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Tuning Membrane Phase Separation Using Nonlipid Amphiphiles

Hari S. Muddana, Homer H. Chiang, and Peter J. Butler®
Department of Bioengineering, The Pennsylvania State University, University Park, Pennsylvania

ABSTRACT Lipid phase separation may be a mechanism by which lipids participate in sorting membrane proteins and facil-
itate membrane-mediated biochemical signaling in cells. To provide new tools for membrane lipid phase manipulation that avoid
direct effects on protein activity and lipid composition, we studied phase separation in binary and ternary lipid mixtures under the
influence of three nonlipid amphiphiles, vitamin E (VE), Triton-X (TX)-100, and benzyl alcohol (BA). Mechanisms of additive-
induced phase separation were elucidated using coarse-grained molecular dynamics simulations of these additives in a liquid
bilayer made from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-diundecanoyl-sn-glycero-phosphocholine
(DUPC). From simulations, the additive’s partitioning preference, changes in membrane thickness, and alterations in lipid order
were quantified. Simulations showed that VE favored the DPPC phase but partitioned predominantly to the domain boundaries
and lowered the tendency for domain formation, and therefore acted as a linactant. This simulated behavior was consistent with
experimental observations in which VE promoted lipid mixing and dispersed domains in both gel/liquid and liquid-ordered/liquid-
disordered systems. From simulation, BA partitioned predominantly to the DUPC phase, decreased lipid order there, and
thinned the membrane. These actions explain why, experimentally, BA promoted phase separation in both binary and ternary
lipid mixtures. In contrast, TX, a popular detergent used to isolate raft membranes in cells, exhibited equal preference for both
phases, as demonstrated by simulations, but nonetheless, was a strong domain promoter in all lipid mixtures. Further analysis
showed that TX increased membrane thickness of the DPPC phase to a greater extent than the DUPC phase and thus increased
hydrophobic mismatch, which may explain experimental observation of phase separation in the presence of TX. In summary,
these nonlipid amphiphiles provide new tools to tune domain formation in model vesicle systems and could provide the means
to form or disperse membrane lipid domains in cells, in addition to the well-known methods involving cholesterol enrichment and

sequestration.

INTRODUCTION

Lateral compartmentalization of cell membranes is now
a well-recognized modification of the original Singer-
Nicholson membrane model (1), and has led to a revolution-
ized view of how the cell membrane regulates cellular
signaling (2,3). A predominant manifestation of lateral
compartmentalization of the cell membrane are lipid
domains, termed lipid rafts, which are 10 to 100 nm
dynamic membrane patches enriched in glycosphingolipids
(e.g., sphingomyelin) and cholesterol, and are thought to
corral signaling proteins such as small and heterotrimeric
G-proteins, nonreceptor tyrosine kinases, and protein phos-
phatases (2,3), for initiation of signaling cascades at the cell
surface (2,4-6). Thus, identifying and understanding the
nature of lipid-lipid and lipid-protein intermolecular inter-
actions responsible for domain formation and dynamics in
intact cells has now become a fundamental problem in
membrane biology (7).

Studies using model membranes and biophysical charac-
terization suggest that domain formation is governed by the
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interfacial energy between the liquid-ordered (I,) and
liquid-disordered (15) domains and the mixing entropy (8).
However, significant hurdles remain in the characterization
of lipid domain organizing principles in cells, and their
physiological significance. First, detection of domains in
intact cells under physiological conditions remain chal-
lenging due to domains’ highly dynamic nature and because
their size is below the optical resolution limit of traditional
microscopy. Second, available tools for tuning domain
formation in cells or model membranes are limited in their
ability to control the key driving forces that underlie domain
organization and domain-related signal transduction. Impor-
tant progress on detection of domains in cells was recently
made using state-of-the-art single-molecule techniques
that confirmed the presence of dynamic domains in intact
cells under physiological conditions (9—11). The remaining
challenge now is to develop the means to control domain
formation/disruption in cells that not only permits studying
the role of lipid domains in cell function but also facilitates
the development of lipid-domain targeted therapies (12—14).

The predominant experimental tool for controlling lipid
domain formation in lipid membranes focuses on altering
the concentration of cholesterol using methyl-8-cyclodex-
trin or statins (15,16) or by depleting cholesterol through
enzymatic degradation with cholesterol oxidase (17). Subse-
quent observations of alterations in signaling cascades or
other functions are then interpreted as depending on lipid
domains. There are weaknesses in this approach, however.
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As pointed out in a review by London (18), association of
a membrane process with the concentration of cholesterol
is not sufficient to affirm the role of lipid domains, as evi-
denced by the fact that certain processes, including choles-
terol-dependent cytolysins and virus-induced membrane
fusion, require high cholesterol concentrations irrespective
of the formation of domains. In addition, cholesterol plays
multiple structural and functional roles in regulating
membrane protein activity that are not dependent on locali-
zation of proteins to domains. These include modulating
membrane physical properties (e.g., thickness, fluidity, and
diffusion) that affect protein conformation and oligomeriza-
tion (19-21), in addition to modulating lateral organization
of the bilayer into lipid domains (16,22). An additional
factor complicating the interpretation of cholesterol deple-
tion experiments arises because several membrane proteins,
including G-protein-coupled receptors and ligand-gated ion
channels, possess specific cholesterol binding sites (23-26)
and these specific sterol-protein interactions are thought to
be essential for the protein’s activity (16,22,27). Thus, there
is a need for compounds that alter phase separation in
membranes, but do not complex directly with target proteins
or alter lipid domain constituents.

One strategy that can result in stabilizing or destabilizing
lipid domains, without drastically altering the native
membrane composition, is to introduce nonlipid amphiphilic
molecules. It is known that addition of flexible and highly
unsaturated lipid promotes domain formation (28,29). In
a similar manner, at low concentrations, nonionic amphi-
philes can preferentially interact and fluidize the 14 regions
resulting in domain formation (30). Conversely, compounds
that rigidify the 14 regions could lead to mixing of lipids and
dissolution of lipid domains. Furthermore, certain hybrid
lipids with one saturated chain and one unsaturated chain
and other linactants (31) could alter phase separation by
modifying interfacial energy at the boundaries (32-34).

We studied phase separation in lipid bilayers under the
influence of three nonlipid amphiphiles: «-tocopherol
(vitamin E (VE)), Triton-X (TX), and benzyl alcohol (BA)
(Fig. 1). Insights into the amphiphile’s interaction with
lipids, partitioning preference, and the corresponding
changes in lipid bilayer physical properties were obtained
from coarse-grained (CG) molecular dynamics (MD) simu-
lations of a binary lipid mixture. Experimentally, phase
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Chemical structures of cholesterol, VE, TX-100 (n = 10),
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separation was studied in giant unilamellar vesicles
prepared from lipid mixtures that resulted in gel-liquid
and liquid-liquid phase coexistence.

MATERIALS AND METHODS
CGMD simulations

Chemical structures of VE, TX, and BA are shown in Fig. 1. MD simula-
tions were carried out using GROMACS simulation software (version
4.0.3) (35,36). Force fields for lipids, water, and VE/TX/BA were parame-
terized based on the MARTINI CG model (37,38). Details of CG parame-
terization and simulation protocol are provided in the Supporting Material.
Briefly, all simulations were carried out under constant number, pressure,
and temperature conditions with temperature and pressure set to 300 K
and 1 bar, respectively (39), for four different systems: pure bilayer
(control), and bilayers with VE (10 mol %), TX (10 mol %), and BA
(60 mol %). For statistical analysis, trajectories in blocks of 50 ns were
analyzed and means and standard errors were computed. A Student’s
t-test was used to check for statistical significance of changes in bilayer pro-
perties due to additives. For order parameters standard errors were <0.002
and standard errors for thickness measurements were <0.02 nm.

Preparation of giant unilamellar vesicles

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and cholesterol (Chol) were purchased
from Avanti Polar Lipids. The fluorescent probe 1,1’-didodecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (Dil-Cjs; Aex = 549 nm; Aep, =
565 nm) was purchased from Invitrogen. BA and «-tocopherol were
purchased from Sigma-Aldrich. TX 100 was purchased from MP Biomed-
icals. All the chemicals were obtained at their highest purity available and
used without further purification.

Giant unilamellar vesicles (GUVs) were prepared using the electrofor-
mation method (40,41). Lipid mixture solutions were prepared at a concen-
tration of 0.5 mg/ml with a dye concentration of 100 nM. VE and TX at the
described mole fractions were added to the lipid mixture solution before
preparation of vesicles, whereas BA was added during the hydration of
the lipid films. A custom-built electroformation chamber consisting of
two transparent indium-tin oxide coverslips was used to apply alternating
current electric fields to the lipid film. A silicone spacer of 1.6 mm thick-
ness separated the coverslips. Three to 5 ul of lipid solution was deposited
on the coverslips and dried initially under argon for 5 min and then vacuum
dried for at least 1 h. The chamber was filled with deionized water pre-
heated to 50°C and moved immediately to a baking oven that was main-
tained at 50°C. Alternating current electric fields were then applied
across the indium-tin oxide electrodes using a LabVIEW controlled A/D
board (National Instruments). Applied voltage at 10 Hz frequency was
gradually increased from 0.1 V to 1.6 V at a rate of 30 mV/min, followed
by a constant voltage of 1.6 V applied for 3 h. Frequency was then reduced
to 5 Hz and maintained for 1-2 h to detach the vesicles. A single run of elec-
troformation typically resulted in hundreds of GUVs with sizes ranging
from 5 to 100 um. GUVs were allowed to cool to room temperature for
about an hour, before imaging them on an Olympus IX71 inverted micro-
scope equipped with a 60X water-immersion objective and a charge-
coupled device camera (Cooke, Romulus, Michigan).

RESULTS AND DISCUSSION

CGMD simulations of a binary lipid mixture
with additives

CGMD simulations of a binary lipid mixture (at 300 K)
under the influence of VE, TX, and BA, were performed
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to determine the additive’s phase partitioning preference
and the consequent changes in bilayer physical properties.
A 1:1 lipid mixture of DPPC and DUPC was chosen for
the simulations because the order parameter of doubly
unsaturated DUPC is substantially less than that of DPPC
(a saturated lipid) and results in liquid-liquid phase separa-
tion within the timescale of the CG simulations, which is
on the order of 1 us. Marrink et al. (38) have previously
shown that the MARTINI CG model predicts the experi-
mentally determined bilayer thickness of a fluid-phase
DPPC bilayer to within 0.2 nm. Chain order parameters
from CG simulations were also in very good agreement
with atomistic simulations. Moreover, CG has been shown
to faithfully simulate other molecules including unsaturated
lipids and sterols. Despite the general validity of the
MARTINI model in reproducing atomistic simulations,
we note that lipid phase transition is not well captured by
this model. Specifically, there is no clear indication of gel
phase for DPPC lipid as would be expected for the lipid at
the simulation temperatures between 283 and 300 K (38).
Moreover, even in the crystalline state, no spontaneous
tilting of the lipid chains was observed. Complete melting
of the crystalline phase was observed starting at 300 K,
without any indication of an intermediate gel phase. Due
to this limitation in the model, the phase state of the
DPPC phase here cannot be defined at 300 K. However,
unconstrained lateral mobility of DPPC lipid, and a higher
chain ordering of DPPC compared to DUPC in the current
study suggests that the DPPC phase state is more reflective
of the 1, phase rather than the gel phase. We refer to these
phase regions as DPPC phase and DUPC phase in the
following discussion. To assess the quality of the CG para-
meters, we compared the mass-density profiles and order
parameters of the different additives to those obtained
from atomistic simulations (see Supporting Material). In

Hosea=3.931cC
Hoipe = 3.52
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general, the CG model captured the amphiphilic nature of
the additives very well and the corresponding changes in
chain ordering were consistent between CG and atomistic
simulations.

Snapshots of the bilayer equilibrium conformations with
additives obtained from CGMD simulations are shown in
Fig. 2, A-C (see Supporting Material for the respective
side views). Addition of VE and TX had no visually evident
change in the domain stabilization or destabilization (Fig. 2,
A and B), whereas, addition of BA resulted in complete
separation of the membrane into two domains (Fig. 2 C).
Quantitatively, we determined the propensity for domain
formation by computing the radial pair density distributions
of like lipids, i.e., DPPC-DPPC and DUPC-DUPC. Occu-
pancy of DPPC within the first solvation shell of DPPC,
which was computed as the ratio of number of DPPC mole-
cules to the number of lipid molecules in the first shell of
a DPPC molecule averaged over the trajectory, was used
as measure for the tendency of the bilayers to form domains.
Occupancy of DPPC >50% indicates preferential interac-
tion of DPPC with itself (i.e., DPPC domain formation).
Because smoothly converged radial distribution functions
could not be obtained with smaller blocks of trajectories,
occupancies were computed as an average over the entire
trajectory. In the absence of the additives, the occupancy
of DPPC was 68.7%. Addition of VE decreased the occu-
pancy of DPPC by 0.2% to 68.5%, whereas addition of
TX and BA increased the occupancy by 0.8% (to 69.5%)
and 19.6% (to 88.3%), respectively. This result suggests
that VE acts to lower the miscibility temperature, resulting
in increased mixing, whereas TX and BA both act to raise
the miscibility temperature, and increase phase separation.
Thus, despite the modest quantitative changes in the
tendency to form domains under the influence of VE and
TX, these results qualitatively agree with experimental

FIGURE 2 (A-C) Equilibrium snapshots of
a 1:1 lipid mixture of DPPC (blue) and DUPC
(red) bilayer with VE, TX-100, and BA, respec-
tively. For clarity, the additives are not shown
in these figures. Thicknesses of the DPPC and
DUPC phases in pure bilayer were 3.80 and
3.45 nm, respectively. Simulated lipid distribution
without additives was qualitatively similar to simu-
lated lipid distributions in the presence of VE (not
shown). Corresponding values in the presence of
the additives are shown in the figures. Standard
error in thickness is ~0.02 nm. (D—F) Distribution
of VE, TX, and BA in the same lipid mixture,
respectively. DPPC and DUPC lipids are shown
in blue and red, respectively, with a dotted repre-
sentation for clarity. Additives (gray) are shown
as van der Walls spheres. All simulations were per-
formed at room temperature (300 K) using the
MARTINI coarse-grained model.
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observations in which VE dispersed domains and TX
promoted domain formation in binary lipid mixtures (vida
infra).

Mechanism of domain stabilization/
destabilization

Influence of an additive on phase separation is dependent on
its partitioning preference and also its effect on the relative
stability of the phases, which can be quantified using order
parameters. Lateral organization of the different additives in
the membrane is shown in Fig. 2, D and E). Partitioning
preference of the additives was quantitatively determined
by computing the radial pair density distributions between
each additive molecule and either DPPC or DUPC mole-
cules (see Fig. 3). Peaks in the radial pair density distribu-
tion reflect strong association of the additive with the lipid
molecule indicated at the specified distance. VE preferen-
tially associated with DPPC (Fig. 3 A), whereas BA prefer-
entially interacted with DUPC (Fig. 3 C). TX interacted
with DPPC or DUPC with equal propensity (Fig. 3 B).
Although the radial density distribution suggests VE
favored gel phase lipids, visual inspection of Fig. 2 D as
well as analysis of trajectories during simulations indicated
that VE interacted predominantly with domain boundaries.
This behavior was further confirmed by the observation
that 48% (£ 0.2%) of VE molecules had both DPPC and
DUPC in VE’s first lipid hydration shell. The proportion
of VE molecules having only DPPC or only DUPC mole-
cules in the first hydration shell were 36% (* 0.2%) and
16% (= 0.2%), respectively. These findings provide
evidence for preferential partitioning of VE to DPPC-
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FIGURE 3 (Top to bottom) Radial pair density distributions of DPPC

(black, solid) and DUPC (red, dashed) molecules with reference to VE
(top), TX (middle), and BA (bottom) molecules.
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DUPC boundaries. Such boundary preference of VE
contrasts with the preferential interaction of VE with poly-
unsaturated fatty acids (42), which prefer liquid domains.
However, such preferential interaction is present only
when the fatty acid chains possess multiple double bonds
and the initial double bond is positioned before the A9 posi-
tion (43) and thus may not be a generalizable phenomenon,
or relevant to DUPC, which possesses its double bonds at
the 9 and 12 positions. On the other hand, BA was predom-
inately found in the DUPC phase, distributed uniformly
across this region, a finding that is consistent with previous
observations that primary alcohols partition preferentially to
liquid-phase domains (44). In our simulations, TX was
found to be partitioned equally between the two phases,
which is also in agreement with previous experimental
observations of TX partitioning equally in bilayers
composed of POPC and sphingomyelin (45,46). It is worth
noting that TX partitions favorably in the 14 regions in the
presence of cholesterol, due to strong unfavorable interac-
tion between cholesterol and TX (45,47), which suggests
that cholesterol might also play an important role in deter-
mining the partitioning of the additive.

To assess the ordering of different phases in the presence
of additives, we computed the chain order parameters of
DPPC and DUPC lipids, averaged over both chains as
described previously (38,48). Relative changes in the
ordering (which is directly correlated to membrane thick-
ness) of the two phases could raise or lower the miscibility
temperature. Changes in order parameter along the lipid
acyl chains in the presence of additives relative to the
pure bilayer are shown in Fig. 4. VE is known to increase
(or decrease) the ordering of the fluid (or gel) phase, similar
to cholesterol (49). Addition of VE induced a slight, but
statistically significant increase in the order of the DPPC
phase and a slight decrease in the DUPC phase, which is
explained by VE’s preference to favor partitioning to the
domain boundaries over the domains themselves. The pres-
ence of VE at the domain interface might contribute to
lowering the interfacial energy, and thereby lower the
miscibility temperature. On the other hand, BA induced
significant disordering of the DUPC phase relative to the
DUPC phase, whereas TX induced a slight ordering of
the DPPC phase relative to the DUPC phase. This result
was expected for BA, which partitions preferentially into
the fluid phase (44). However, the relative increase in
ordering of the DPPC phase upon addition of TX was not
expected, given the observation that TX is uniformly
distributed in the membrane. In either case, disordering of
the DUPC phase relative to the DPPC phase or ordering
of the DPPC phase relative to the DUPC phase would
contribute to an increase in height mismatch at the domain
boundaries, which in turn contributes positively to the
phase separation.

We further determined the thickness mismatch by
computing the thickness of DPPC and DUPC phases under
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FIGURE 4 P, order parameter of the consecutive bonds of DPPC and
DUPC molecules. Chain order parameters were averaged over both the
chains. Standard errors (not shown) are <0.002.

the influence of the previous additives. Local thickness of
the membrane was computed as the distance between the
phosphate groups of the two leaflets, averaged over the
trajectory. Standard errors in thickness measurements
were <0.02 nm. Thickness of the DPPC and DUPC phases
in the pure bilayer were 3.80 and 3.45 nm, respectively, with
a thickness mismatch of 0.35 nm. Addition of VE resulted in
an increase in the thickness of both DPPC and DUPC phases
to 4.06 and 3.83 nm, respectively, thereby lowering the
thickness mismatch to 0.23 nm. Addition of TX increased
the thickness of DPPC and DUPC phases to 3.93 and
3.52, respectively, resulting in an increased mismatch of
0.41 nm. Similarly, addition of BA increased the thickness
of the DPPC phase to 3.89 nm and dramatically decreased
the thickness of the DUPC phase to 3.16 nm, resulting
in an increase in thickness mismatch of 0.73 nm. These
results strongly support the idea that each of the additives
promoted (or disrupted) membrane phase separation by
increasing (or lowering) lipid-lipid height mismatch, which
in turn could contribute to an increase (or decrease) in inter-
facial energy.
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Lateral phase separation in ternary mixtures of
DOPC, DPPC, and Chol/VE/TX/BA

Effects of membrane additives on lateral phase separation
were determined experimentally in giant unilamellar vesi-
cles made from ternary and quaternary (see next section)
mixtures of DOPC, DPPC, cholesterol, and VE/TX/BA.
Phases were observed using fluorescence microscopy of
vesicles containing Dil-C;,, a short chain fluorescence
probe that preferentially partitions into the liquid phase
under gel-liquid phase coexistence and to 1; regions under
liquid-liquid phase coexistence (50,51). Gel-liquid and
liquid-liquid phase coexistence was inferred from the fluo-
rescence images based on morphology of the domains.
For example, liquid-liquid coexisting phases exhibit circular
morphology, whereas gel-liquid coexisting phases exhibit
irregular domain morphology (52). A 1:1 binary mixture
of DOPC and DPPC in the absence of any other additives
exhibited gel-liquid coexisting phase regions, as shown in
Fig. 5 A, with DOPC in the liquid region and DPPC in the
gel region. We determined the domain morphologies in
this lipid mixture under the influence of different additives.
VE and TX were added to the lipid stock solutions before
the preparation of GUVs at the stated molar concentrations.
Because preparation of GUVs using electroformation
involves completely drying the solvent (chloroform) before

(
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FIGURE 5 (A) Gel-liquid coexisting phases in 1:1 DOPC/DPPC lipid
mixture. Phase separation behavior in 1:1 DOPC/DPPC mixture under
the influence of cholesterol (B-E), VE (F-I), TX-100 (J-M), and BA
(N-Q). Experiments were carried out at room temperature.
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hydration, BA, which would evaporate during this process,
was added to the lipid bilayer after rehydration. Note that
the concentrations shown in Figs. 4 and 5 represent the
mole fractions in the stock lipid solutions used during the
preparation of the GUVs, and do not account for the parti-
tioning of the additive between the membrane and water.
Estimates of the additive concentration in the membrane
can be obtained from the lipid concentration (~15 uM)
and the additive’s membrane-water partitioning coefficient.
Octanol-water partition coefficients (logP) of VE, TX, and
BA, predicted using the XLOGP3 algorithm (53) were
10.7, 4.6, and 1.1, respectively, which result in membrane
partitioning of 99.9%, 1.1%, and 107%% of VE, TX, and
BA, respectively. Because these estimates are based on the
partition coefficients between octanol and water, they repre-
sent the fractions found in the hydrophobic core of the
membrane, and therefore are not likely to be accurate for
molecules (e.g., TX and BA) that primarily partition to the
lipid-water interface.

Phase separation in ternary mixtures of DOPC, DPPC,
and cholesterol has been studied extensively in the past,
and so served here as a positive control (52,54). Addition
of cholesterol in the range of 10 mol% to 30 mol% resulted
in coexisting liquid phases (Fig. 5, B-E). Beyond 40 mol%
cholesterol, no lateral phase separation was observed. These
results are consistent with phase diagrams of DOPC/DPPC/
cholesterol reported by others (52). Despite the similarity in
structure of VE and cholesterol (shown in Fig. 1), the phase
separation behavior upon addition of VE differs signifi-
cantly from that of cholesterol. First, coexisting liquid-
liquid phases were not observed at any concentration of
VE, up to 30%. Addition of VE, even at the lowest concen-
tration studied (10 mol%), resulted in complete disruption
of gel-liquid coexistence. Beyond 30% VE, giant vesicles
could not be formed likely because the inverted-cone-like
structure of VE induces formation of micelles that prevent
larger scale bilayer formation. The question arises of why
VE dramatically reverses phase separation induced by
cholesterol. Previous studies have shown that cholesterol
partitions preferentially with gel phase lipid because of its
high affinity for fully saturated lipids (55,56). According
to the umbrella model, (57) lipid polar headgroups cover
the bulky hydrophobic tetrameric ring of the cholesterol
molecule, and saturated lipids provide better coverage
than do unsaturated lipids (58), contributing to the preferen-
tial interaction of cholesterol with saturated lipids in lipid
mixtures. Unlike cholesterol, VE has a more flexible and
less bulky hydrophobic tail region resulting in its high
conformational flexibility. Although VE slightly favored
interaction with the gel phase lipid (as seen in CGMD simu-
lations), it is predominantly partitioned at the domain
boundaries, thereby acting as a linactant. This difference
in partitioning and the consequent effects on lipid-lipid
interfacial energy might explain the observed differences
in phase separation behavior with cholesterol and VE.
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On the other hand, addition of TX or BE consistently
resulted in phase coexistence in 1:1 DOPC/DPPC mixture
(Fig. 5). However, we noticed some differences in domain
morphologies resulting from these two additives. Domain
morphologies in the case of TX were similar to those
observed in pure gel-liquid coexistence (Fig. 5 A). However,
in the case of BA, domain morphologies resembled liquid-
liquid coexisting regions and domains increased in size with
increasing concentrations of BA (Fig. 5, N-Q). In fact, at
the highest concentration (100 mM), BA resulted in signif-
icantly larger domains (Fig. 5 Q). The persistence of gel
phase domains in the presence of TX indicates that TX
does not perturb the packing in gel phase regions signifi-
cantly, contrary to simulations. This is likely a limitation
of the coarse-grained model in which no clear gel phase
was simulated, thus allowing penetration of TX into both
phases. Induction of liquid-liquid phase coexistence by
BA indicates that it perturbs the packing in both gel and
liquid-phase regions. If BA were to interact preferentially
with gel phase lipids, then it would perturb the ordering
of the gel phase regions more than that of the fluid phase
region, thereby promoting lipid mixing. However, this is
not what was observed in experiments in which increases
in concentration of BA promoted even larger domain
formation. Therefore, we conclude that BA interacts favor-
ably with the fluid-phase lipid and promotes phase separa-
tion, consistent with the simulations. In fact, these results
suggest that alcohols and commonly used anesthetics might
exert their effect by promoting lipid domain formation
in vivo.

Lateral phase separation in quaternary mixtures
of DOPC, DPPC, Cholesterol, and VE/TX/BA

Membrane rafts in intact cells closely resemble liquid-liquid
coexisting phase domains exhibited by ternary lipid mix-
tures (two lipids and cholesterol) (59). To understand how
these membrane additives influence lipid mixing in the pres-
ence of cholesterol, we studied lateral phase separation
behavior in two different lipid mixtures: (Mixture 1)
1:1:0.7 DOPC/DPPC/Chol that forms coexisting liquid-
liquid membranes, and (Mixture 2) 1:1:1.2 DOPC/DPPC/
Chol that forms homogeneous liquid phase membranes,
under the influence of the different additives. These lipid
compositions were chosen so that they are close to the
boundary (above and below) of the liquid-liquid phase coex-
istence region in the phase diagram (52).

Giant vesicles prepared from Mixture 1 consistently
exhibited liquid-liquid phase separation (Fig. 6 A). Addition
of VE to this mixture resulted in a microscopically uniform
mixed phase (Fig. 6, B and C), implying that VE acts to
lower the miscibility temperature, which is consistent with
the observed behavior in binary mixtures (Fig. 5). On
the other hand, giant vesicles prepared from Mixture 2
exhibit no phase separation due to the high concentration
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of cholesterol (see Fig. 6 H). No change in the phase mixing
state was observed with the addition of VE (see Fig. 6, I and
J), implying that VE does not raise the miscibility tempera-
ture. This result is similar to that observed with cholesterol,
where further addition of cholesterol to homogeneous liquid
phase vesicles (above 30-40% cholesterol) does not alter the
phase state (52).

Both TX and BA promoted or stabilized domain
formation. Addition of TX to Mixture 1 (with preexisting
domains) did not alter the coexisting liquid-liquid phases
(Fig. 6, D and E), whereas addition of BA induced even
larger domain formation at high concentrations (Fig. 6,
F and G), similar to that observed in binary lipid mixtures.
That is, phase coexistence was sustained under the influ-
ence of these additives. These results together with the
results outlined in previous sections also indicate that BA
has a stronger influence on lipid mixing/demixing than
TX. In Mixture 2, addition of TX and BA each acted to
raise the miscibility temperature and promoted the forma-
tion of liquid-liquid coexisting regions (Fig. 6, K-N),
suggesting that both these amphiphiles drive domain
formation, an effect that is exactly opposite to that of
VE. We even observed reversible phase separation by
adding VE and TX sequentially. That is, addition of VE

Benzyl Alcohol

K 10%|M 10 mM
L 20%|N 100 mM
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Benzyl Alcohol

FIGURE 6 (A) Liquid-liquid phase coexistence
in 1:1:0.7 DOPC/DPPC/Chol GUVs. Phase separa-
tion behavior of mixture in A under the influence of
VE (B and C), TX-100 (D and E), and BA (F and
G). (H) Single-phase GUVs prepared from 1:1:1.2
DOPC/DPPC/Chol. Phase separation behavior of
mixture in H under the influence of VE (I and J),
TX-100 (K and L), and BA (M and N). Experiments
were carried out at room temperature.

first resulted in uniform mixing of the lipids, and further
addition of TX to this membrane reversed the effect of
VE by inducing the formation of domains (Fig. 7). In
summary, these results suggest that the observed effect of
the different additives on phase separation in the presence
of cholesterol is qualitatively similar to that in binary lipid
mixtures, and the mechanism of action might be similar in
both the cases.

CONCLUSIONS

Several recent experimental and theoretical studies point to
interfacial forces originating from interactions at the 14 and
1, phase boundaries as a key determinant of domain forma-
tion (8,60—63). A variety of factors contribute to the interfa-
cial free-energy (both enthalpic and entropic) including
hydrophobic mismatch, spontaneous curvature, and dipole
density (64,65). Coalescence of small domains to form
larger domains minimizes the interfacial free-energy due
to reduction in boundary length; however, this coalescence
is opposed by the mixing entropy. From our results, predom-
inant partitioning of VE to the domain boundaries and the
decreased tendency to form domains, suggests that VE
acts to decrease the interfacial free-energy. On the other
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hand, BA predominantly partitions to the disordered phase,
decreases membrane thickness, and increases hydrophobic
mismatch, which in turn contributes to an increase in inter-
facial energy at domain boundaries. Similarly, despite its
uniform partitioning across the phases, TX increases the
order of the ordered phase more than it does for the
disordered phase, thereby increasing the interfacial energy
at domain boundaries, which leads to phase separation.
These results, together, suggest that nonlipid amphiphiles
contribute to phase separation by increasing or decreasing
interfacial energy. Further studies are required to determine
if these additives can tune lipid domain formation in cell
membranes. Such behavior would have a significant impact
in understanding lipid phase control of cellular biochemical
and mechanobiological signaling (66,67).
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Additional simulations, validations, four figures, and references are available
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