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ABSTRACT: Line tension (γ) is a key parameter for the structure and
dynamics of membrane domains. It was proposed that hybrid lipids,
with mixed saturated and unsaturated acyl chains, participate in the
relaxation of γ through different mechanisms. In this work, we used
molecular dynamics simulations of the coarse-grained MARTINI model
to measure γ in liquid-ordered−liquid-disordered (Lo−Ld) mem-
branes, with increasingly larger relative proportion of the hybrid
polyunsaturated lipid PAPC (4:0−5:4PC) to DAPC (di5:4PC) (i.e.,
XH). We also calculated an elastic contribution to γ by the Lo−Ld
thickness mismatch, tilt moduli, and bending moduli, as predicted by
theory. We found that an increase in XH decreased the overall γ value
and the elastic contribution to line tension. The effect on the elastic line
tension is driven by a reduced hydrophobic mismatch. Changes in the
elastic constants of the phases due to an increase in XH produced a
slightly larger elastic γ term. In addition to this elastic energy, other major contributions to γ are found in these model
membranes. Increasing XH decreases both elastic and nonelastic contributions to γ. Finally, PAPC also behaves as a linactant,
relaxing γ through an interfacial effect, as predicted by theoretical results. This study gives insight into the actual contribution of
distinct energy terms to γ in bilayers containing polyunsaturated hybrid lipids.

1. INTRODUCTION

Membrane domains have a line tension along their perimeter,
which represents the energy cost per unit length to build up the
interface. This energy is a key factor in shaping the
heterogeneous surface of membranes, defining the dynamics
of domain growth,1 distribution of domain sizes,1−3 and
changes of domain shape.3,4 Line tension has two main
contributions. One is of chemical origin, due to the molecular
interactions that drive lipid segregation. The other is due to
local deformations of the interface between domains, to avoid
hydrophobic mismatch.5,6 A derivation of line tension based on
the deformation of the bilayer via tilt and splay predicts a
quadratic dependence of line tension with the hydrophobic
mismatch and spontaneous curvature difference between
phases.5 To the best of our knowledge, the different
contributions to line tension have not yet been independently
measured in simulated or real membrane systems.
Hybrid lipids, with one unsaturated and one saturated

tail,7−12 are the most abundant in biological membranes.
Several results show that hybrid lipids induce greater miscibility
and lower line tension in membranes. In liquid-ordered−liquid-
disordered (Lo−Ld) membranes, hybrid lipids usually trigger
less segregation than their symmetric unsaturated counter-
parts.12−14 In gel−fluid two-phase membranes, Szekely et al.

found that replacing a symmetric lipid with a hybrid
monounsaturated lipid produces a decrease in domain size,
leading eventually to a completely mixed bilayer.15 Similarly, 2H
NMR spectra of ternary liposomes indicate that polyunsatu-
rated hybrids mix substantially with cholesterol in ordered
domains,16,17 in spite of the great aversion of cholesterol for
polyunsaturated fatty acids.18 There are also some simple
mixtures that develop nanoscopic domains inside two-phase
regions of the phase diagram,3,14,19 several of them containing
monounsaturated14,19 or polyunsaturated13 hybrid lipids.
Compared to micron-scale domains, nanoscopic clusters
increase the interface and thus the mixing between both
phases. Within some theoretical frameworks, nanodomains are
conceived as results of low line tension values.8,20,21

Different theories and experimental results have been
presented regarding the effect of hybrid lipids on line tension
relaxation. Several papers,8−10 using a phenomenological
model, propose that hybrid lipids behave as linactants,
decreasing the melting temperature and inducing vanishing
line tension away from the critical point. For large hybrid lipid
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fractions, theory predicts that zero line tension may be achieved
even close to the mixing temperature.22 Line tension relaxes
through a local effect, due to the accumulation of hybrid lipids
at the interface, where they preferentially orient with the
saturated tail toward the more ordered domain. Within this
model, lipids have no molecular details. Molecules are actually
two-dimensional (2D) entities with solely rotational degrees of
freedom on the membrane plane and thus bilayer deformation
is not taken into account. At the experimental level, line activity
is difficult to measure, as it would require tracking the behavior
of those specific molecules at the interface. Using coarse grain
(CG) simulations of Lo−Ld bilayers, Schaf̈er et al. found that
POPC (16:0−18:1PC), added at small fractions, occupied the
interface and decreased line tension, but almost no effect was
observed for a polyunsaturated hybrid lipid.23 In ternary
mixtures containing cholesterol, a saturated and a hybrid
polyunsaturated lipid we found, using the same CG model,
clusters of hybrid lipids oriented to reduce “bad” contacts of the
unsaturated chain with the saturated lipid or cholesterol. In this
case, the anisotropic orientation increases with the degree of
unsaturation.12 In addition to their linactant activity, it was
proposed that hybrid lipids relax line tension by changing the
properties of the bulk phases. Accordingly, experimental results
show a clear correlation between the fraction of hybrid lipids,
the hydrophobic mismatch and the domain size,2 suggesting a
role of hybrid lipids in the elastic energy component of the
interfacial tension. Finally, Hassan-Zadeh et al.24 compared
ternary mixtures containing a hybrid lipid with one to four
double bonds. They observed that the lower the number of
unsaturations the better the partitioning in Lo domains,
reducing order and compactness, and proposed that hybrid
lipids reduce line tension, decreasing the compositional
differences and thus the physical differences between Lo and
Ld phases. A weak linactant character was recognized only for
POPC and not for the polyunsaturated species, as POPC was
the only one showing nanoscopic domains.24 Nevertheless, line
activity implies a reduction in line tension due to interfacial
effects and will not necessarily lead to nanodomains.22 On the
other hand, the relationship between domain size and the
degree of miscibility between saturated and unsaturated lipids is
not always straightforward. Immiscibility regions of ternary
membranes with cholesterol, sphingomyelin, and three different
unsaturated lipids: DOPC (diC18:1PC), POPC, or SDPC
(C18:0−C22:6PC) are similar,25,26 but nanoscopic domains are
observed only with POPC.25,26 Ternary mixtures of POPC,
cholesterol, and different saturated lipids, that is, sphingomyelin
or DSPC (diC18PC), have nanoscopic domains, although the
limits of the miscibility gap differ significantly.19,25

In this article, we address three problems that remained
unclear about the actual contributions of different terms to line
tension and their modulation by a hybrid polyunsaturated lipid.
Our study is quantitative although the CG nature of the force
field is expected to describe trends mainly at a qualitative level.
Our model systems are two-phase membranes composed of
30% cholesterol, 35% saturated lipid, and 35% a mixture of
hybrid (PAPC) and symmetric (DAPC) polyunsaturated lipids
in variable proportions. (I) We measured the overall line
tension and calculated the elastic line tension, as proposed by
Kuzmin et al.,5 as a function of the proportion of PAPC in the
unsaturated lipid fraction, XH. (II) Regarding the elastic term,
we discriminated at a quantitative level the effect on the
hydrophobic mismatch and on the elastic properties of the
membrane. (III) We determined whether there is linactant

behavior (i.e., partitioning to, and orientation at interfaces) for
PAPC, as predicted by a minimal mean-field model,22 and we
further described the line activity as a function of XH. Our
results demonstrate that in Lo−Ld bilayers with polyunsatu-
rated lipids there is, in addition to the elastic energy, a major
contribution from other terms to line tension. We also observe
that an increase in XH relaxes both elastic and nonelastic terms.
The elastic line tension is alleviated due to a decrease in height
mismatch but not due to changes in the elastic constants of
both phases. Finally, polyunsaturated hybrids exhibit linactant
activity, in agreement with theoretical predictions.22

2. METHODS
2.1. Model and Simulation Details. We used the

MARTINI (version 2.0) coarse-grained (CG) model,27,28

with an approximate mapping of four heavy atoms per
interaction site. All beads, except the first-neighbor bonded
particles, interact through a Coulombic potential with a relative
dielectric constant of εrel = 15, and a shifted Lennard-Jones
potential, both with a cutoff at Rc = 1.2 nm. The different CG
particles are classified according to their hydrophilicity.
The phospholipid’s head group consists of two charged

beads, modeling a phosphatidylcholine (PC) residue, and two
sites of intermediate hydrophilicity, representing the glycerol−
ester moiety (GL1 and GL2). We used DPPC (diC4:0PC) as a
saturated lipid model with four beads per chain, the symmetric
unsaturated lipid DAPC (diC5:4PC) with four double bonds
per tail, and the hybrid lipid PAPC (C5:4−C4:0PC) with one
tail from DPPC and the other from DAPC. For the unsaturated
bonds, we followed the parametrization from refs 28 and 29.
The topology of the molecules is shown in Figure S1.
Originally, we ran our simulations using the parametrization

of cholesterol taken from ref 28. Recently, a new para-
metrization has been reported that avoids the excessive order in
the liquid-ordered domains observed with the previous
model.30 We extended the simulations using the cholesterol
with the improved parameters. In this work, we show the
results of these extended simulations. In the Supporting
Information, we present the results with both cholesterol
models, showing qualitative agreement (see panel B in Figures
S6−S10).
Simulations were run with GROMACS 5.0.731 in the N,P,T

ensemble, with a time step of 0.03 ps. A Berendsen thermostat,
with a relaxation time of 0.3 ps, was independently applied to
lipids and water molecules, to fix the temperature at 300 K.32

The bilayers were simulated in a tensionless state, applying a
Parrinello−Rahman barostat with a semi-isotropic scheme,
setting the average pressure to 1 bar in the x, y, and z directions.
The parameters for the barostat in GROMACS were a coupling
time constant of 2 ps and an isothermal compressibility of χ = 3
× 10−5 bar−1.

2.2. Details of the Physical Parameters Analyzed.
2.2.1. Intrinsic Interface and Intrinsic Profiles. The interface
between liquid phases shows thermal fluctuations that broaden
the global density profiles. Profiles presented in this article were
obtained after eliminating the thermal fluctuations of the
interface. As shown later, these intrinsic profiles are sharper and
show greater detail of the structure of the interface.
We followed a procedure similar to that described in ref 33

for interfaces between immiscible liquids. As shown in Figure 1,
our membranes present two stripe domains. The direction
along the domains is y, and the direction across the domains is
x. Because of the periodic boundary conditions, there are two
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infinite domains along y separated by left and right interfaces.
For each configuration, we analyzed both layers independently.
We first delimited both phases, by tracking the largest lipid

cluster of the major components: DPPC for the liquid-ordered
phase (Lo), and the unsaturated lipids, PAPC + DAPC, for the
liquid-disordered (Ld) phase. A lipid was considered to belong
to a cluster if its center of mass (COM) was located within a
cutoff distance to it (Figure 1A,B). We found an appropriate
value for this cutoff by analyzing images of both major clusters
superimposed on the entire membrane for a range of cutoff
lengths. We used 1.05 nm for the Lo phase and 1.35 nm for the
Ld phase. Finally, the major clusters are defined by the entire
set of coordinates of the sites of the lipids that belong to them.
Then, the simulation box was further divided into N slabs that
cross the stripe domains, with a slab width of Ly/N, Ly being the
y-box length. Within each slab, the Lo domain was centered in
the box (Figure 1C), and the Lo and Ld phase limits (b) were
determined for both interfaces. b is defined as the cluster
coordinate that protrudes more into the opposite phase (Figure
1C,D). Thus, islands of a lipid detached from this largest lipid
cluster are not considered in the interface definition. The
interface position (p) was calculated in each slab as

=
+‐ ‐p

b b
2i

Lo i Ld i
(1)

where subscripts Lo and Ld refer to the phase and the generic
subscript i refers to the left or right interface. The interface
width (w) is defined as

= −‐ ‐w b br Lo r Ld r (2)

= −‐ ‐w b bl Ld l Lo l (3)

for the right (wr) and left (wl) interfaces. This procedure is
repeated for different N’s, and the distribution of w is obtained
for each condition (Figure 1E). w decreases as the slabs are
narrower. For a slab width (Ly/N) within the molecular
dimensions (∼0.65 nm), the maximum of the probability
distribution of w is at zero, meaning that the broadening by
thermal fluctuations is largely suppressed. Profiles of density,
and of other molecular properties, are computed within each
slab using a binning of 0.5 nm along x. Profiles are smoother for
wider slabs because they are broadened by thermal fluctuations.
Upon decreasing the slab width, profiles become steeper, giving
rise to an interface that is relatively sharp (see Figure S2). We
used a slab resolution of 0.65 nm, and we call these profiles
“intrinsic”.

2.2.2. Line Tension. Line tension (γ) was calculated using
two independent approaches. Taking z as the direction
perpendicular to the membrane plane, γp was computed from
the pressure tensor according to

γ = −P P L L
1
2

( ) zp per par par (4)

where Pper and Ppar are the pressure tensor components
perpendicular and parallel to the stripe domain, respectively. Lz
stands for the box length in the direction perpendicular to the
membrane plane, and Lpar is the box length parallel to the
domain. The factor 1

2
takes into account that there are two

interfaces per domain (i.e., left and right in Figure 1A). Errors
were estimated from a block average analysis.34

We also calculated γc from the capillary wave spectrum of
each domain boundary, traced as described before (see Intrinsic
Interface and Intrinsic Profiles) according to the expression

Figure 1. Procedure to define the Lo and Ld phases and to determine
the position of the interfaces. (A) Snapshot of a two-phase membrane
configuration with XH = 0. DPPC is blue, DAPC is orange, and
cholesterol is gray. The Lo domain, at the center, is delimited by the
left and right interfaces. (B) COM of DPPC lipids (blue dots) and the
unsaturated DAPC lipids (orange dots) that belong to the major Lo
and Ld clusters, respectively. (C, D) DPPC lipids forming the major
Lo cluster (blue), and DAPC molecules forming the major Ld cluster
(orange). The vertical lines set the limits of the Lo phase (dotted
lines) and Ld phase (dashed lines). (D) x is the direction across the
domain, and y is the direction along the domain. The horizontal black
lines divide the membrane into three slabs (i.e., N = 3), where phase
boundaries are determined. The interface width (eqs 2 and 3) is
calculated as the distance between the Lo and Ld phase limits, and the
interface position (eq 1) is taken at the center between them. (E)
Probability distribution, P(w), of the interface width, w, for a slab
resolution of 4−0.65 nm. For a slab of ∼0.65 nm, the peak of P(w)
corresponds to w = 0 nm, meaning that thermal fluctuations of the
interface are largely suppressed.
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γ =
⟨| | ⟩

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

k T
L k h k

2
( )c

B

par
2 2

(5)

where = πk n
L

2

par
is the wavenumber corresponding to mode n

and ⟨|h(k)|2⟩ is the ensemble average of the Fourier power
spectrum for the wavenumber k. kB is the Boltzmann constant,
and T is the absolute temperature. The factor 2 considers two
hemilayers per interface. For membrane patches of ∼20 nm ×
20 nm, we averaged modes 2−5, representing fluctuations on a
length scale range of [10:4 nm]. For simulation boxes of ∼28
nm × 12 nm, we averaged modes 2 and 3, sampling fluctuations
on a range of [6:4 nm]. To estimate the errors, equilibrium
trajectories were divided into ∼500 ns blocks. Averages were
uncorrelated for that time lapse.
2.2.3. Line Excess. We calculated the line excess (Γ)

concentration at the interface using a one-dimensional analog
of the surface excess.35 Γi is defined as the difference between

the real number of molecules per unit length of component i in
the entire system, and the number of molecules per unit length
that would be present if bulk densities were maintained up to a
one-dimensional Gibbs dividing line (GDL). Γi values were
measured over intrinsic density profiles according to

δ δ
Γ =

− −n L L L

L

( )
i

it par id d
GDL

io o
GDL

par (6)

where Lo
GDL and Ld

GDL are the distances from a reference
position in the bulk of the Lo or Ld phase to the GDL. nit is the
total number of molecules of component i from the reference
position at the Lo phase to the reference position at the Ld
phase. δio and δid are the Lo and Ld surface densities of
component i, respectively. Lpar stands for the average box length
along the domain direction. The line excess, as such, depends
on the location of the GDL, whereas the relative excess of one
component with respect to another is independent of the GDL
position. Here, we measured Γ for the unsaturated lipids, PAPC

Figure 2. (A) Snapshot of a membrane with XH = 0.36 and box size ∼28 × 12 nm2, showing the Lo and Ld domains separated by the left and right
domain boundary interfaces. (B) Color coding of the lipids: DAPC is orange, PAPC is yellow, DPPC is blue, and cholesterol is gray. (C, D) Average
position of the PO4 groups of the top (gray) and bottom (black) leaflets, for a Θ angle of 7° (C) or 0° (D). A positive Θ value corresponds to an
upward (convex) deflection as that in C. The dashed line is calculated as the average position between PO4 groups from top and bottom leaflets.
The Lo domain is depicted in blue and Ld domain in yellow. Δx is the average distance between the lower and upper interfaces. (E) Θ angle as a
function of time for a XH = 0.36 bilayer. (F) Probability distribution of Θ angles calculated from the timeline shown in E. (G) |Θ| ± sd as a function
of XH. (H) The gray region encloses the Δx ± sd values, as a function of Θ, and average Δx values are represented with black dots.
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and DAPC, with respect to the sum of the major Lo lipids:
DPPC + cholesterol. We first located GDL in such a way as to
make Γ equal to zero for DPPC + cholesterol, and then
calculated Γ for DAPC and PAPC relative to that line. Errors
were computed from uncorrelated time blocks of 1 μs.
2.2.4. Calculation of Average Bulk Properties. Bulk-phase

values were calculated from the intrinsic property profiles.
Profiles show changes in the interfacial region and eventually a
plateau, when reaching the bulk. We defined 2 nm-wide
intervals, where bulk average values were calculated (Figure
4A). Figures S11 and S12 show profiles of density and order
parameters for all membrane systems, where bulk regions are
highlighted. Bulk values and density profiles are averages over
both domain boundary interfaces (i.e., left and right) and over
both leaflets. In some cases, domain interfaces are asymmetric,
differing between the upper and lower leaflets (see, e.g., Figure
2C). In this case, profiles show small differences at the
interface, but bulk values are the same (Figure S13).
2.2.5. Elastic Properties. We calculated the tilt modulus (Kt)

from the fluctuations in the lipid tilt angle, and the bending
modulus (Kb) from the fluctuations in the splay angle between
pairs of lipids, following the method described by Khelashvili et
al.36 Tilt is the angle between each lipid director vector and the
membrane normal. Splay is the angle between the director
vectors of a pair of lipids (see Figure S1B). The method relies
on the relationship between the free energy to bend or tilt the
bilayer and the splay or tilt angle distribution of lipid molecules.
First, we obtain the probability distributions, P(α), of tilt and
splay angles (α) for each molecule and molecular pairs,
respectively. Then, the tilt moduli (χi) per lipid type, and splay
moduli (χij) for each pair of lipids, are derived from these
distributions. Finally, the overall tilt (Kt), or bending modulus
(Kb), is obtained after calculating the contribution of each tilt or
splay term, weighted by the proportion of lipids, or lipid pairs,
respectively. The director vector for the phospholipids was
defined as the vector connecting the geometrical center of
beads PO4−GL1−GL2 to the geometrical center of the tail
beads and, for cholesterol, as the vector from ROH to the
COM of the remaining beads (Figure S1A). From the

normalized probability function α
α( )P( )

sin( )
of tilt or splay, a

potential mean function (PMF) was derived according to

α α
α

= −
⎛
⎝⎜

⎞
⎠⎟kT

P
PMF( ) ln

( )
sin( ) (7)

Then, the tilt or splay moduli were estimated from the
coefficients of a quadratic function, with the generic form

α χ α=PMF( )
2

2
(8)

Here, χ is used generically for χi and χij, and it is the free energy
necessary for tilting a lipid or splaying a pair of lipids apart,
respectively. As the expression holds only for lipids with small
tilt angles, the splay modulus was computed only from pairs of
first-neighbor molecules in which at least one lipid is tilted by
no more than 10° with respect to the bilayer normal. First-
neighbors were defined as lipids sharing edges in a 2D Voronoi
diagram, traced from the COM of all membrane molecules.
P(α) are peak functions (Figure S14). The interval of angles
used to fit eq 8 was taken from the mean ± sd of a Gaussian
function fitted around the maximum of P(α). Cholesterol has
two Ld populations: one perpendicular and the other parallel to

the membrane normal (Figure S15).18,29,37 In this case, we
fitted tilt angles up to 30° and splay angles up to 20° to
consider only those molecules oriented in the normal direction.
Finally, the membrane tilt modulus and the monolayer

bending modulus were calculated as

∑
χ

=
K A N

n1 1 1

i

i

it 0 t (9)

∑
χ

=
k N

n1 1

ij

ij

ijb b (10)

where Nt is the total number of molecules, A0 is the mean
molecular area, and ni is the number of molecules of type i with
tilt modulus χi. Nb represents the total number of molecule
pairs and nij the number of pairs of type ij, with splay modulus
χij. The monolayer bending modulus, kb, is half of the bilayer
bending moduls, Kb. As for the intrinsic profiles, membranes
were divided into slabs and the tilt and splay angle distributions
were integrated over intervals of 0.5 nm as a function of the
distance to the interface position (eq 1). These angle
distributions eventually converge to a single distribution upon
reaching the bulk. This bulk region matches that determined
using density and order properties (Figure S14). The elastic
moduli were calculated from the angle distributions at the Lo
and Ld bulk phases. Errors were computed from uncorrelated
time blocks of 1 μs.

2.2.6. Local Membrane Thickness and Average Molecular
Area. Membrane thickness was estimated as the distance
between the PO4 beads of the upper and lower leaflets, along
the direction normal to the membrane plane. PO4 density
profiles were integrated along the domain direction (i.e., y in
Figure 1). In turn, the average molecular area was calculated as
the inverse of the molecular density of all lipid components,
within the Lo and Ld bulk regions.

2.2.7. Order Parameters. We measured the length of the
lipid director vector, calculated as described before (see Elastic
Properties), along the membrane normal direction. The
conformational order was estimated from the order parameter
given by the average second-order Legendre polynomial of the
bond angles

θ θ= −P (cos( ))
1
2

(3 cos ( ) 1)2
2

(11)

where θ is the angle between each bond vector and the
membrane normal. The order parameter value for the tails was
averaged over all bonds between tail beads. Errors were
computed from uncorrelated time blocks of 1 μs.

2.2.8. Lipid in-Plane Rotational Orientation Relative to
Domain Interface. We defined a vector v12, connecting the
COM of the tail bonded to the GL1 bead, which is the
unsaturated tail for the hybrid lipid, to the COM of the tail
bonded to the GL2 bead. The membrane is represented on the
x−y plane and the domain boundary interfaces along the y
direction (as in Figure 1). For the left and right domain
boundaries, the interface position (eq 1) is located at x = 0 nm,
the Ld domain at x > 0 nm, and the Lo domain at x < 0 nm. We
computed the angle φ between v12, projected on the x−y plane,
and y. For φ values in the range [0:180°], the saturated tail of
the hybrid lipid points toward the Lo phase, and for φ angles in
the interval [0:−180°], it points to the Ld phase. We computed
intrinsic profiles for the orientation, φ, that were averaged over
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uncorrelated time blocks of 200 ns, from which errors were
calculated.
2.2.9. Overview of the Simulations. We studied two-phase

membranes of three and four components, with a global
composition of cholesterol/DPPC/(PAPC + DAPC) 30:35:35.
We progressively increased the proportion of the polyunsatu-
rated hybrid lipids within the unsaturated fraction, composed of
a mixture of hybrid and symmetric polyunsaturated lipids

=
+( )XH
hybrid

hybrid symmetric
, from 0 to 0.75 (i.e., XH = 0, 0.1, 0.18,

0.36, 0.50, 0.75). For XH = 0.75, two-phase domains were no
longer observed for these box dimensions (Figure S5). Then,
this membrane was not further analyzed. In a previous work, we
showed that membranes with cholesterol/DPPC/PAPC (XH =
1) present one phase with nonrandom mixing, at least up to a
temperature of 270 K.12

Simulations were started using a previous cholesterol
parametrization of the MARTINI model.28 Bilayer patches
were prepared with the same composition in both layers and a
random distribution of the lipids within the membrane plane.
To follow phase separation, we measured the ratio of perimeter
over area (P/A) of the largest cluster of the unsaturated lipids
in each bilayer frame. As the phase separation proceeds, line
tension drives the minimization of the interface length, and the
P/A ratio decreases. After equilibration was reached at 2−5 μs,
depending on the membrane composition, the simulations were
further run for several μs (insets in Figures S4 and S5). Starting
from the last equilibrium configurations, we changed to the
improved parametrization of cholesterol.30 The evolution to the
new equilibrium state was monitored using the P/A ratio
(Figures S4 and S5), changes in the composition of PAPC at
bulk (Figure S6), the relative partition of PAPC between the
interface and bulk, Ki,b (Figure S7), the line tension (Figure
S8), molecular order parameters at bulk (Figure S9), and PAPC
orientation at the interface (Figure S10). The analysis was
performed over the last 8 μs, where all observables show that
bilayers reached equilibrium. For XH = 0, 0.1, and 0.18, we
prepared 1600-lipid square patches of ∼20 nm side length. For
XH = 0.36 and 0.5, we prepared patches with 1298 lipids of ∼28
nm × 12 nm, where wider stripe domains were formed (Figure
S4D,E). For those larger PAPC proportions, the compositional
gradients at the interface increase (compare Figure S12 to
Figure S11), and the wider simulation boxes allowed better
sampling of the bulk region. With the previous cholesterol
parametrization, we analyzed patches of both box dimensions
(i.e., ∼20 nm × 20 nm and ∼28 nm × 12 nm) for membranes
with XH = 0.36 and 0.5. As no differences were noticed, and
sampling improves in the wider patches, we used this box
geometry with the newer cholesterol parameters. Representa-
tive snapshots of the membranes are shown in Figure S4.

3. RESULTS
3.1. Membranes Deform to Reduce Height Mismatch.

Figure 2A shows a cut through a membrane with XH = 0.36,
with an Lo domain, rich in DPPC and cholesterol and a Ld
domain, rich in the usaturated lipids DAPC and PAPC. Figure
2C,D represents membrane profiles, reconstructed from
different mean values. The lipid−water interface is delimited
by the profiles of the position of the PO4 groups of the outer
(gray line) and inner (black line) leaflets. The distance between
the PO4 groups in both leaflets correctly represents the
membrane thickness. The Lo domain (blue) and the Ld
domain (yellow) meet at the interface position, as defined in eq

1. The distance, Δx, represents a shift between the upper and
lower domain boundary interfaces. In Figure 2A, a bending in
the interface region can be noted. To characterize it, we defined
the angles between the x direction and the tangent to the bulk
of the Lo domain (Θo) or the tangent to the bulk of the Ld

domain (Θd) (Figure 2C), with Θ = Θ − Θ( )1
2 o d . Moreover,

this analysis is also used to correctly evaluate the normal
direction to the membrane at the Lo and Ld domains (as
explained in the Supporting Information). For illustrative
purposes, we show averages over bent or flat configurations, for
the same membrane containing XH = 0.36, with Θ = 7° (Figure
2C) or Θ = 0° (Figure 2D), respectively. We assign positive Θ
values to convex (upward) deflections, when going from the Lo
to the Ld domain (as in Figure 2C). Time dependence of Θ
angle for this bilayer is represented in Figure 2E. The
corresponding angle distribution is in Figure 2F. Average
absolute values, |Θ|, for membranes with different compositions
(i.e., XH) do not present a monotonic tendency. They decrease
until XH = 0.2 and then present a plateau (Figure 2G). More
interestingly, the distance between the upper and lower
interfaces (Δx in Figure 2C) is clearly correlated with Θ. To
calculate Δx, membranes are first divided into slabs that cross
the domains (as in Figure 1D). Then, once the interface
position is found in the upper and lower leaflets of each slab,
the distance between both domain boundary interfaces, Δx, is
calculated. One value is computed for each interface (i.e., left
and right) in a slab. Values are then averaged over all slabs.
Figure 2 H shows Δx ± sd values, as a function of Θ. The graph
includes all pairs of values (Θ, Δx), obtained, one per interface
and per frame, for all studied membrane compositions. For flat
bilayers (i.e., Θ = 0°), Δx = 0 nm. Then, both interfaces are
represented at the same x position in Figure 2D. In nonflat
membrane configurations, instead, interfaces are shifted. In
Figure 2C, domain boundaries are represented at a Δx distance
of 1.3 nm, corresponding to that for Θ = 7° in Figure 2H. The
bending at the interface, together with a shift between the
domain boundaries in both leaflets, makes the Lo domain of the
bottom layer to protrude toward the opposite Ld domain
(Figure 2C). As a result, height mismatch at the water
membrane plane is partially alleviated.

3.2. Line Tension as a Function of the Hybrid Lipid
Proportion. The line tension between domains decreases from
∼20 to ∼5 pN, with increasing XH (Figure 3). The values
calculated from the pressure tensor (γp) and from capillary
wave theory (γc) are in good agreement. The only significant
difference is at XH = 0, where γc have larger values than γp.
In membranes with XH = 0.75, γ cannot be measured because

two separated domains are not clearly defined: the membrane is
either demixed or the fluctuations are too large for these box
dimensions (Figure S5). γ values reported in the literature for
liquid phases are between 0.1 and 10 pN.38−43 Our results show
somewhat larger γ values, although within the order of
magnitude of those found in the literature. To the best of
our knowledge, there are no experimental measurements of γ of
Lo−Ld membranes with symmetric polyunsaturated lipids. The
particularly low melting temperatures and loose packing44,45 of
these lipids, and their low miscibility with cholesterol, may
result in particularly larger γ values for these mixtures.

3.3. Composition of the Bulk Phases and of the
Interface Region. Intrinsic density and mole ratio profiles for
XH = 0.36 are shown in Figure 4A,B. The density profiles of
DPPC and of the entire unsaturated lipid fraction cross at x = 0
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nm, which is the interface position (eq 1), achieving an
intermediate composition between both bulk phases. Around
this position, density values change steeply within ∼1−2 nm.
Then, the interface is defined by a sharp change in the density

profiles, with a nonzero intrinsic width and, by definition,
centered at x = 0 nm. Density profiles show two peaks near the
interface, one for DPPC at the Lo phase side and the other for
PAPC (Figure 4A), or DAPC for XH = 0 (Figure S2), at the Ld
phase side. No further density oscillations develop beyond this
first layer. Cholesterol density smoothly decreases from the Lo
to the Ld phase, becoming the major lipid at the interface
(Figure 4A). These cholesterol molecules intercalated between
domains are evidenced as a peak in the cholesterol mole ratio
curve (see Figure 4B, at x = 0 nm). The two different
unsaturated lipids present changes in their relative proportion
within the Ld phase, as a function of the distance to the
interface position: PAPC density increases toward the interface
and extends further into the Lo phase, whereas DAPC is
depleted from the domain boundary (Figure 4A,B).
The composition of the bulk phases is shown in Figure 4C.

The Lo phase is mostly composed of DPPC and cholesterol in
an approximate ratio of 1.3:1. DAPC is virtually insoluble in the
Lo phase, whereas PAPC partitions up to a mole fraction of
∼8%. The Ld phase is mainly composed of DAPC (for XH = 0),
or a mixture of DAPC and PAPC, with the hybrid lipid
exhibiting large solubility into the Ld domains. As PAPC
replaces DAPC, the Ld phase accepts higher ratios of DPPC
and cholesterol. As a result, compositional differences between
phases decrease with increasing XH, as previously described for
mixtures with a different hybrid polyunsaturated lipid.46 Lo−Ld
mole fraction differences are smaller for cholesterol, DPPC, and

Figure 3. γ calculated from the pressure tensor (γp) or from capillary
wave theory (γc), as a function of XH.

Figure 4. Mole density (A) and mole ratio (B) intrinsic profiles, averaged over both leaflets, for cholesterol, DPPC, DAPC, PAPC, and the sum of
both unsaturated lipids (i.e., DAPC + PAPC) for XH = 0.36. Negative x values correspond to the Lo domain and positive values to the Ld phase. The
shadowed regions indicate the 2 nm-long intervals over which the Lo and Ld bulk values were calculated. (C) Mole fraction of the individual lipids in
the Lo and Ld bulk phases, as a function of XH. (D) Line excess (Γ) at the Gibbs dividing interface for the unsaturated lipids, DAPC, and PAPC. (E)
Partition coefficient, Ki,b, for PAPC and DAPC between the the first nm of the Ld phase adjacent to the interface position (i.e., x ∈ [0:1 nm]) and
the Ld bulk phase. The legend is the same for graphs A and B, and for graphs D and E.
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also for the unsaturated lipid fraction: DAPC + PAPC (Figure
S16).
To follow compositional changes at the interface, we

calculated the line excess (Γ) of DAPC and PAPC (Figure
4D). We also studied a region of ∼1 nm of Ld phase adjacent
to the domain boundary (i.e., x ∈ [0:1 nm]). We delimited a 1
nm region, considering that this is the approximate diameter of
one Ld−lipid molecule. We measured the composition over
that area and computed the partition coefficient of PAPC and
DAPC between that interfacial region and the Ld bulk phase
(Ki,b) (Figure 4E). Positive Γ values mean that PAPC is
relatively enriched at the interface. Negative values indicate that
DAPC is less concentrated at the interface than at the bulk.The
affinity of PAPC for the interface is larger at the lowest PAPC
proportions, and then decreases, as evidenced by Ki,b values
(Figure 4E). The concentration of DAPC, up to XH = 0.36,
decreases preferentially from the interface, leading to negative
ΓDAPC and Ki,b < 1 (Figure 4D,E). Above XH = 0.36, Ki,b
remains relatively constant, indicating that DAPC decreases at
the same rate from the bulk and interface. As XH increases, the
interface composition is progressively enriched in PAPC and
DPPC, and depleted of DAPC (Figure S17).
3.4. Molecular Orientation at the Interface. Our results

show that lipids develop orientational order at the interface
(Figure 5). For symmetric DPPC and DAPC located at the
interface position (eq 1), the vector connecting the COM of
both tails is preferentially oriented parallel to the domain
boundary (Figure 5B). PAPC, instead, is preferentially
perpendicular to the interface, with its unsaturated tail toward
the Ld phase (Figure 5A). Upon increase of XH, the interfacial
orientational order is progressively lost for the symmetric and
the hybrid phospholipids (Figure 5A,B). The anisotropic
orientation of PAPC persists up to 2−4 nm from the interface
position (not shown), probably due to gradients of DAPC and
DPPC in the same region (see Figure 4A). For the symmetric
lipids, however, anisotropy is mostly confined to the first
molecular layer next to the domain boundary (not shown).
3.5. Order Parameters of Bulk Phases: Packing and

Elastic Properties. Kuzmin et al.5 proposed an expression for
the line tension, considering that it arises from the elastic
deformation of the membrane to avoid hydrophobic mismatch.
In that model, the line tension depends on the Lo−Ld
thickness mismatch and on the elastic properties of the phases.
Here, we show that an increase in XH reduces the differences in
thickness and elastic properties between domains, by inducing
disorder in the Lo phase and order in the Ld phase. Finally, we
calculate the elastic line tension term for our membranes and
verify that it decreases as a function of XH.
The hydrophobic mismatch for the bilayer without PAPC

(i.e., XH = 0) is ∼0.7 nm (Figure 6A) and the Lo−Ld difference
in molecular area is ∼40 Å2 (Figure S18). Compared to ternary
mixtures of DPPC/cholesterol/DOPC,47 the height mismatch
is similar, but the difference in molecular area is ∼20 Å2 larger,
as polyunsaturated acyl chains occupy larger areas than the
monounsaturated tails of DOPC. Differences between Lo and
Ld phases decrease with increasing XH: the Lo domain becomes
thinner and more expanded, and the Ld domain is increasingly
thicker and compressed. Regarding the effect of larger XH on
the elastic constants (i.e., bilayer bending modulus, Kb, and tilt
modulus, Kt), we observe a softening of the Lo phase, and a
slight increase of rigidity in the Ld phase, resulting in more
similar elastic properties (Figure 6B,C).

Lo−DPPC molecules become shorter with larger XH (Figure
7A) and also more disordered (Figure S19A). In contrast, the
lipid chains of Lo−DAPC and Lo−PAPC are progressively
extended, in line with a previous study, showing that
polyunsaturated tails move to the interface in more tightly
packed environments48 (Figure 7B). Within the Ld phase, we
observe a stretching and ordering of DPPC lipids, but almost
no changes in either unsaturated lipid, as XH increases (Figures
7 and S19).
The tilt moduli of the different lipids (χi in eq 9), and the

splay moduli of the different pairs of lipids (χij in eq 10),
measure the contribution of the individual membrane

Figure 5. (A) Orientation of PAPC molecules placed at the interface
position (x = 0 nm) as a function of XH. The inset shows the
probability distribution of the angle, φ, between the direction along
the domain and the vector connecting the COM of the unsaturated to
the saturated lipid tail. Dark gray areas correspond to orientations,
where the saturated tail points to the Lo domain, and light gray regions
correspond to orientations where it points to the Ld domain. We
measured the difference between dark gray and light gray areas as a
function of XH. Positive values mean that PAPC shows a preferred
orientation with the saturated tail pointing to the Lo phase. (B)
Orientation of DPPC and DAPC lipids at x = 0 nm. We represent the
difference between the probability of orientations where lipids are
aligned more parallel (lighter areas in inset) and more perpendicular
(darker areas in inset) to the domain boundary interface.
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components to Kt and Kb, respectively. The tilt moduli of
cholesterol and DPPC decrease in the Lo phase and increase in
the Ld phase, although to a lesser extent, in response to larger
XH (Figure 7C). The splay moduli of lipid pairs involving
cholesterol and DPPC (i.e., DPPC−DPPC, cholesterol−

cholesterol, DPPC−cholesterol) show the same trend (Figure
S20A). In contrast, the tilt and splay moduli for polyunsatu-
rated lipids remain almost unchanged with XH in both phases,
with values below 10 kBT, and differences between Lo and Ld
domains much lower than those for cholesterol and DPPC
(Figures 7D and S20B,C).
According to Kuzmin et al.,5 the line tension with origin in

the elastic energy, which we will call γe, depends quadratically
on mismatch according to

γ δ= * ⎜ ⎟⎛
⎝

⎞
⎠k

h
2e

2

(12)

with

=
+

k
K K K K

K K K K
bo to bd td

bo to bd td (13)

where the mismatch, δ
h
, is the ratio of the thickness difference

between domains in one monolayer (δ) and the average
monolayer thickness (h), the subindices “o” and “d” refer to Lo
and Ld phases, respectively, and the factor 2 considers both
bilayer leaflets. k in eq 13 encompasses the contribution of
elastic properties to γe. As Kt and Kb decrease, k and thus γe also
decrease. Figure 8A shows the variation of δ

h
, k, and γe, as a

function of XH. In Figure 8B, we present the measured line
tension values (γp and γc), and those calculated from eq 12 (γe),

as a function of δ( )h

2
. PAPC decreases γe by reducing the

thickness mismatch but not through its impact on the elastic
moduli (i.e., k). There is actually a slight increase in line
tension, dependent on k (Figure 8A). The reason is that, as
shown before, there is a softening of Lo domains but also
greater rigidity of the Ld phase, which as a whole produced an
increase in k. The expression for γe proposed by Kuzmin5 also
contains a second term, which is always negative, and reduces
the line tension in bilayers where the spontaneous curvatures of
both phases are different. Our calculated γe values are then an
upper limit for the elastic line tension. Finally, the comparison
of the measured γ values and γe shows that there is a major
contribution of “nonelastic” terms to line tension. These
comprise, for example, the interactions triggering the phase
separation in the first place. Most importantly, both elastic and
nonelastic contributions to line tension decrease with XH
(Figure 8B).

4. DISCUSSION
Our results provide insight into the dependence of several
membrane properties on the relative proportion of two lipids
PAPC and DAPC. Further studies with other specific systems
are needed to fully explore the generality of the observed
effects. Nevertheless, we repeated the analysis presented here,
using other two hybrid polyunsaturated lipids: SEPC (C5:5−
C5:0PC) and PLPC (C4:3−C4:0PC) at XH = 0.18, to address
preliminarily the generality of the results. We found the same
trends as those for PAPC, suggesting that these could be
general phenomena in the case of the increased ratio of
polyunsaturated hybrid to symmetric lipids. The overall γ, and
the elastic (γe) and nonelastic contributions to γ decrease. A
reduced mismatch, and not changes in the elastic domain
properties, explains the decrease in γe. Finally, both lipids
accumulate with a preferential orientation at the interface
presenting also linanctant behavior (see Figures S21−S23).

Figure 6. Thickness (A), bilayer bending modulus, Kb (B), and tilt
modulus, Kt (C) of the Lo and Ld phases as a function of XH. The
legend is the same for all graphs.
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4.1. Membrane Deformation. Several results, mostly from
simulations, have shown that two-phase membranes may
develop different structures to compensate for the hydrophobic
mismatch. For large thickness differences, antiregistered
domains (Lo over Ld domains) have been reported in
simulations49,50 and real bilayers with small solid domains.42,51

Here, thickness mismatch vanishes but a Lo−Ld interface area
at the membrane midplane develops. As the domain size
increases, the energetic cost due to surface tension, which scales
with area, surpasses the cost due to line tension, which scales
with perimeter.52−55 This explains why model membranes with
microscopic domains show coupling between leaflets.53 On the
other hand, simulated bilayers with asymmetric composition
have been reported to develop curvature:49,56 Lo domains curve
inward, toward the Ld domain. Both observations can be
rationalized on the basis that thickness differences manifest
mostly at the terminal methyl surfaces, whereas the leaflet
resists curvature at the head-group region. In our simulations,
Lo domains slid over Ld domains in the opposite leaflet, and
the bilayer is bent at the domain interface. Thus, the Lo domain
protrudes toward the Ld phase in the opposite leaflet, and a
membrane deformation would be produced at the bilayer
midplane. Results from a continuum elasticity theory predict
that minimum line tension is achieved at the Lo−Ld interface
by shifting domain boundary interfaces in both leaflets by a few
nanometers to each other.57 In this imperfectly aligned

configuration, three regions with upper−lower leaflet compo-
sitions Lo−Lo, Lo−Ld, and Ld−Ld are formed. Accordingly,
the number of thickness jumps increases, but height differences
in each step are smaller, reducing the deformation energy.
Some of these results match our observations. Nevertheless, in
our simulations, the interfaces from both leaflets were in
coincidence in flat membranes, whereas a shift between
boundaries was always correlated with a bend in the bilayer
(Figure 2G). A more systematic study should be carried out to
determine the dependence of the arrangement described on the
size and shape of the simulated membrane and on line tension,
to gain insight into real membranes.

4.2. Line Activity of PAPC. Safran’s group has extensively
studied the phase behavior of mixtures containing cholesterol, a
saturated lipid, and unsaturated lipids, the latter being purely
hybrids or a mixture of hybrids and symmetric unsaturated
species (for a review see ref 58). Their model considers 2D
amphiphiles with nearest neighbor interactions, so that any
contribution from elastic energy is not considered. Our results
show several similarities with their theoretical predictions
regarding the phase behavior of membranes with arbitrary
concentrations of hybrid lipids.22 Below the mixing temperature
(Tm), where bilayers are in a phase-separated regime, they find
a transition from macroscopic domains to modulated stripe
phases as the fraction of hybrids increases. Along the same
compositional coordinate, but above Tm, they describe a

Figure 7. (A, B) Average director vector length as a function of XH for DPPC (A), and the unsaturated lipids PAPC and DAPC (B) at the Lo and Ld
phases, and for the whole phospholipid fraction at the Lo (A) and at the Ld (B) phases. The vector length value for Lo−DAPC at XH = 0 (i.e., 0.4 ±
0.1) lies outside of the graph scale. Its error is particularly large and the value is probably inaccurate, due to the very small number of Lo−DAPC
molecules. (C, D) Tilt modulus (χi) as a function of XH for DPPC and cholesterol (C) and for the unsaturated lipids, DAPC and PAPC (D), at the
Lo and Ld phases. Tilt modulus values are in kBT units (i.e., 4.14 × 10−14 erg at 300 K). Lines are guides to the eye.
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transition from one phase with small unstable domains to
modulated fluctuations. Moreover, the critical temperatures
progressively decrease with the proportion of line-active
hybrids.22 In agreement with these results, we found that
bilayer mixtures developed macroscopic domains for XH = 0,
and membranes shifted to a one-phase regime within the range
of XH = [0.5−1]. This means that as XH increases along this
isothermal compositional trajectory, membranes approach and
eventually cross a mixing point. Then, as theory predicts, PAPC
decreases the mixing temperature in our membrane systems. In
a previous work, we described the one-phase region for ternary
mixtures of PAPC, cholesterol, and DPPC. We found a regime
of small domains, characterized as unstable fluctuations, with
PAPC showing a preferred orientation along their perimeter.12

Decreasing the temperature to 270 K enhanced the preferred
orientation of PAPC at boundaries, and domains started to
develop a more organized spatial structure, within a range of a
few nanometers, probably approaching a mixing point.12 Our
current results show that within the two-phase region, PAPC
accumulates at the interface with the right orientation. Theory
shows that this behavior, typical of a line-active molecule,
reduces the line tension. Finally, the mean-field model describes
the variation of different order parameter profiles at the
interface, along the compositional phase space. The prediction
is that the local orientation and the accumulation of hybrid
lipids at the interface decrease as the membrane approaches the

transition line. Coincidentally, we found that larger XH that
would drive membranes closer to the mixing point reduced the
anisotropic orientation and the relative enrichment of PAPC at
the interface. The predictions of the mean-field model, which
includes no molecular details, are then well reproduced by our
results, using a lipid model that, within its coarse level of detail,
presents the spatial conformations of the atomistic lipids.29

Nevertheless, it must be kept in mind that due to the inherent
loss of degrees of freedom in CG models, enthalpy must
compensate for the loss of entropy. In MARTINI, Lo−Ld
phase separation is mainly triggered through differences in
Lennard-Jones parameters.59 However, properties of the
already phase-separated Lo−Ld bilayers are well captured by
this CG model.60

4.3. Effect of PAPC on the Elastic Energy Component
of Line Tension. We found that PAPC makes both phases
more similar to each other in terms of their composition and
order parameters, as originally shown in ref 24, and regarding
the elastic properties of the phases. According to Kuzmin et al.,5

the line tension originated in the elastic energy of membrane
deformation should be reduced as the thickness mismatch
decreases and both phases become softer. This is summarized
in eq 12. As stated previously, the full expression for the elastic
contribution to line tension has a second term, which decreases
γ in membranes with phases of different spontaneous curvature,
and becomes zero otherwise.5 Thus, our calculated values
actually set an upper limit for γe. We measured a line tension
relief from 2 pN down to 1.3 pN, as a function of XH, driven by
a reduction of mismatch. Smaller thickness differences are
observed for larger XH because the Ld phase becomes thicker,
and the Lo domain becomes narrower. Experimental results
also reported a decrease of hydrophobic mismatch in mixtures
with larger ratios of hybrid lipids, using the monounsaturated
POPC.2 Nevertheless, in that case, the effect was found
exclusively in the Ld phase, which became thicker, and no
change was observed in the Lo phase as composition changed.
Reduced mismatch, mediated by hybrid lipids, may then occur
from different relative perturbations of Lo and Ld phases,
depending on the lipid molecular properties. The influence of
XH on γe, mediated by changes in the elastic constants of both
membrane phases, is less straightforward. Our results show that
while the Lo phase becomes softer, decreasing line tension, the
Ld phase becomes slightly less flexible for higher PAPC
proportions, increasing line tension in turn. The outcome is
actually a slight increase in γe, which depends on the effect of
XH on the elastic constants of the phases. Regarding the
influence on the individual lipids, changes are mostly observed
in DPPC and cholesterol. The order, length, and rigidity
decreased in the Lo phase and increased in the Ld domains
with larger XH. We noticed smaller, and in some cases,
negligible variations in the unsaturated lipids.

4.4. Line Tension in Hybrid-Containing Simulated
Membranes: a Summary. Besides the elastic energy
contribution to γ,5,6 there are other terms giving rise to line
tension.8,61 All interactions that trigger phase separation will
actually represent an energy cost at the interface. For this
membrane model, there is a major contribution of those
nonelastic terms to line tension. Our results showed that larger
XH reduced γ decreasing both kind of contributions
simultaneously. In addition, PAPC behaves as a linactant,
alleviating line tension by an interfacial effect.
Distinct molecular parameters will probably influence the

relative contribution of the different mechanisms to decrease γ.

Figure 8. (A) Hydrophobic mismatch (δ/h), elastic proportionality
factor (k), and elastic line tension (γe) (see eq 13), as a function of XH.
(B) γe and line tension values measured from capillary wave theory
(γc), or from the pressure tensor (γp), as a function of (δ/h)2. Line
tension values correspond to bilayers with XH decreasing from 0.5 to 0,
from left to right (i.e., 0.5, 0.36, 0.18, 0.1, and 0).
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One possible determinant is the degree of unsaturation. Mean-
field theory predicts that the linactant character increases with
the degree of unsaturation.11 In this regard, we expect that
alleviation of γ, based on linactant-like activity, will be greater
with the number of double bonds. In this line, in one-phase
membranes we observed greater anisotropic orientation for the
more unsaturated species in fluctuating lipid clusters.12 On the
other hand, thickness mismatch may also vary with
unsaturation. Regarding pure membranes, the higher the
number of lipid unsaturations, the softer and thinner the
membrane becomes.62,63 Nevertheless, it remains to be
evaluated whether this actually results in greater thickness
mismatch between Lo−Ld phases in mixtures containing more
unsaturated lipids. Other unfavorable Lo−Ld interactions will
probably also be greater for bilayers with more unsaturated
species. If this is the case, the prediction will be that smaller γ
values, due to smaller elastic and nonelastic terms, should be
expected for the less unsaturated lipids. Linactivity, on the other
hand, would be greater for polyunsaturated lipids, allowing
lower line tensions at larger differences in bulk properties. In
this regard, some results report Lo−Ld membranes containing
polyunsaturated hybrid lipids with low line tension values. For
example, ternary mixtures with the highly polyunsaturated
hybrid lipid SDPC (18:0−22:6PC), with six double bonds, have
macroscopic domains, as in the case of mixtures with DOPC
with two monounsaturated tails. Nevertheless, SDPC-contain-
ing mixtures enter a nanoscopic domain regime, after the
addition of smaller fractions of POPC, pointing to lower γ, in
spite of the polyunsaturated character.26 Results from ref 24
show that ternary mixtures with a PC, having two double bonds
(16:0−18:2PC), form macroscopic domains. γ is smaller in
these membranes than in mixtures with DOPC, though
thickness mismatch, measured from molecular dynamic
simulations, is larger.

5. CONCLUSIONS
Using molecular-dynamics simulations of the CG MARTINI
model, we measured different contributions to the line tension
in two-phase, liquid-ordered−liquid-disordered (Lo−Ld) mem-
branes as a function of the relative proportion of PAPC, a
hybrid polyunsaturated lipid, to DAPC (XH). Our results show
that increasing XH decreases the overall line tension value.
Eventually, the phase behavior goes from a two-phase to a one-
phase regime. We further calculated the elastic energy
contribution to line tension, dependent on hydrophobic
mismatch, as proposed in Kuzmin et al.5 This value decreases
with higher XH. The reason for this is a reduced hydrophobic
mismatch: the Ld phase becomes thicker and the Lo phase
becomes thinner. The effect on the elastic properties of both
phases shows opposite trends: the Lo domain becomes softer,
but the Ld domain becomes slightly less flexible. The outcome
is that, through its impact on the elastic domain properties, a
raise in XH slightly increases the elastic line tension. Other
contributions, besides the elastic energy, are found to be major
components of the line tension value in this membrane model.
More importantly, both elastic and nonelastic terms decrease as
a function of XH. Finally, we observe linactant behavior for
PAPC, in agreement with predictions of a pioneer mean-field
model, which included no molecular details.58 This is
particularly true as regards the dependence of the orientation
and accumulation of PAPC at the interface with the fraction of
hybrid lipids. We further expect that different molecular
properties, such as the degree of unsaturation, will modify the

relative influence of hybrid lipids on line tension through these
different mechanisms.
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