. The two states have the same
number of molecules and average composition. Depending
on whether the bilayer is taken to have a fixed area or to
be tensionless, the appropriate thermodynamic potential is
respectively either the Helmholtz or a modified Gibbs
(M. Uline, M. Schick, and I. Szleifer, unpublished) free
energy. Since these functions differ by a term proportional
to the surface tension, they are numerically equal.

In the initial state (Fig. 3, upper), a bilayer of identical
leaflets exhibits coexistence between equal areas, A, of
the lo and ld phases. The area A is taken to be large enough
to justify the neglect of contributions from the boundaries of
these regions. The free energy of the initial state is

Fi ¼ Aðfld þ floÞ; (1)

where fld and flo are the bulk free energies/unit area of the ld
and lo phases, respectively.

We now interchange the upper leaflet to the right of the
interface with the lower leaflet to the left of it to obtain
a mismatch region of area 2A (Fig. 3, lower). Finally, we
let the system relax to a new area, 2A0: The Helmholtz
free energy is

Ff ¼ 2A0 fmismatch; (2)

where fmismatch denotes the free energy/unit area of the asym-
metric bilayer whose leaflets have the compositions of the
original coexisting phases. We can now define the mismatch
free energy/unit area, g, as

gh
Ff � Fi

2A0 ; (3)

¼ fmismatch � A
2A0ðfld þ floÞ: (4)

When A0 ¼ A, this definition coincides with that given
by May (18). In general, however, the lipids in the mismatch
state (Fig. 3, lower) do not have exactly the same areal
density as they did in the symmetric bilayers (Fig. 3, upper).
Indeed, this change in area is a manifestation of the inter-
leaflet coupling itself, which can be expected to influence
the configurations of lipid molecules and therefore their
preferred areal density. In performing the free-energy calcu-
lations described in the next section, we have found that the
areal densities adopted by tensionless asymmetric bilayers
are such thatA0 andA are equal to within one part per thou-
sand. This small change in area is not negligible, however,
since we also find that the first and second terms in Eq. 4
for g cancel each other to within less than one part per thou-
sand. Therefore, if one is to allow for the possibility of small
changes in the areas of the leaflets during the mismatch
process, it is quite important also to include the factor
A=A0 in calculating the interleaflet coupling from Eq. 4.
One may also calculate g under the assumption that the
system is constrained so that A0 ¼ A.
Biophysical Journal 100(4) 996–1004
CALCULATION OF g BASED ON MOLECULAR
THEORY

As seen in Eq. 4, the mismatch free energy/unit area can be
obtained from three free energies per unit area: those of the
coexisting lo and ld phases, flo and fld, and that of a mismatch
region, fmismatch. We have calculated these quantities using
a theoretical model (21) that treats the hydrocarbon tails
of the lipids within Flory’s rotational isomeric states
description (22) while also taking into account the dense
packing of the molecules in the interior of the bilayer, as
well as the orientation-dependent interactions that drive
phase separation. The structure and interactions of the
hydrophobic tails are therefore treated at the microscopic
level, whereas all interactions involving solvent or lipid
headgroups are encapsulated in a phenomenological term
that gives rise to an effective surface tension (23).

Within self-consistent field theory, the model yields the
phase diagram shown in Fig. 4 for the system of cholesterol,
dipalmitoylphosphatidylcholine, and dioleoylphosphatidyl-
choline at a temperature of T ¼ 17�C. It exhibits both lo
and ld phases, as well as a gel phase. The model is described
in the Supporting Material; readers interested in more
details can refer to the literature (2,21,24). We have calcu-
lated the necessary free energies/unit area for the four tie
lines labeled A–D in Fig. 4. The first connects the lo and
ld states that coexist with the gel phase, the last the lo and
ld phases in the binary system of cholesterol and unsaturated
lipid (25). From these free energies we obtain the corre-
sponding values of the mismatch free energy, g.

The values of g we obtain for these tie lines, along with
the compositions of their coexisting phases, are given in
Table 1. They are of the order of 0.01 kBT=nm

2, roughly
an order of magnitude smaller than several previous esti-
mates (12,18,19). The interleaflet coupling is small in the
sense that the two terms of Eq. 4 largely cancel each other;



TABLE 1 Compositions and mismatch free energies of four

tie lines (T ¼ 17�C)

Tie line

ld lo

g (kBT=nm
2)s c u s c u

A 0.352 0.2449 0.4029 0.4062 0.4084 0.1853 0.032

B 0.2353 0.2669 0.4976 0.3143 0.4411 0.2446 0.025

C 0.0982 0.2995 0.6022 0.1605 0.5109 0.3285 0.016

D 0.000 0.286 0.714 0.000 0.535 0.465 0.013
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each term is more than three orders of magnitude larger than
their difference. It is noteworthy that the mismatch free
energy decreases as the amount of saturated lipids is
decreased. This may indicate that the saturated lipid chains,
which adopt highly extended, ordered configurations,
contribute most to the interdigitation at the bilayer midplane
and thus also to the mismatch free energy.

An advantage of the molecular mean field approach we
have taken is that each of the free energies flo, fld, and
fmismatch used to calculate the mismatch free energy can
easily be decomposed into its various energetic and entropic
parts, revealing their contributions to g. This breakdown is
shown in Table 2 for tie line A in particular. The configura-
tional entropy of the lipid chains makes a significant nega-
tive contribution to g, meaning that on average, a lipid
chain gains entropy in the mismatch process depicted in
Fig. 3. The net negative contribution to g made by the
configurational entropies of the lipid chains is offset by posi-
tive contributions from gauche bond energies, orientational
interactions, and the effective surface interaction used in the
model to incorporate the effects of the lipid headgroups.
Thus, no single contribution to the free energy is wholly
responsible for the mismatch free energy g. Any attempt
at describing a simple mechanism for the interleaflet
coupling is further complicated if we now consider the
mismatch process to occur under slightly different condi-
tions, namely, if we assume that the asymmetric bilayer
shown at the bottom of Fig. 3 maintains the same area,
2A, as the coexisting regions shown at the top of the figure.
We then obtain a mismatch free energy that we denote gfixed;
since it describes a process occurring at fixed area. It is only
very slightly larger than g. It is surprising, however, that the
contributions to gfixed of the various free energy components
have signs opposite to the corresponding contributions to g.
The fact that a small change in the conditions under which
the mismatch process takes place has such a drastic effect on
these contributions, though leading to essentially the same
TABLE 2 Contributions to g of tie line A (T ¼ 17�C)

Free energy term Contribution to g Contributions to gfixed

Gauche bond energy 0.031 �0.027

Configurational entropy �0.113 0.104

Ideal gas terms �0.008 0.000

Orientational interactions 0.072 �0.045

Surface energy 0.050 0.000

Total coupling 0.032 0.033
total mismatch free energy, strongly suggests that interleaf-
let coupling is not driven by a single property, such as
configurational entropy or gauche bond energy, but rather
by the complex interplay between these properties. Further-
more, irrespective of whether the mismatch process takes
place at constant area or constant tension, there is a high
degree of cancellation between different terms contributing
to the mismatch free energy, reflecting the compromise that
occurs between the various energetic and entropic contribu-
tions as the bilayer seeks to minimize its free energy.

Thus far, we have considered the free energy change
during a mismatch process in which the final state is an
asymmetric bilayer whose leaflets have exactly the same
composition as the two coexisting phases in the initial state.
Motivated by the fact that cholesterol is able to flip-flop
between the leaflets of a bilayer on a relatively rapid time-
scale (19,26,27) we have also considered a situation where,
in the final asymmetric state of the mismatch process,
cholesterol molecules can move from one leaflet to another
in such a way as to minimize the free energy. This leads to
a lower value of fmismatch and hence of the mismatch free
energy g. However, we have found that allowing cholesterol
flip-flop lowers g by<1% (data not shown). This is a reflec-
tion of the small magnitude of the interleaflet coupling. The
chemical potential of cholesterol does not change very much
as it is moved from a symmetric bilayer to an asymmetric
one during the mismatch process. Consequently, the chem-
ical potentials in the two leaflets of the asymmetric bilayer
are very nearly equal, providing little thermodynamic incen-
tive for cholesterol to move from one leaflet to the other.
STATISTICAL MODEL OF COUPLED
FLUCTUATING INTERFACES

We now address the observation that in experiments on
phase-separated model membranes, the boundary between
lo and ld regions is always observed to be in alignment
between the two leaflets. This observation implies that the
characteristic size of mismatch fluctuations (Fig. 2, xt) is
below the optical resolution of the experiments. These fluc-
tuations are governed not only by the free-energy penalty of
creating an overlap area of asymmetric composition (given
by g), but also by the line tension between the coexisting
phases, since in the process of forming an overlap region,
the phase boundaries within the two leaflets must be
deformed. What is needed, therefore, is an analysis of the
fluctuating phase boundaries in both leaflets, similar to
that used to extract line tensions in flicker spectroscopy
experiments (28,29) but taking into account the effect of
the interleaflet coupling.

The interface between coexisting lo and ld regions
extends through the thickness of the bilayer (see Fig. 2). If
we take the average position of this interface to be the x
axis, then we can characterize the location of the interface
in the upper leaflet by y1(x) and the location of the interface
Biophysical Journal 100(4) 996–1004



FIGURE 5 Typical configuration of a segment of the interface between

the lo and ld phases (see also Fig. 2. The interface boundaries in the upper

and lower leaflets are described by the functions y1ðxÞ and y2ðxÞ, respec-
tively. The area of mismatch where the two leaflets have different compo-

sitions is shaded.
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in the lower leaflet by y2(x). The configuration of the inter-
face is specified by the two functions y1(x) and y2(x) defined
on a segment in the range 0 % x % L, which we assume to
be single-valued, meaning that the boundaries do not double
back upon themselves. A typical configuration is shown in
Fig. 5.

The statistical weights of the possible configurations
of the interfaces are determined, via the Boltzmann distribu-
tion, by an effective Hamiltonian that includes two free
energies: that associated with the linear interfaces them-
selves, and that associated with the mismatch area between
the interfaces. The former is composed of two terms propor-
tional to the arc lengths of y1(x) and y2(x), and can be written

Hline½y1; y2� ¼
Z L

0

(
t0

�
1 þ

�
dy1
dx

�2�1=2

þ t0

�
1 þ

�
dy2
dx

�2�1=2)
dx;

z

Z L

0

�
t0
2

�
dy1
dx

�2

þ t0
2

�
dy2
dx

�2�
dx þ 2t0L;

(5)

where we have assumed that the fluctuations in the interface
are sufficiently small to justify the approximation of the
second line. The last term in Eq. 5 is the line tension of
a perfectly linear interface without regions of mismatch.
The parameter t0 in this model, which we refer to as the
bare line tension, is similar to a line tension between two
coexisting phases, except that it represents the free-energy
penalty/unit length of straight interface within one leaflet
only. Its relationship with the experimentally measured
line tension, t, between the lo and ld phases will be clarified
below. The second contribution to the energy of a configura-
tion of the interfaces is that due to the area of mismatch en-
closed between them (Fig. 5, shaded region):

Harea ¼ gA ¼ g

Z L

0

��y1ðxÞ � y2ðxÞ
��dx: (6)

The total energy of a particular configuration of the inter-
faces is then

Htot ¼ 2t0L þ Hfluct½y1; y2� (7)

Hfluct ¼
Z L

0

"
t0
2

�
dy1
dx

�2

þ t0
2

�
dy2
dx

�2

þgjy1 � y2j
#
dx (8)

The partition function of the system, Z, is given by the
functional integral

ZðT; L; t0;gÞ ¼ exp½�2bt0L�Z
Dy1Dy2 exp

�� bHfluct½y1; y2�
�
;

(9)

from which we can calculate the free energy, F ¼ �kBT lnZ.
Note from Eq. 8 that the energy of any configuration of the
Biophysical Journal 100(4) 996–1004
interface is unchanged by the displacement of the interface
by an arbitrary amount, y0 (i.e., y1ðxÞ/y1ðxÞ þ y0 and
y2ðxÞ/y2ðxÞ þ y0). Hence, the areas of the two coexisting
phases are not conserved, and the partition function Z of
Eq. 9 is that of the grand canonical ensemble.

Before proceeding to the analysis of this model, it is
important to keep in mind its scope. In treating the interfaces
bounding the mismatch region as sharp lines, we have
assumed that the characteristic size of this mismatch region
is much larger than the widths of these interfaces, given by
the compositional correlation length within a given leaflet.
The necessity of this assumption provides a self-consistency
criterion for the model.

We now analyze the statistical model defined above by
taking advantage of the well-known connection between
statistical mechanics in two dimensions and quantum
mechanics in one (30,31). If the spatial coordinate x is rela-
beled as an imaginary time, x/it; and b is relabeled as 1=Z,
then the integrand in Eq. 9 becomes
expð�bHfluctÞ/expðiS=ZÞ; where

S ¼
Z L

0

�
t0
2

�
dy1
dt

�2

þ t0
2

�
dy2
dt

�2

�gjy1 � y2j
�
dt (10)

is seen to be the action, i.e., the integral over time of the
difference between kinetic and potential energies, of two
particles of mass t0 and positions y1 and y2 that interact
via an attractive linear potential gjy1 � y2j: The equivalent
of the partition function of Eq. 9 is the quantum mechanical
propagator of the two particles from time 0 to time L. Such
propagators form the basis of Feynman’s formulation of
quantum mechanics (32), which is completely equivalent
to the Schrödinger formulation and the Schrödinger equa-
tion. The nontrivial part of this equation in the center-of-
mass frame of the two particles is
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�Z2

2m

v2

vy2
jðyÞ þ gjyjjðyÞ ¼ EjðyÞ; (11)
where yhy1 � y2 and the reduced mass, m, is given by

m ¼ t0 , t0
t0 þ t0

¼ t0
2

(12)

This equation can be solved exactly in terms of Bessel
functions of order 1=3, or Airy functions, but the essentials
are obtained simply. If the characteristic extent of the wave-
function is ‘, then the energy will, up to unimportant
constants, take the form

Z2

2m‘2
þ gj‘j: (13)

Minimization with respect to ‘ yields a characteristic
length ‘ ¼ ðZ2=2mgÞ1=3, which corresponds, in the statis-
tical model, to a characteristic distance between the fluctu-
ating interfaces of

xt ¼
"
ðkBTÞ2
gt0

#1=3
: (14)

Presumably, t0 is of the order of piconewtons andg is of the
order of piconewtons/nanometer, so that this characteristic
length is of the order of nanometers, which immediately
explainswhymismatch regionswould not have beenobserved
by optical microscopy. We note the weak dependence of xt
on g, so that even if g were to be 0.1 pN/nm, 0.01 pN/nm,
or 0.001 pN/nm, this conclusion would be unchanged. The
only circumstance in which this characteristic width would
grow significantly and the domains become less well-corre-
lated is if the system were to approach a critical point due to
a change of temperature or composition. Both g and t0 would
then vanish, causing the correlation length xt to diverge.
However, in the vicinity of a critical point, our assumption
of small deviations froma linear interfacewould cease to hold.

In the ground state of the quantum system, the kinetic and
potential energies are comparable, each being of the order
ðZ2g2=mÞ1=3. The exact ground-state energy (33) is well
approximated by

E0z

�
3p

8

�2=3�
Z2g2

2m

�1=3
: (15)

As the ground-state energy corresponds to the free energy/
unit length of the classical system,we immediately obtain the
line tension occurring between the coexisting phases:

tðT; t0;gÞ h lim
L/N

FðT; L; t0;gÞ
L

; (16)

¼ tðT; t0; 0Þ þ
�
3p

8

�2=3 ðkBTÞ2g2

t0

!1=3

: (17)
The first term in Eq. 17, tðT; t0; 0Þ; is equal to 2t0
plus the contribution from the fluctuations of the center-
of-mass of the interface, whereas the second term is the
contribution of the fluctuations relative to the center of
mass. These relative fluctuations are precisely the ones
that bring about the regions of mismatch. Thus, the free
energy associated with the phase boundary, the line tension,
includes the contribution due to these relative fluctuations,
which are governed in part by the interleaflet coupling.

Other quantities of interest can be extracted. One is the
parallel correlation length, xk, which gives the distance
over which the interfaces remain correlated in the x direc-
tion. This is essentially the characteristic distance between
crossings of y1ðxÞ and y2ðxÞ; that is, it is the length of
a region of mismatch, as opposed to its width, xt. The
length xk corresponds to the lifetime of the first excited state
of the quantum system, Z=ðE1 � E0Þ; the characteristic
dimensions of which must be Z=E0, with E0 given above.
From the exact solution (33) and the correspondence with
the classical system, one obtains

xkz0:83

�
kBT , t0

g2

�1=3

: (18)

Note that the parallel and perpendicular correlation
lengths, xk and xt, which give the characteristic length
and width of a mismatch region, are different, but that

gxtxk � kBT; (19)

as would be expected for the mismatch fluctuation. If a crit-
ical point were approached, xt and xk would both diverge
inversely with the deviation from the critical temperature,
whereas the free energy/unit area would vanish like the
square of that difference.

Because the regions of mismatch have a characteristic
width, xt, the average total area of mismatch, A, scales
with the projected length L of the interface. This is confirmed
by noting that from Eqs. 6, 9, 16, and 17, one obtains

hAi
L

¼ vt

vg
(20)

¼ 2

3

�
3p

8

�2=3
"
ðkBTÞ2
gt0

#1=3
(21)

z0:74xt (22)

In addition to the average mismatch area above, we derive
in the Supporting Material the probability distribution func-
tion of overlap areas.
DISCUSSION

We have considered the interleaflet coupling in lipid bilayers
exhibiting liquid-liquid phase separation. A thermodynamic
Biophysical Journal 100(4) 996–1004



FIGURE 6 Typical configuration in lattice Monte Carlo simulation of

two coupled mixtures, representing the two leaflets of a phase-separating

bilayer. The states of the different lattice sites are color-coded: black,

liquid-ordered in both leaflets; white, ld in both leaflets; dark gray, lo in

the upper leaflet and ld in the lower leaflet; light gray, ld in the upper leaflet

and lo in the lower leaflet. Details of the simulation are given in the Sup-

porting Material.
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measure of the strength of this coupling is given by the
mismatch free energy, g (18), which we have calculated
using a molecular mean-field description (21) of a phase-
separated symmetric bilayer composed of a mixture of satu-
rated and unsaturated lipids as well as cholesterol. Different
coexistence tie lines yield different values ofg. Tie lines with
larger concentrations of saturated lipids have larger values of
g; these values all lie in the range 0.01–0.03 kBT/nm

2. This is
about an order of magnitude smaller than previous estimates.
Collins (12) gave a heuristic estimate of gz0:5kBT=nm

2 by
assuming that the mismatch free energy and the line tension
between coexisting phases are both due to the same effective
surface tension acting over different surfaces. May (18) esti-
mated the contribution to g due to the configurational entro-
pies of lipid chains. He did so by comparing the entropy/
molecule of a lipid bilayer to that of a monolayer apposed
to a hard wall using themolecular mean-field results of Szlei-
fer et al. (34). However, on the basis of our calculations of the
various free-energy contributions to g, we have argued that
the interleaflet coupling cannot be traced to a single factor
such as configurational entropy, since the various compo-
nents of the free energy are coupled in a rather complex
manner. Moreover, under the assumption that the mismatch
state is tensionless we have found that in our model, the
configurational entropy makes a negative contribution to
the coupling. This does not directly contradict the result of
May (18), which was based on a different molecular mean-
field theory (34) that did not include the attractive intermo-
lecular interactions that give rise to liquid-liquid phase sepa-
ration. In the model we have considered here, as in a real
phase-separating bilayer, both entropic and energetic contri-
butions are involved in determining the free energy of the
mismatched state. Perhaps more important, our approach
differs from that of May in that we have calculated the
free-energy difference between two different states of an
interdigitating bilayer, whereas May modeled the mis-
matched state as a lipid monolayer apposed to an impene-
trable surface (18).

To our knowledge, the only previous attempt to determine
the value of g in a systematic way has been that of Risselada
andMarrink (19) in theirmolecular dynamics study of liquid-
liquid coexistence in a coarse-grained lipid/cholesterol
membrane. They determined the probability distribution of
mismatch areas and fit this to the form PðaÞfexpð�bgaÞ
for large a to extract an estimate of g ¼ 0:15kBT=nm

2. In
our statistical model of fluctuating coupled interfaces, we
have verified (see Supporting Material) that the probability
distribution indeed takes this asymptotic form. However,
one must consider how large the mismatch fluctuations
must be to reach this regime. The criterion is the same as
for the validity of our statistical model: the spatial extent of
the mismatch regions must be significantly larger than the
compositional correlation length that gives the intrinsic
width of the interfaces. In the simulations of Risselada and
Marrink (19), these two length scales are both of the order
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of a few nanometers. Therefore, the necessary separation of
scales does not occur, and it is likely that much of what
was counted as mismatch areas in their histograms was in
fact due instead to the diffuse nature of the domain bound-
aries in each leaflet. As an illustration of this point, we
have carried out lattice Monte Carlo simulations of two
coupled mixtures (representing the two leaflets of a bilayer)
undergoing phase separation (Fig. 6). From the simulations,
we obtained the probability distribution, PðaÞ, of mismatch
areas. Fig. 7 shows a plot of �lnðPðaÞÞ; for mismatch areas
between 200 and 300 lattice sites the plot appears linear, sug-
gesting that the regime where PðaÞfexpð�bgaÞ has been
reached. However, this is not the case. Also plotted in
Fig. 7 is the ratio of the perimeter of the mismatch regions
to their area or, equivalently, the fraction of lattice sites,
among those belonging to mismatch regions, which lie on
the borders of these regions. Even for the largest mismatch
areas appearing in the simulations, this fraction does not
become small; it is certainly never negligible. This indicates
that caution should be used in extracting the mismatch free
energy from simulations in this way, since sufficiently large
mismatch regions may be exceedingly rare.

We intend to pursue a number of extensions and improve-
ments of the work presented in this article. Our calculations
of g based on a molecular theory assumed that the bilayer is
planar, when in fact a compositionally asymmetric planar
bilayer can always lower its free energy by curving to
some degree, however small. Taking into account the possi-
bility of curvature will therefore lower the value of the
mismatch free energy g. In addition, it has been shown



FIGURE 7 Solid line graphs �ln½PðaÞ�, where PðaÞ is obtained from

a histogram of the areas of mismatch regions (Fig. 6, light and dark

gray) in lattice Monte Carlo simulations of two coupled mixtures under-

going phase separation. The dashed line is for each bin in the histograms

of mismatch areas, the fraction of lattice sites, among those belonging to

mismatch regions, which also lie on the boundaries of those regions. The

dash-dotted line is a linear fit to �ln½PðaÞ� based on mismatch areas that

are insufficiently large, as shown by the fact that the perimeter/area ratio

is still nonnegligible.
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(13) that the composition dependence of a bilayer’s sponta-
neous curvature provides a mechanism for interleaflet
coupling independent of the mismatch free energy. It would
be interesting to calculate the magnitude of this contribution
by extending our free energy calculations to include the
effects of curvature. More important, although this work
has been primarily concerned with domain registry in
symmetric model membranes, the extension of the micro-
scopic model to allow curvature would allow us to answer
questions related to membranes that are asymmetric to begin
with, such as the cell plasma membrane. In particular, it is
usually assumed that the formation of lipid rafts is driven
by interactions in the outer leaf, where there are large
numbers of both saturated and unsaturated lipids. One
would like to know the extent of the contrast in composition
between raft and nonraft regions in the inner leaflet, where
the great majority of lipids are unsaturated and few are satu-
rated. Such issues are of clear biological importance and
will motivate further work.
SUPPORTING MATERIAL

Details of molecular field model, probability distribution of mismatch area,

details of lattice Monte Carlo simulation, a figure, and references are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)

00067-1.
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