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ABSTRACT: Biomembranes are built up from lipid bilayers with two lea�ets that typically di�er in their lipid composition.
Each lipid molecule stays within one lea�et of the bilayer before it undergoes a transition, or �ip-�op, to the other lea�et. The
corresponding �ip-�op times are very di�erent for di�erent lipid species and vary over several orders of magnitude. Here, we use
molecular dynamics simulations to elucidate the consequences of this separation of time scales for compositionally asymmetric
bilayers. We �rst study bilayers with two lipid components that do not undergo �ip-�ops on the accessible time scales. In such a
situation, one must distinguish a bilayer state in which both lea�ets have the same preferred area from another state in which
each lea�et is tensionless. However, when we add a third lipid component that undergoes frequent �ip-�ops, the bilayer relaxes
toward the state with tensionless lea�ets, not to the state with equal preferred lea�et areas. Furthermore, we show that bilayers
with compositional asymmetry acquire a signi�cant spontaneous curvature even if both lea�ets are tensionless. Our results can
be extended to lipid bilayers with a large number of lipid components provided at least one of these components undergoes
frequent �ip-�ops. For cellular membranes containing lipid pumps, the lea�et tensions also depend on the rates of protein-
induced �ip-�ops.
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Biological membranes are assembled from a complex
assortment of lipids and membrane proteins. The lipids

form asymmetric bilayers, displaying di�erent lipid composi-
tions in their two lea�ets.1�4 Each lipid molecule stays within
one lea�et until it undergoes a transition or �ip-�op, also known
as transbilayer motion, to the other lea�et. In the absence of
membrane proteins that act as lipid pumps, the �ip-�ops
represent a thermally activated process with �ip-�op times that
vary from hours or even days for phospholipids5�7 to seconds8,9

or even milliseconds10 for cholesterol and other sterols. In
cellular membranes, lipid �ip-�ops are also induced by proteins,
some of which act as lipid pumps.4,11�13

The bilayer asymmetry a�ects many membrane properties
and in particular the membranes’ morphology. However, the
complexity of any biological membrane, which typically contains
hundreds of lipid species and numerous integral and peripheral
membrane proteins, makes it di�cult to unravel the underlying
molecular mechanisms. On the other hand, giant unilamellar
vesicles (GUVs) have emerged as useful model systems for
biomembranes.14 When the two lea�ets of a GUV membrane
have the same lipid composition, the membrane behavior is

primarily governed by a single elastic parameter, the bending
rigidity. When the GUV membrane possesses some bilayer
asymmetry,15�19 the broken symmetry between the two lea�ets
is described by another elastic parameter, the preferred or
spontaneous curvature of the membrane.

The bending rigidity and the spontaneous curvature
determine the curvature elasticity of the GUV membanes. The
corresponding curvature models come in several variants20,21

that lead to the same stationary shapes but di�er in the
corresponding free energy landscapes. The di�erent variants
also di�er in their assumptions about the frequency of lipid �ip-
�ops.

The spontaneous curvature (SC) model20,22 describes bilayer
asymmetry fully through the local spontaneous curvature m that
arises from the underlying molecular interactions. In the model,
the area di�erence between the two lea�ets is not explicitly
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considered and is thus free to change, which requires at least one
membrane component to undergo frequent �ip-�ops between
the two lea�ets.23 In contrast, the bilayer couple (BC)
model,20,24 which is based on the bilayer couple hypothesis,25

assumes that the number of molecules is conserved within each
lea�et, and describes shape transformations of GUVs with a �xed
area di�erence between the lea�ets.

The SC and the BC models represent two limiting cases of the
area-di�erence elasticity (ADE) model,21 which represents an
extension of the chemically induced moments model of ref 26. In
the ADE model, the number of molecules is conserved within
each lea�et, as in the BC model, but the area di�erence between
the lea�ets is allowed to change via expansion and compression
of the individual lea�ets. The ADE model can be mapped onto
the SC model by introducing a nonlocal, shape-dependent
contribution to the spontaneous curvature.27

On the nanometer scale, bilayer asymmetry and spontaneous
curvature can be studied by molecular simulations.18,28�31 In the
latter studies, the number of lipid molecules were constant
within each lea�et, because the molecules did not undergo �ip-
�ops on the time scales accessible to the simulations. A
spontaneous curvature can then arise from di�erent lipid
densities29,30 or di�erent lipid compositions18,31 of the two
lea�ets. To calculate the spontaneous curvature, one has to
simulate tensionless membranes32 for which the integral over
the local stress pro�le vanishes. The latter constraint can be
ful�lled without requiring vanishing tensions within the
individual lea�ets.

As a speci�c example, we consider two-component mem-
branes consisting of the phospholipid POPC and the glycolipid
(or ganglioside) GM1. For the latter, we use two di�erent
molecular models: cone-like GM1 and lollipop-like GM1. We
�rst study symmetric bilayers and show that the two types of
GM1 di�er in their preferred molecular areas. We then consider
asymmetric bilayers and determine the tensions within the
individual lea�ets. We identify two states of asymmetric bilayers,
I and II, that di�er in their lipid composition and have speci�c
mechanical properties. For state I, the two lea�ets of the bilayer
have the same preferred area and, in general, nonzero lea�et
tensions of opposite sign. For state II, on the other hand, both
lea�et tensions vanish separately. Most importantly, we show
that a bilayer approaches state II when we add another molecular
component that undergoes frequent �ip-�ops between the two
lea�ets and that bilayers in state II can display a considerable
spontaneous curvature.

Results and Discussion. Because all simulations presented
here are done in the NPT-ensemble, the total bilayer tension is
naturally kept zero in all the systems discussed below.

Lea�et Areas of Symmetric Bilayers. Let us start by looking
at compositionally symmetric POPC�GM1 bilayers, for which
the lea�et tensions are equal by symmetry and in fact zero
because the whole bilayer is tensionless.

Figure 1 demonstrates that the shape of a GM1 lipid depends
on the force �eld parametrization used, resulting either in a
cone-like GM1 wedged deep into its lea�et18,33 or a lollipop-like
GM1 with its headgroup residing mostly above the POPCs.34

The conformational di�erences observed between the two
models (Figure 1) resulted in di�erent lea�et areas occupied by
the GM1 molecules. Figure 2 demonstrates that the lea�et area
occupied by a single cone-like GM1 was slightly larger than that
occupied by a single POPC. A lollipop-like GM1, on the other
hand, occupied clearly less area than a POPC.

It might seem somewhat counterintuitive that a lipid like
GM1, which has a bulky headgroup, can take up less lea�et area
than a POPC whose head is much smaller. The explanation,
however, is readily available from Figure 1A, which shows that
the large headgroup of lollipop-like GM1 resided mostly above
the POPCs. As a consequence, the corresponding lea�et area is
primarily determined by GM1’s sphingosine tails, which take
less area than the glycerol-bound tails of a POPC.

Asymmetric Bilayers with Fixed Lea�et Compositions.
Next, let us consider compositionally asymmetric bilayers with
the upper lea�et consisting of the POPC�GM1 mixture as
before, but the lower lea�et containing only POPC. Using the
NPT ensemble, the bilayer is again maintained in a state where
the total tension across the bilayer is (close to) zero. It then
follows that the individual lea�et tensions must be equal in
magnitude but opposite in sign. Furthermore, by judiciously
choosing the number of lipids in each lea�et of an asymmetric
bilayer, it is even possible to �nd lea�et compositions that will
closely approximate the case of tensionless lea�ets.

As a �rst approximation for the appropriate lea�et
compositions, we looked into the areas preferred in symmetric
bilayers (Figure 2) with the aim of matching the area of the
GM1-containing lea�et with that of the pure-POPC lea�et. Let

Figure 1. Di�erent GM1 models led to di�erent molecular shapes. (A)
Density distributions for lipids in a given lea�et along the bilayer normal
direction in symmetric bilayers containing 10 mol % GM1. (B) The
cone-like GM1 model, �rst used by Dasgupta et al.,18 has the same
nonbonded parameters as the lollipop-like GM1 introduced by Gu et
al.,34 but its bonded parameters follow Lo�pez et al.33 The codes within
the beads indicate the Martini bead types.35 The charged beads are
indicated by plus and minus signs (light gray). The angles that are only
found in one model are indicated by three blue beads (the darker color
indicating the central bead) and the dihedrals that are only found in one
model by four beads with colored borderlines (the full lines indicating
the central beads).The same POPC, Na+, and water models were used
with both GM1 models.
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