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ABSTRACT: An ordered phase in one leaflet of an asymmetric bilayer can induce a precisely superimposed induced order domain in
the apposed leaflet. Order is induced in such simple lipid compositions as dioleoylphosphatidylcholine/cholesterol (DOPC)/chol)
which is expected to be a uniform and disordered lipid mixture. Dye partitioning can be used to label and identify coexisting liquid-
disordered (Ld), liquid-ordered (Lo), or gel-ordered (Lβ) molecules in a phase-separated leaflet. In the other leaflet of an
asymmetric bilayer, dye partitioning also labels and identifies any induced order domains created by an Lo or gel phase domain in
the apposed leaflet as well as the state of disorder of the lipid surrounding the induced ordered region. We explore a molecular level
mechanism by which a disorder-prone uniform mixture of DOPC/chol = 0.8/0.2 would spontaneously separate into ordered regions
coexisting with disordered regions. A redistribution of cholesterol seems to take place in the regions apposed to the ordered phase.
The precision of the superposition of Lo or gel domains with their induced order domains implies a strong energy penalty that would
be incurred if order/disorder interfaces were to form at the bilayer midplane. We conclude that the energy penalty for Lo/Ld or gel/
Ld contact in the bilayer midplane is sufficient to drive disorderly DOPC/chol into an ordered state that reduces unfavorable order−
disorder contacts at the bilayer midplane interface.

■ INTRODUCTION
Previous work with asymmetric bilayers reveals a

puzzling finding. Asymmetric lipid bilayers have different
lipid compositions in each of the two leaflets. Thus, one of the
leaflets can be an ordered phase or can have coexisting ordered
and disordered phase domains. An ordered phase in one leaflet
of an asymmetric bilayer has previously been found to “induce”
an exactly apposed ordered region in the other leaflet, which
would otherwise be a uniform and disordered phase.1−9

Induced order domains were first imaged by the group of
Lukas Tamm, using gently supported monolayer leaflets of
different composition, sandwiched to create an asymmetric
bilayer.1 Here we seek a physical-chemistry-based under-
standing of how an ordered phase in one leaflet of a bilayer can
“induce” an ordered region exactly across the bilayer. We
examined the induced order phenomenon by use of especially
simple lipid compositions and by use of untethered bilayers of
free-floating asymmetric giant unilamellar vesicles (aGUVs).
Previous studies by other researchers, together with the work
we present here, make possible an explanation of how
membrane order can be induced.5−8 Because natural cell
membranes are asymmetric lipid bilayers, and in particular, we
model here the cell’s outermost or plasma membrane, induced
order would be important for understanding the membrane
behavior of living cells.
Background. All natural lipid bilayers are mixtures of lipid

components. We want to know, as an example, how changes in
these components could change the phase state of a model for
a natural bilayer. A simple but useful approximation of the
energetics of component mixing of symmetric bilayers is to
treat all of the energy of mixing to be from pairwise and

additive interactions between nearest neighbor lipids. This
approximation is modestly successful, for example to describe
interactions that lead to phase separation, and to estimate the
magnitude of line tension between coexisting liquid-disordered
and liquid-ordered phases.10 Other energy terms, for example,
multibody and higher order interactions, could improve upon
these pairwise additive simple models, which are nonetheless
useful starting points for understanding lipid mixing and phase
separations in symmetric bilayers.
Here, we describe another and quite different type of

improvement for the description of the mixing of lipids that is
important only for the case of asymmetric bilayers, that is,
where each leaflet is composed of different lipid types. As
previously introduced by other researchers,11−14 in the center
of the bilayer at the midplane between the two monolayer
leaflets there is contact between the apposing leaflets’ methyl/
methylene groups at a two-dimensional interface. A lipid phase
type such as Lo, Ld, or gel has certain characteristic phase
properties, density being among these phase properties. The
density at the bilayer midplane, which is mainly a density of
methyl/methylene groups, is of special importance for
asymmetric bilayers because the midplane is where the two
different leaflets make contact and thus can directly influence
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each other. As pointed out by White, the phospholipids,
together with any cholesterol that might be in the mixture,
create a characteristic density of methyl/methylene groups at
the bilayer midplane.12

We present a simple model for lipid mixing in an asymmetric
bilayer where the mixing energetics has a large component
from the pairwise additive interactions within a leaflet, as is the
case for symmetric bilayers.10 For asymmetric bilayers that
model cell plasma membranes, we now include an additional
interaction that arises from the contact of the leaflets in their
midplane area. This midplane component of the energetics has
quite a different character compared to the pairwise additive
energies of neighboring lipids, in part because this midplane
energy scales with the area of phases in contact. It is a type of
interfacial tension.13,14

As to a mechanism for induced order, Collins was the first to
identify midplane surface tension to be a missing component
for understanding coupling of bilayer leaflets.13 Later, May
(2009) also examined bilayer midplane surface tension as a key
for understanding the coupling of the bilayer leaflets. May
identified and estimated possible factors that could influence
the midplane surface tension.15 To avoid confusion with the
aqueous surface of a bilayer, we describe the energy per unit
area at the midplane as an interfacial rather than a surface
tension.
We speculate below about the molecular-level origin of

induced order, which is distinct from that recognized
previously. We emphasize that this is a new type of order
found in lipid bilayers, an ordering of a monolayer that is
induced by an intrinsically, that is, thermodynamically stable,
ordered phase in the monolayer of the apposed leaflet within
an asymmetric lipid bilayer. Any induced order is coupled to
this apposed ordered phase, which we have found can be either
Lo or gel. The induced order region is found to coexist in the
same leaflet with regions of lipids in a disordered state.6

An advantage of imaging experiments for the study of
asymmetric bilayers is that use of different color dyes in each
leaflet enables separately observing order and disorder in each
leaflet, as we do here. We seek to understand the molecular
mechanism of the striking observation of induced order
formation in what are otherwise expected to be disordered
regions of phospholipid mixtures, caused by an apposed
ordered phase, which can be either Lo or gel.6 By use of our
system of making asymmetric GUVs by hemifusion,5 the inner
leaflet can be labeled with, for example, a red dye, while the
outer leaflet can be exchanged with lipids together with, for
example, a green dye from a supported lipid bilayer (SLB).
In order to clarify our thinking about mechanism, we created

especially simple experimental lipid bilayer systems, namely
asymmetric GUVs having inner leaflet distearoylphosphatidyl-
choline (DSPC)/DOPC/chol and outer leaflet DOPC/chol,
or else inner leaflet brain sphingomyelin (bSM)/DOPC/chol
with outer leaflet DOPC/chol, as described in more detail.5−8

Figure 1A shows image data from confocal fluorescence
microscopy of a symmetric GUV containing the red dye DiD.
To create the asymmetric or aGUV shown in parts B and C,
lipids from the symmetric GUV outer leaflet were replaced by
SLB lipids DOPC/chol = 0.8/0.2 together with green lipid
dye, TopFluor-PC. The aGUVs formed in this way contain
both red and green dyes, Figure 1B and C.
Behaviors characteristic of asymmetric bilayers are observed

for these simple mixtures. An inner leaflet can exhibit
thermodynamically stable phase separation of Ld + Lo because

of its lipid composition, with an outer leaflet being DOPC/
chol = 0.8/0.2, Figure 1B. The striking observation in Figure
1B is the creation of induced order domains in the outer
leaflet: the aGUV outer leaflet of DOPC/chol reorganizes into
two visibly distinct coexisting regions, one enriched with a
disorder-preferring green dye across from the inner leaflet Ld
phase domain; the other region lacking the green dye is across
from the inner leaflet Lo phase domain.5−8 Similarly, Lβ gel
ordered domains are observed to induce solid-like domains,
Figure 1C. In 1C many solid-type ordered domains are
induced in the outer leaflet by the many gel phase domains in
the phase-separated inner leaflet.
Wagner, Loew, and May used a mean field treatment to

examine monolayer−monolayer coupling in asymmetric
bilayers in which each leaflet has an intrinsic tendency to
phase-separate.14 The system we chose, DOPC/chol as our
model cytoplasmic leaflet, does not have such a tendency to
phase-separate. In this way it provides a model for a cell plasma
membrane with a cytoplasmic leaflet having a high fraction of
polyunsaturated phospholipids.16 In a cell plasma membrane,
the bilayer midplane separates an exoplasmic leaflet that could
have thermodynamically ordered Lo phase domains plus a
coexisting Ld phase, from the cytoplasmic leaflet with its Ld
phase mixture of polyunsaturated phospholipids that do not
have an intrinsic thermodynamic tendency to phase-separate.
Optical microscopy spectroscopic measurements related to

leaflet order provide useful information about induced order.
Spectra can be obtained from the dye C-Laurdan and then
analyzed to find Generalized Polarization, GP. GP results show

Figure 1. Order from either Lo or gel can induce domains in the
apposed leaflet. Confocal microscopy in GUVs reveals domains of
both the inner and outer leaflets. DiD fluorescence red, TFPC green,
merged images in right column. (A) Equatorial plane of symmetric
GUV of DSPC/DOPC/chol = 0.39/0.39/0.22 shows a red Ld
domain and a dark Lo domain in both leaflets; (B) A GUV similar to
that in (A) has its outer leaflet replaced by DOPC/chol = 0.8/0.2.
The new outer leaflet has a round disordered domain (green)
superimposable with the red inner leaflet Ld phase and a round
induced order domain (dark); (C) z-stack of an aGUV forming a gel
phase. Red DiD shows the Ld phase, and dark shows the gel phase of
the inner leaflet. Green TFPC labels disordered regions in the outer
leaflet, and induced solid-like domains are dark. Scale bar 5 μm,
temperature 20 °C. 1C adapted, with permission, from ref 6.
Copyright 2022, Elsevier.
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that the original composition DOPC/chol = 0.8/0.2 changes
to a much more positive GP value in the induced order region,
but also to an even more negative value in the disordered
region across from Ld domains.5 This more disordered region
shows GP = −0.22, consistent with significant loss of
cholesterol from an initial GP value of −0.19 for DOPC/
chol = 0.8/0.2 to a value close to the GP of pure DOPC =

−0.23. These GP data imply that the leaflet with induced
disordered domains has coexisting domains of especially low
cholesterol fraction.6 It seems that starting with 0.2 mole
fraction of cholesterol in DOPC, the “induced disordered
domains” lose a considerable fraction, possibly most of their
cholesterol, to either or both the ordered domain in the same
leaflet or to the other phase-separated leaflet.

Figure 2. An asymmetric bilayer is formed from a symmetric GUV by replacing the outer leaflet with DOPC/chol from a supported lipid bilayer.
The Ld-Lo interface is labeled I and located by a black arrow. Bilayer midplanes II, III, and IV are respectively between Ld and DOPC/chol;
between Lo and DOPC/chol; and between Lo and induced order DOPC/chol. Insets show relevant interfaces of the aGUVs. (A) Schematic
picture just after completion of hemifusion between an SLB of DOPC/chol = 0.8/0.2 and a GUV of DSPC/DOPC/chol = 0.39/0.39/0.22. During
hemifusion, lipids from the SLB replace the GUV outer leaflet, but the inner leaflet of the asymmetric GUV maintains the initial lipid composition
of the GUV, with the coexistence of Ld (red) + Lo (blue) phases. Green lipids originated from the SLB of DOPC/chol = 0.8/0.2, with no lipid
rearrangements pictured as yet occurring. (B) Sketch of free-floating aGUV after detaching from SLB. Induced ordered domains are represented by
green lipids with more ordered acyl chains than in (A). IV shows a midplane interface similar to that in III, but with a lower midplane interfacial
tension. Ld/Lo interface I is perpendicular to the bilayer surface, whereas interfaces II, III and IV are parallel.
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Induced order and induced disorder domains behave like
genuine phase-separated domains in the sense that membrane-
bound dyes can partition between the induced ordered regions
and the surrounding disordered lipid. The partition of a
fluorescent lipid between coexisting domains provides a gauge
of the difference between regions of the DOPC/chol leaflet
that have induced order coexisting with induced disorder.5 The
partition coefficient of the dye TFPC shows Kp ∼ 5 between
the induced order and induced disordered regions of the
DOPC/chol leaflet.5 This Kp should be compared with TFPC
Kp = 15 between symmetric DSPC/DOPC/chol domains of
Ld + Lo, favoring Ld.5,17

Mechanism Clues from the Previously Known
Penalty for Midplane Phase Mismatch. The induced
order behavior that we describe reveals a form of coupling of
phase domains across the leaflets. An explanation of such
coupling involves the notable chemical simplicity of the
interfacial midplane, which is mainly methyl and methylene
groups from the lipids in the two apposed leaflets. Without
attention here to molecular details, contact of ordered methyl/
methylene groups with more disordered methyl/methylenes
seems to be disfavored at the midplane interface. It is likely
that Lo phase ordered methyl/methylenes contacting induced
ordered methy/methylenes across the bilayer results in lower
interfacial midplane free energy. This interface is a chemically
simple, approximately two-dimensional mixture of methyl/
methylene groups from both sides of the bilayer with atom-
level structural details not yet known.
Relevant Observations of Symmetric Bilayers. Ob-

servations from many researchers starting in 1999 of symmetric
GUVs having Ld + Lo coexistence show precise registration of
each leaflet’s phase domains with the apposed leaflet’s phase
domains, as observed by confocal fluorescence microsco-
py.18−20 The free energy of the midplane, its interfacial tension,
seems to be minimized when apposed phase domains are in
contact at their midplane with an identical phase in the other
leaf let. A corollary of the precise registration of like domains
across the bilayer is that there must be a free energy penalty
when the apposed chain terminal methyl/methylene regions of
the other leaflet are not in the same state of order. Because all
of the contact of the leaflets is at the bilayer midplane, we
identify this interfacial region as the location of any energy
penalties when phases in contact are not identical. In
particular, given that midplane methyl/methylene is so
chemically similar, this is an energy penalty for a lower density
of methyl/methylenes being in contact with a higher density.
The midplane energetics of symmetric bilayers are such that
precise phase domain registration of Ld + Lo coexistence in
each apposed leaflet of a symmetric GUV is essentially the
same as the midplane energetics for two separate, symmetric
GUVs, one with a single Lo phase in both leaflets, the other a
single Ld phase in both leaflets.
In an attempt to explain how an ordered domain in one

leaflet can be “induced” by the other leaflet, we focus on the
midplane of the asymmetric bilayer, as originally suggested by
Collins.13 Induced order in one leaflet must be mediated by
the only direct contact that the two leaflets can have, which is
contact at and across the bilayer midplane. For the biological
case of a cell plasma membrane, the induced order might be
one specific way that information can get across the membrane
from the exoplasmic leaflet to the cytoplasmic leaflet and vice
versa. We propose that induced order is mediated by order/
density mismatching at the bilayer midplane, where these

otherwise separate leaflets can interact.11,12 We attempt to
make a direct connection of the lipid chain ordering with the
unfavorable contact of lower with higher density methyl/
methylenes at the midplane. One other aspect of lipid packing
is the increase in phospholipid chain order as the cholesterol
fraction increases. This increased chain order includes the
chain terminal methyl/methylene groups. We have previously
seen chain ordering caused by cholesterol in earlier studies of
the Lo phase, where spontaneous ordering of lipid acyl chains
occurs, reducing their cross-sectional area, to accommodate a
higher cholesterol fraction, driven by the energy penalty for
lipid chain exposure to water, the “Umbrella Effect”.21,22

Asymmetric bilayers are a good model for a cell
plasma membrane. The more interesting and complex case
than is found for precise domain registration for a symmetric
bilayer is when the two bilayer leaflets have different lipid
compositions. Preparation of such an experimental asymmetric
bilayer that is not tethered to a support could start with an
initially symmetric GUV having Ld + Lo phase coexistence.
One leaflet of this symmetric bilayer would be replaced using
hemifusion with a uniform phase of DOPC/chol.5−8 This new,
initially uniform DOPC/chol leaflet then undergoes a striking
spontaneous rearrangement, with ordered regions of DOPC/
chol appearing precisely apposed to Lo phase domains of the
other leaflet,5−8 and disordered regions appearing precisely
across from Ld regions of the apposed leaflet. No high-melting
phospholipid is in this DOPC/chol leaflet, yet it gains order. In
summary, an initially disordered Ld phase responds to the
creation of an unfavorable Ld/Lo midplane contact by
becoming more ordered. This induced ordering would lower
the interfacial tension in the midplane. Lowering of interfacial
tension is well-known to cause a myriad of effects; for example,
detergent decreases the size of oil droplets in water. Here we
take notice of an interface, the bilayer midplane, where
interfacial tension can be important to drive lipid ordering. We
do not claim that our case here must involve a high free energy
similar to that at a water/oil interface. We do not yet know the
magnitude of the midplane interfacial free energies. Instead, we
point to the bilayer midplane as a much-neglected bilayer
interface. This midplane might have a small or a large
unfavorable energy for lower density methyl/methylenes in
contact with higher density methyl/methylenes. Measurements
of the midplane interfacial energy are needed. Yet, this
unfavorable energy at the asymmetric bilayer midplane is
sufficient to drive lipid chains to become ordered, as observed
by confocal microscopy.
The interfaces that we consider are listed in Figure 2. An

asymmetric bilayer is formed from a symmetric GUV of
DSPC/DOPC/chol = 0.39/0.39/0.22 by replacing the outer
leaflet with DOPC/chol = 0.8/0.2 from an SLB. The Ld/Lo
interface is labeled I and located with a vertical black arrow.
Bilayer midplanes II, III, and IV are respectively between Ld
and DOPC/chol; between Lo and DOPC/chol; and between
Lo and induced order DOPC/chol. Figure 2A is a schematic,
an idealized picture as if just after completion of hemifusion
between an SLB of DOPC/chol and a GUV of DSPC/DOPC/
chol. During hemifusion lipids from the SLB replace the GUV
outer leaflet. The inner leaflet of the new aGUV maintains the
initial lipid composition of the GUV, with its coexisting Ld
(red) + Lo (blue) phases. Green lipids originate from the SLB
of DOPC/chol = 0.8/0.2. Midplane III would have high
interfacial tension because of contact of the ordered Lo with
disordered DOPC/chol. Figure 2B shows a free-floating aGUV
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after detaching from SLB. An induced order domain is
represented by green lipids with more ordered acyl chains than
in Figure 2A and having higher cholesterol fraction than in
Figure 2A. IV shows a midplane interface similar to that in III,
but with a lower midplane interfacial tension where the Lo
domain contacts the induced order domain.
Experimental measurements are consistent with the

cholesterol fraction increasing in the induced order regions
of the DOPC/chol leaflet, while at the same time the
cholesterol fraction is decreasing in the disordered lipid
surrounding the induced order.6 These two connected
mechanisms, one reducing interfacial tension at the midplane
and the other with cholesterol flowing into the induced order
region, would occur not in a distinct sequence but instead
simultaneously via lipid diffusion during formation of the
aGUV.
We emphasize that the DOPC/chol leaflet does not have an

intrinsic thermodynamic tendency to phase-separate, and in
fact, the mixing of cholesterol with DOPC lipids is known to
be favorable. The measured chemical potential profile of
cholesterol in DOPC/chol bilayers indicates that the
distribution of cholesterol in DOPC bilayers is highly
uniform.23 In the Umbrella Model,21,22 the cross-sectional
area of the cholesterol hydrophobic moiety is much larger than
that of its small hydrophilic hydroxyl headgroup. Cholesterol
relies on coverage from neighboring DOPC headgroups to
avoid unfavorable exposure of its hydrophobic parts to water.
This hydrophobic-driven favorable interaction between
cholesterol and PC results in the well-known cholesterol
condensing effect and the ordering of PC acyl chains in contact
with cholesterol.21 If a bilayer leaflet also contains high-melting
phospholipids, cholesterol would prefer association with the
high-melting phospholipids, in part because there is more
space for cholesterol under the headgroups of high-melting,
low cross-sectional area phospholipids. Having no high-melting
phospholipid, a DOPC/chol symmetric bilayer has no
thermodynamic tendency to phase-separate or form domains.
We propose a previously unknown function of cholesterol: to
form cholesterol-rich domains in a DOPC/chol leaflet and,
together with any induced order domains, to lower the
midplane interfacial tension caused by the mismatch of order
and density between the two leaflets. By forming ordered
domains, the Gibbs free energy for the DOPC/chol leaflet
would be increased; however the overall Gibbs free energy for
the entire bilayer would be reduced because of the lower
midplane interfacial tension, shown schematically in Figure 2.
Thus, we propose that a part of the driving force for lipid acyl
chains to become ordered is the better match at the midplane
of Lo domains with induced order domains in the otherwise
disordered apposing leaflet. This matching of the order would
reduce the unfavorable contact between more and less dense
methyl/methylenes at the midplane.
Information Passes through the Bilayer Midplane.

For a symmetric bilayer, the same density of methyl and
methylene from each leaflet meets at the midplane. For
asymmetric bilayers, we consider these as simply as we can, not
speculating about leaflet interpenetration energy or other
individual energy factors at the midplane interface; nor do we
consider other factors that would influence leaflet phase
behaviors, such as possible differences in phospholipid
numbers in the two leaflets or the influence of bending
modulus.24 In our simple picture, as the new asymmetric
bilayer begins to form, transiently unfavorable contacts at the

midplane occur where Lo phase ordered methyl/methylenes
meet disordered methyl/methylenes of the new DOPC/chol
leaflet. The resulting unfavorable interfacial free energy would
be reduced if DOPC/chol were to become more ordered in
this region through entropy and enthalpy changes. We observe
this induced order by the use of confocal fluorescence
microscopy. Figure 2 makes more clear the events that occur
in the midplane. We are proposing that the compensating free
energy that drives chains to order is the reduction in
unfavorable midplane interfacial energy, together with
increased cholesterol fraction. A most important point is that
the midplane free energy becomes unfavorable when an
ordered lipid domain is in contact at the midplane with a
disordered lipid domain.
Here, without knowing yet how to measure the midplane

interfacial tension, we ascribe aGUV induced order to the
lowering of the Gibbs free energy at the bilayer midplane. This
is a plausible but not yet proven mechanism to form induced
order domains. In our model, the energy penalty at the
midplane of an Lo phase contacting an Ld phase would be
greater than that for an Lo phase contacting an induced order
domain. In contrast, across from an Ld phase, any order
mismatching and consequent energy penalty with a different
type of Ld phase are likely to be minimal. We are currently
working on experiments to measure directly the midplane
interfacial tension.
With our attempt to develop an improved model for induced

order in asymmetric bilayers, we have not yet answered some
important questions about the phenomenology, especially as
applied to a cell plasma membrane. We point out that the
formation of separated induced order along with disordered
domains requires all membrane-bound molecules that can
diffuse to partition between these distinct environments. In
particular, to address cell plasma membrane behaviors, we
would need measurements of lipid partitioning between
induced order and induced disorder domains for cytoplasmic
leaflet lipids PE, PI, PS, PIP2. We do not yet know even the
direction of the partition for any given phospholipid since the
induced ordered domain is a new entity, an ordered domain
but formed with disordered lipids and enriched in cholesterol.
For example, if PI, PS, and PIP2 were to partition the same
way between induced order and disordered domains, then
highly negatively charged regions would be created in the
cytoplasmic leaflet. We emphasize that partition measurements
are needed. Intuition based on lipid structure must also take
into account that highly disordered DOPC is readily induced
to become ordered by an apposed ordered phase domain;
similar induced ordering can be expected for the PUFA-
containing lipids of a cell’s cytoplasmic leaflet. In addition, the
partitioning of membrane proteins between induced order and
surrounding disordered regions should be examined for linkage
to proteins that promote the formation of the actin
cytoskeleton. The control and connection of induced domains
to the cytoskeleton would join the induced order phenomenon
with cell shape and motility. Clearly, further investigation is
needed in both experiments and computation.

■ SUMMARY AND OUTLOOK
Confocal fluorescence microscopy imaging of different dyes in
each leaflet of asymmetric bilayers is a powerful method to
establish the nature of the lipid distributions. In asymmetric
lipid bilayers, a gel or Lo phase in one leaflet of the bilayer can
induce a superimposed ordered region in the apposed leaflet.
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Formation of such an induced order region on its own would
be energetically unfavorable because of the decreased entropy
and must be balanced by a favorable free energy change. We
propose that the favorable free energy change is at the bilayer
midplane, which experiences unfavorable free energy, where a
gel or Lo phase contacts a disordered phase. By concentration
at sites of induced order, cholesterol reorganization is likely to
be involved in this phenomenon.
In a cell plasma membrane that has “membrane rafts” in the

exoplasmic leaflet and polyunsaturated lipids in the cytoplas-
mic leaflet, induced order could well occur; therefore, the lipids
of the cytoplasmic leaflet should not be assumed to be
disordered. Because cholesterol is involved in induced order,
future studies would benefit from quantitation of the
cholesterol fraction in each type of domain in each bilayer
leaflet. Moreover, measurements of bilayer midplane energetics
would be of great value to establish factors that affect this
aspect of asymmetric biological membranes.

■ AUTHOR INFORMATION
Corresponding Authors

Gerald W. Feigenson − Department of Molecular Biology and
Genetics, Cornell University, Ithaca, New York 14853, United
States; orcid.org/0000-0002-3821-8166; Email: gwf3@
cornell.edu

Thais A. Enoki − Department of Molecular Biology and
Genetics, Cornell University, Ithaca, New York 14853, United
States; Present Address: T.A.E.: Institute of Physics,
University of Sao Paulo, 05508-090, Brazil; orcid.org/
0000-0003-4639-9160; Email: enokita@if.usp.br

Author
Juyang Huang − Department of Physics and Astronomy, Texas
Tech University, Lubbock, Texas 79409, United States;
orcid.org/0000-0003-4981-8076

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c05081

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
G.W.F. was supported by the Stephen H. Weiss Presidential
Fellowship; T.A.E. is thankful for financial support from Brazil
FAPESP (2022/04046-4 and 2023/05540-5).

■ REFERENCES
(1) Kiessling, V.; Wan, C.; Tamm, L. K. Domain coupling in
asymmetric lipid bilayers. Biochimica et Biophysica Acta - Biomem-
branes; Elsevier: January 1, 2009; pp 64−71. DOI: 10.1016/
j.bbamem.2008.09.003.
(2) Wan, C.; Kiessling, V.; Tamm, L. K. Coupling of cholesterol-rich
lipid phases in asymmetric bilayers. Biochemistry 2008, 47 (7), 2190−
2198.
(3) Wang, Q.; London, E. Lipid structure and composition control
consequences of interleaflet coupling in asymmetric vesicles. Biophys.
J. 2018, 115 (4), 664−678.
(4) London, E. Membrane structure-function insights from
asymmetric lipid vesicles. Acc. Chem. Res. 2019, 52 (8), 2382−2391.
(5) Enoki, T. A.; Feigenson, G. W. Asymmetric bilayers by
hemifusion: Method and leaflet behaviors. Biophys. J. 2019, 117
(6), 1037−1050.
(6) Enoki, T. A.; Feigenson, G. W. Improving our picture of the
plasma membrane: Rafts induce ordered domains in a simplified

model cytoplasmic leaflet. Biochim. Biophys. Acta - Biomembr. 2022,
1864 (10), No. 183995.
(7) Enoki, T. A.; Wu, J.; Heberle, F. A.; Feigenson, G. W.
Investigation of the domain line tension in asymmetric vesicles
prepared via hemifusion. Biochim. Biophys. Acta - Biomembr. 2021,
1863 (6), No. 183586.
(8) Feigenson, G. W.; Enoki, T. A. Nano-scale domains in the
plasma membrane are like macroscopic domains in asymmetric
bilayers. Biophys. J. 2023, 122 (6), 925−930.
(9) Enoki, T. A.; Wu, J.; Heberle, F. A.; Feigenson, G. W. Dataset of
asymmetric giant unilamellar vesicles prepared via hemifusion:
Observation of anti-alignment of domains and modulated phases in
asymmetric bilayers. Data Br. 2021, 35, No. 106927.
(10) Huang, J.; Hiraki, S.; Feigenson, G. W. Calculation of liquid-
disordered/liquid-ordered line tension from pairwise lipid inter-
actions. J. Phys. Chem. B 2020, 124, 4949−4959.
(11) Capponi, S.; Freites, J. A.; Tobias, D. J.; White, S. H. Interleaflet
mixing and coupling in liquid-disordered phospholipid bilayers.
Biochim. Biophys. Acta - Biomembr. 2016, 1858 (2), 354−362.
(12) Mihailescu, M.; Vaswani, R. G.; Jardón-Valadez, E.; Castro-
Romá, N. F.; Freites, J. A.; Worcester, D. L.; Chamberlin, A. R.;
Tobias, D. J.; White, S. H. Acyl-Chain Methyl Distributions of liquid-
ordered and -disordered membranes. Biophys. J. 2011, 100 (6), 1455−
1462.
(13) Collins, M. D. Interleaflet coupling mechanisms in bilayers of
lipids and cholesterol. Biophys. J. 2008, 94 (5), L32−L34.
(14) Wagner, A. J.; Loew, S.; May, S. Influence of monolayer-
monolayer coupling on the phase behavior of a fluid lipid bilayer.
Biophys. J. 2007, 93 (12), 4268−4277.
(15) May, S. Trans-monolayer coupling of fluid domains in lipid
bilayers. Soft Matter 2009, 5, 3148−3156.
(16) Lorent, J. H.; Levental, K. R.; Ganesan, L.; Rivera-Longsworth,
G.; Sezgin, E.; Doktorova, M.; Lyman, E.; Levental, I. Plasma
membranes are asymmetric in lipid unsaturation, packing and protein
shape. Nat. Chem. Biol. 2020, 16 (6), 644−652.
(17) Enoki, T. A.; Heberle, F. A.; Feigenson, G. W. FRET detects
the size of nanodomains for coexisting liquid-disordered and liquid-
ordered phases. Biophys. J. 2018, 114 (8), 1921−1935.
(18) Korlach, J.; Schwille, P.; Webb, W. W.; Feigenson, G. W.
Characterization of lipid bilayer phases by confocal microscopy and
fluorescence correlation spectroscopy. Proc. Natl. Acad. Sci. U. S. A.
1999, 96 (15), 8461−8466.
(19) Edidin, M. The state of lipid rafts: From model membranes to
Cells. Annual Review of Biophysics and Biomolecular Structure. Annual
Reviews 4139 El Camino Way, P.O. Box 10139, Palo Alto, CA 94303-
0139, USA November 28, 2003; pp 257−283. DOI: 10.1146/
annurev.biophys.32.110601.142439.
(20) Veatch, S. L.; Keller, S. L. Separation of liquid phases in giant
vesicles of ternary mixtures of phospholipids and cholesterol. Biophys.
J. 2003, 85 (5), 3074−3083.
(21) Huang, J.; Feigenson, G. W. A microscopic interaction model of
maximum solubility of cholesterol in lipid bilayers. Biophys. J. 1999,
76 (4), 2142−2157.
(22) Alwarawrah, M.; Dai, J.; Huang, J. A Molecular view of the
cholesterol condensing effect in DOPC Lipid Bilayers. J. Phys. Chem.
B 2010, 114 (22), 7516−7523.
(23) Ali, M. R.; Kwan, H. C.; Huang, J. Assess the nature of
cholesterol-lipid interactions through the chemical potential of
cholesterol in phosphatidylcholine bilayers. Proc. Natl. Acad. Sci. U.
S. A. 2007, 104 (13), 5372−5377.
(24) Hossein, A.; Deserno, M. Spontaneous curvature, differential
stress, and bending modulus of asymmetric lipid membranes. Biophys.
J. 2020, 118 (3), 624−642.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.3c05081
J. Am. Chem. Soc. 2023, 145, 21717−21722

21722

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerald+W.+Feigenson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3821-8166
mailto:gwf3@cornell.edu
mailto:gwf3@cornell.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thais+A.+Enoki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4639-9160
https://orcid.org/0000-0003-4639-9160
mailto:enokita@if.usp.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juyang+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4981-8076
https://orcid.org/0000-0003-4981-8076
https://pubs.acs.org/doi/10.1021/jacs.3c05081?ref=pdf
https://doi.org/10.1016/j.bbamem.2008.09.003
https://doi.org/10.1016/j.bbamem.2008.09.003
https://doi.org/10.1016/j.bbamem.2008.09.003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2008.09.003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi7021552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi7021552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2018.07.011
https://doi.org/10.1016/j.bpj.2018.07.011
https://doi.org/10.1021/acs.accounts.9b00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2019.07.054
https://doi.org/10.1016/j.bpj.2019.07.054
https://doi.org/10.1016/j.bbamem.2022.183995
https://doi.org/10.1016/j.bbamem.2022.183995
https://doi.org/10.1016/j.bbamem.2022.183995
https://doi.org/10.1016/j.bbamem.2021.183586
https://doi.org/10.1016/j.bbamem.2021.183586
https://doi.org/10.1016/j.bpj.2022.11.020
https://doi.org/10.1016/j.bpj.2022.11.020
https://doi.org/10.1016/j.bpj.2022.11.020
https://doi.org/10.1016/j.dib.2021.106927
https://doi.org/10.1016/j.dib.2021.106927
https://doi.org/10.1016/j.dib.2021.106927
https://doi.org/10.1016/j.dib.2021.106927
https://doi.org/10.1021/acs.jpcb.0c03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2015.11.024
https://doi.org/10.1016/j.bbamem.2015.11.024
https://doi.org/10.1016/j.bpj.2011.01.035
https://doi.org/10.1016/j.bpj.2011.01.035
https://doi.org/10.1529/biophysj.107.124362
https://doi.org/10.1529/biophysj.107.124362
https://doi.org/10.1529/biophysj.107.115675
https://doi.org/10.1529/biophysj.107.115675
https://doi.org/10.1039/b901647c
https://doi.org/10.1039/b901647c
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1016/j.bpj.2018.03.014
https://doi.org/10.1016/j.bpj.2018.03.014
https://doi.org/10.1016/j.bpj.2018.03.014
https://doi.org/10.1073/pnas.96.15.8461
https://doi.org/10.1073/pnas.96.15.8461
https://doi.org/10.1146/annurev.biophys.32.110601.142439
https://doi.org/10.1146/annurev.biophys.32.110601.142439
https://doi.org/10.1146/annurev.biophys.32.110601.142439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.biophys.32.110601.142439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0006-3495(03)74726-2
https://doi.org/10.1016/S0006-3495(03)74726-2
https://doi.org/10.1016/S0006-3495(99)77369-8
https://doi.org/10.1016/S0006-3495(99)77369-8
https://doi.org/10.1021/jp101415g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101415g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/PNAS.0611450104
https://doi.org/10.1073/PNAS.0611450104
https://doi.org/10.1073/PNAS.0611450104
https://doi.org/10.1016/j.bpj.2019.11.3398
https://doi.org/10.1016/j.bpj.2019.11.3398
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

