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We have determined the partial leaflet—leaflet phase diagram of an asymmetric lipid
bilayer at ambient temperature using asymmetric giant unilamellar vesicles (aGUVs).
Symmetric GUVs with varying amounts of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) were hemifused to a supported
lipid bilayer (SLB) composed of DOPC, resulting in lipid exchange between their outer
leaflets. The GUVs and SLB contained a red and green lipid fluorophore, respectively,
thus enabling the use of confocal fluorescence imaging to determine both the extent of
lipid exchange (quantified for individual vesicles by the loss of red intensity and gain of
green intensity) and the presence or absence of phase separation in aGUVs. Consistent
with previous reports, we found that hemifusion results in large variation in outer leaflet
exchange for individual GUVs, which allowed us to interrogate the phase behavior at
multiple points within the asymmetric composition space of the binary mixture. When
initially symmetric GUVs showed coexisting gel and fluid domains, aGUVs with less
than ~50% outer leaflet exchange were also phase-separated. In contrast, aGUVs with
greater than 50% outer leaflet exchange were uniform and fluid. In some cases, we
also observed three coexisting bilayer-spanning phases: two registered phases and an
anti-registered phase. These results suggest that a relatively large unfavorable midplane
interaction between ordered and disordered phases in opposing leaflets (i.e., a midplane
surface tension) can overwhelm the driving force for lateral phase separation within one
of the leaflets, resulting in an asymmetric bilayer with two uniformly mixed leaflets that
is poised to phase-separate upon leaflet scrambling.

asymmetric giant unilamellar vesicles | hemifusion | mismatch free energy |
interleaflet coupling | registered and antiregistered phases

Most cell membranes are asymmetric in their lipid composition. A striking example is the
plasma membrane (PM) of animal cells, in which high-melting sphingomyelins (SMs)
are found almost exclusively in the exoplasmic leaflet and lower-melting aminophospho-
lipids (phosphatidylethanolamine and phosphatidylserine, PE and PS) are confined to the
cytoplasmic leaflet (1). An ongoing challenge in biology is to elucidate the functional
consequences for the cell of this lipid asymmetry, while a parallel challenge in biophysics
is to establish its structural consequences for the membrane, including whether and how
asymmetry influences the lateral organization of lipids within each leaflet (2). This phe-
nomenon, often referred to as interleaflet coupling of phase behavior, is a crucial yet poorly
understood aspect of the lipid raft hypothesis. The raft concept is typically defined in
terms of favorable in-plane interactions between cholesterol (chol) and SM in the outer
leaflet, which leads to their lateral segregation from more disordered phosphatidylcholine
(PC) lipids (3). Because the inner leaflet lacks highly ordered SM or fully saturated glyc-
erophospholipids and instead possesses mainly disordered unsaturated lipids, it is difficult
to envision a role for rafts in signaling in the absence of a mechanism for strong interleaflet
coupling whereby phase separation in the outer leaflet can induce segregation of inner
leaflet lipids. Indeed, it is observed that some cytosolic acylated proteins, despite interacting
only with the PM inner leaflet, nevertheless sense and respond to the organization of the
outer leaflet (4-6), implying that outer leaflet physical properties are somehow “transmit-
ted” across the bilayer.

Model membrane studies of symmetric bilayers have yielded important information about
the phase behavior of compositions mimicking either the outer or inner PM leaflets. The
former typically separate into coexisting liquid-disordered (L) and liquid-ordered (Lo) phases
(7, 8), while the latter are invariably in a uniform L4 phase (9). For outer leaflet mixtures,
the construction of ternary phase diagrams has greatly added to our understanding of how
lipid and sterol structure influences the types of phases that can coexist and the location of
phase boundaries (10). For organisms that regulate temperature, lipid composition is a key
thermodynamic variable that could allow for control over membrane phase state (7), and
compositional phase diagrams facilitate predictions for phases and phase transitions that could
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be encountered (even transiently) when cells change the types of
lipids found in their membranes (11).

In this regard, asymmetry is an additional thermodynamic
degree of freedom that is relatively unexplored in the context of
bilayer phase behavior; indeed, we are aware of no experimentally
determined phase diagram for an asymmetric lipid bilayer. Despite
a paucity of data, theorists have proposed leaflec—leaflet phase
diagrams from mean-field models (12-15). In the simplest
approach based on the Bragg-Williams approximation of regular
solution theory, the free energy is governed by a competition
between mixing entropy and the relatively unfavorable enthalpy
of unlike lipid interactions; these are accounted for with a single
parameter each for in-plane and out-of-plane interactions between
unlike lipids. Minimizing the free energy over the full, asymmetric
composition space results in predictions for the phase diagram of
the mixture. The number and types of coexisting phases, and the
locations of phase boundaries, depend strongly on the values of
the interaction parameters, suggesting a rich phase behavior that
could in principle be exploited by the cell through changing the
composition and/or extent of asymmetry in the PM.

A major limitation to constructing compositional phase dia-
grams is the need to prepare and measure many mixtures. This is
an especially high hurdle in the case of asymmetric bilayers, as
existing methods for preparing asymmetric large unilamellar ves-
icles (LUVs) by cyclodextrin exchange are time-consuming, labo-
rious, and low-throughput and result in a single ensemble-averaged
measurement (i.e., one point on a phase diagram). Moreover, the
phase state of these sub-micron-sized liposomes cannot be directly
visualized with conventional microscopy and instead must be
interrogated with indirect methods like fluorescence resonance
energy transfer (FRET) (16-19) or neutron scattering (18, 20),
though recent advances in cryogenic electron microscopy may
eventually prove useful in this regard (21, 22). An alternative
approach is the use of asymmetric giant unilamellar vesicles
(aGUVs) prepared by calcium-induced hemifusion, in which the
outer leaflet lipids of a conventionally prepared GUV are replaced
with lipids from a supported bilayer after initiation of hemifusion
between the two (23-28). It was previously found that the pop-
ulation of aGUVs from an individual hemifusion experiment has
a broad distribution of asymmetry and thus a single experiment
can provide data for multiple points within the asymmetric com-
position space (23). This proves to be extremely useful for the
construction of leaflet-leaflet phase diagrams as we will show.

Here, we report an experimentally determined leaflec—leaflet
phase diagram of a phospholipid mixture. We find many similar-
ities with theoretical phase diagrams (13) that suggest relatively
strong interleaflet coupling for our experimental system, DPPC
(1,2-dipalmitoyl- sn-glycero-3-phosphocholine)/DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) at room temperature.
We discuss implications of the phase diagram for biological
membranes.

Results

Phase Behavior of Symmetric Bilayers. We first investigated the
phase behavior of binary DPPC/DOPC mixtures in symmetric
bilayers at ambient laboratory temperature (22 °C). Fig. 14 shows
confocal projections of GUVs with different fractions of DPPC. The
GUVs contained TopFluor-PC (TFPC) and naphthopyrene, which
selectively partition into disordered and ordered phases, respectively
(17, 19). GUVs with 10 mol% DPPC largely showed a uniform
distribution of the probes, although occasional small domains
enriched in naphthopyrene were observed (Fig. 14). Increasing the
mole fraction of DPPC resulted in a clear segregation of TFPC and
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Fig. 1. Phase behavior of DPPC/DOPC symmetric bilayers at 22 °C. (A)
confocal fluorescence maximum intensity projections of GUVs with increasing
DPPC concentration as indicated (scale bar 5 um.) GUVs were labeled with
TFPC (green) and naphthopyrene (blue) which partition preferentially into
Ld and Lp phases, respectively. (B and C) FRET data for TOE donor to DHE
acceptor (Upper) and DHE donor to TFPC acceptor (Lower). Each data point
represents the ensemble-averaged signal of a single sample prepared by RSE
as described in Methods. FRET efficiency is reduced in the Ld+Lj coexistence
region due to segregation of donor and acceptor, resulting in a U-shaped
profile. The red curves are fits to Eq. 1. Phase boundaries and probe partition
coefficients are summarized in Table 1. The vertical blue bars mark the location
and uncertainty of phase boundaries determined by visual inspection (see
SI Appendix for details).

naphthopyrene, consistent with the known partitioning behavior
of these probes. The naphthopyrene-rich domains were typically
elongated with irregular boundaries and grew in area fraction
with increasing DPPC concentration. Vesicle shape also became
increasingly nonspherical and faceted with increasing DPPC
concentration, suggesting the presence of a rigid gel phase. At DPPC
fractions, greater than 80%, yield was poor but the scant GUVs
obtained had faceted shapes and a uniform distribution of both
probes, consistent with a uniform Zf phase.

We used a high-compositional resolution FRET assay to precisely
determine the location of phase boundaries of symmetric DPPC/
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DOPC bilayers at 22 °C. Fig. 1B shows FRET data for tryptophan
oleoyl ester (TOE) donor to dehydroergosterol (DHE) acceptor
(Upper) and DHE donor to TFPC acceptor (Lower) as a function
of composition. The probe that is common to each pair, DHE,
partitions favorably into the Zf phase, while TOE and TFPC prefer
the Ld phase. As a result, each trajectory exhibits a U-shaped region
of reduced FRET efficiency marked by an abrupt decrease in signal
at the onset of phase separation from either direction. The phase
boundaries determined by visual inspection (Fig. 1 B and C, blue
shaded regions) are in good agreement with boundaries determined
from NMR (29). FRET data within the Ld+Lf region were fit to
Eq. 1 with probe partition coeflicients as adjustable parameters,
revealing good agreement with a simple tieline model (Fig. 1 B and
C, solid red lines, Table 1). Because TFPC exhibits a large difference
in its intrinsic fluorescence in Ld and Lp phases (SI Appendix,
Fig. S1), we were also able to separately extract its partition coefficient
using Eq. 3. We found similar values from these independent meas-
urements, with KpTFPC =10+ 1and 11 + 1 from intrinsic uores-
cence and FRET, respectively.

Phase Behavior of Asymmetric Bilayers. We then prepared
asymmetric DPPC/DOPC GUVs (aGUVs) using calcium-
induced hemifusion as previously described (23). Symmetric
GUVs of varying DPPC/DOPC ratios were hemifused to a
supported lipid bilayer (SLB) composed of DOPC, resulting in
an overall increase in DOPC concentration (and corresponding
decrease in DPPC concentration) within the outer leaflet of the
aGUVs. The symmetric GUVs contained the far-red probe DiD
to minimize energy transfer from the green probe TFPC that
was included in the SLB. In symmetric DPPC/DOPC vesicles,
DiD colocalized with NBD-DSPE [1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)]
which, like naphthopyrene, was brighter in the elongated domains
with irregular boundaries, indicating that the long saturated chains
of DiD confer preference for the gel phase (S/ Appendix, Fig. S2).
In contrast, TFPC prefers the fluid phase (Fig. 14 and S/ Appendix,
Fig. S§2) and thus segregates from DiD in DPPC/DOPC bilayers.

The extent of asymmetry of individual aGUVs was quantified by
the loss of red fluorescence and gain of green fluorescence as described
in Materials and Methods. Fig. 24 plots the distribution of outer
leaflet exchange percentage of individual aGUVs for four different
initial compositions ranging from 10 to 60 mol% DPPC, the highest
concentration for which we could successfully achieve hemifusion.
Consistent with previous observations (23-26), exchange efficiency
was highly variable, ranging from as low as 10% to ~100% of the
outer leaflet. The phase state of individual aGUVs is also plotted in
Fig. 24, with open symbols indicating uniform vesicles and
half-moon symbols indicating the presence of coexisting Ld+Lf
phases in the aGUV. As expected, GUVs that were in a uniform L4
phase prior to hemifusion (i.e., those with 10 mol% DPPC initially)
remained uniform when the fraction of DOPC in their outer leaflets

Table 1. Probe partition coefficients obtained from
FRET and intrinsic fluorescence data (Kp > 1 indicates
preference for Ld phase)

Intrinsic
Probe FRET" fluorescence’
TOE to DHE DHE to TFPC
TOE 7+1
DHE 0.17 £0.03 0.2 +0.05
TFPC 11 +1 10+1

“data fit to Eq. 1.
'data fit to Eq. 3.
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was further increased. In contrast, GUVs that were phase separated
before hemifusion remained so only up to ~50% exchange of their
outer leaflets. Moreover, the phase separated aGUVs with lower levels
of exchange displayed irregular, faceted shapes (Fig. 2C) suggesting
the presence of gel phase, while the uniform aGUVs with higher
levels of exchange were smooth and spherical (Fig. 2B), suggesting
a relatively fluid character in both leaflets.

For phase-separated aGUVs, equatorial slices showed a pattern of
alternating bright and dark for both DiD and TFPC intensities
because of their distinct phase preference (S Appendix, Fig. S3). An
identical pattern was found in symmetric GUVs (8] Appendix,
Fig. S3) and is consistent with phase registration, i.e., the opposing
leaflets were either both relatively disordered (bright in the green
channel and dim in the red channel) or both relatively ordered (dim
in the green channel and bright in the red channel). In both sym-
metric and asymmetric GUVs, we also observed regions in which
the intensities of the dyes was high, which could arise from domain
antiregistration (i.c., a disordered domain in one leaflet opposite an
ordered domain in the other leaflet). In symmetric GUVs, these
small regions occurred exclusively near domain edges where inten-
sities change rapidly. However, in aGUVs, we occasionally observed
more extensive regions of probe colocalization, suggesting a true
antiregistered (AR) phase in which the outer, TFPC-labeled leaflet
was fluid and the inner, DiD-rich leaflet was gel (SI Appendix,
Fig. $3). We caution that GUVs containing gel phases often show
irregular shapes including “corners” of high curvature (e.g., Fig. 2C)
that can potentially influence probe partitioning, thus precluding a
precise quantitation of registered and AR phase fractions.

Uncertainty in Measured Outer Leaflet Exchange. We used a
method based on maximum likelihood estimation (MLE) to
determine the error in measured exchange, the full details of which
are found in ST Appendix. Briefly, we first defined a transition
region for each experimental trajectory, shown as boxes in Fig. 2A.
The lower boundary of this region marks the highest value of
exchange at and below which only phase separated vesicles were
observed, while the upper boundary marks the lowest value of
exchange at and above which only uniform vesicles were observed.
The probability of observing 7 transition vesicles (red symbols
in Fig. 24) within this region is a function of the total number
of observed vesicles N, the location of the true phase boundary
¢, and the uncertainty in measured exchange fraction O,y i:€o

Pr=Pr(m; N, €*, O'EW). We observed a phase boundary in three
experimental trajectories (Fig. 24) with: 1) N = 11, m = 0; 2)
N=11,m=2;3) N=11, m = 3. Usings* = 0.6 and assuming the

same exchange uncertainty for all aGUVs, the most likely value of

o, is thus the one that maximizes the probability:
app

ProcPr (0; 11,06,0, ) X Pr (2; 11,06,0, )

xPr (315,060, ).

We calculated this probability using simulated distributions in
which Te,,, W2 varied from 0.01 to 0.3, as shown in S/ Appendix,

Fig. S11. The uncertainty that maximizes the probability of our
experimental observations is e, = 0.12. This value was then

used to calculate the uncertainty in composition of the aGUV
outer leaflet through standard formulas for propagation of error
(SI Appendix, Eq. $3), assuming a compositional uncertainty
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Fig. 2. Phase behavior of asymmetric DPPC/DOPC GUVs at 22 °C. (A) Distribution of outer leaflet exchange for aGUVs prepared from four different initial
compositions. Each plotted data point represents a single aGUV. The phase state of the final aGUV is indicated by an open or half-filled symbol for uniform or
phase-separated, respectively. Red boxes and symbols represent the transition region and transition vesicles, respectively, used to determine the uncertainty
in measured exchange as described in the text and S/ Appendix (we note that the data points at 0% exchange represent the initial symmetric GUV compositions
and thus have no associated exchange uncertainty). (B and €) aGUVs formed from DPPC/DOPC 60/40 GUVs with either 62.5% (B) or 27.5% (C) outer leaflet
exchange (compositions also marked in panel A). The arrow in C points to a region where order- and disorder preferring probes are colocalized, suggesting an

antiregistered domain. (Scale bar 5 um.)

for symmetric GUVs of 0.05. The compositions and errors
are reported for individual aGUVs in Fig. 3 and SI Appendix,
Tables S1-54.

Interestingly, when the MLE error analysis was conducted sep-
arately for each probe (rather than using their average exchange),
we found that the error in exchange fraction from DiD fluores-
cence (O'gjf = 0.18) is greater than that calculated from TFPC

fluorescence (UETF PC=0.12). Propagation of these uncertainties
a

implies an error for the average exchange fraction of

0.5X V0.12%2 +0.182 = 0.11, a value that is very close to the
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Fig. 3. Asymmetric phase diagram of DPPC/DOPC at 22 °C. Along the
symmetric diagonal line, each plotted point represents the ensemble-averaged
behavior of a single FRET sample (open or closed squares for uniform or
phase-separated, respectively) or the dominant phase behavior of a population
(N = 18 to 54) of symmetric GUVs (open or half-filled circles for uniform or
phase-separated, respectively). All other plotted points represent the phase
behavior of an individual aGUV (Fig. 2). Although the aGUV compositions fall on
vertical (i.e., constant inner leaflet composition) trajectories, the corresponding
data points in the figure are jittered horizontally for visibility.
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value of e, = 0.12 that we obtained from applying the MLE

method directly to the average exchange data.

Asymmetric Phase Diagram From Experimental Data. Fig. 3
shows FRET and microscopy data for all symmetric and
asymmetric compositions plotted in a leaflet—leaflet phase diagram.
The horizontal and vertical axes quantify the fraction of DPPC
in the inner and outer leaflets, respectively; the diagonal line thus
corresponds to symmetric compositions, while off-diagonal points
correspond to asymmetric compositions. Assuming no lipid flip-
flop during the time required to image samples postpreparation
(~5 h), each hemifusion experiment corresponds to a vertical
trajectory through the asymmetric composition space, originating
on the diagonal (the initial symmetric GUV composition) and
moving downward toward the horizontal axis as outer leaflet
exchange proceeds; a vesicle whose outer leaflet was completely
exchanged with DOPC from the SLB would lie at the end of
the trajectory at ¥ pppc puser = 0. The broad range of outer leaflet
exchange observed in individual aGUVs (Fig. 2) results in the
population of multiple points in the asymmetric composition
space, each originating from a few experiments in which multiple
GUVs undergo hemifusion (Fig. 3 circles) and thus facilitating
the construction of a phase diagram.

Theoretical Leaflet-Leaflet Phase Diagrams. Leaflet—leaflet phase
diagrams of asymmetric bilayers have been predicted using mean-
field theories (12—15). We used a simplified theoretical approach
employing a regular solution model with a single parameter each
to describe in-plane and out-of-plane interactions between DPPC
and DOPC, as described in Methods. Fig. 44 summarizes the
salient details of the model, using an in-plane interaction parameter
X =2.25 and an out-of-plane interaction parameter A = 0.2 (both
unitless) that are directly related to the lateral line tension and
midplane surface tension, respectively (12). Three distinct bilayer-
spanning phases are predicted: 1) a disordered-registered (DR)
phase, in which lipids in both leaflets are relatively disordered; 2)
an ordered-registered (OR) phase, in which lipids in both leaflets
are relatively ordered; and 3) an AR phase characterized by low
order in one leaflet and high order in the other. For our particular
choice of interaction parameters, these phases can exist separately
(white regions) or in coexistence: DR+OR (red shaded region),
DR+AR (blue shaded region), OR+AR (green shaded region),
or DR+OR+AR (gray shaded triangle). Within the two-phase
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Fig. 4. Comparison of theoretical and experimental asymmetric phase diagrams. (A) Asymmetric phase diagram calculated from mean field theory with
X =2.25and A = 0.2, as described in Materials and Methods. Schematic pictures show the three possible bilayer-spanning phases: DR, OR, and AR. Solid lines
are tielines, gray-shaded region is a tie-triangle. (B) Phase diagrams for X = 2.25 and A increasing as indicated. (C) aGUV compositions showing phase-separated
(half-filled circles) or uniform (open circles) are reproduced from Fig. 3 and overlaid with phase boundaries from Fig. 4B.

coexistence regions, several tielines are shown. For an idealized flat
bilayer in the absence of asymmetric perturbations (e.g., a solid or
cytoskeletal support, an applied electric or magnetic field, etc.),
the phase diagram is mirrored across the diagonal (symmetric)
line; we omit the upper half for simplicity.

Fig. 4B shows the influence of varying the interleaflet coupling
parameter A at fixed X = 2.25. The fraction of the experimentally
accessible composition space that is not in a phase coexistence
region (i.e., the white regions, where aGUVs would appear uni-
form) increases with increasing A. In particular, the DR+AR arm
of the phase diagram (blue shaded regions) shrinks and ultimately
lifts off the horizontal axis when A > 0.25. As A approaches 0.55,
the three-phase region closes to a single critical point, and the AR
phase can no longer coexist with either registered phase. The single
remaining phase-coexistence region for A > 0.55 is DR+OR (red
shaded region in panel A), and its boundaries and tielines do not
change with a further increase in A.

Fig. 4C shows an overlay of the phase coexistence boundaries from
Fig. 4B and the experimental GUV and aGUV data from Fig. 3.
The experimental data allow us to place limits on A in the DPPC/
DOPC system: 1) a value of A < 0.35 is ruled out by the lack of
phase-separated aGUVs below ¥ pppe puzer = 0-25 2) the observation
of AR phases at some compositions rules out values of A > 0.55.

Discussion

Experimental phase diagrams of symmetric bilayers containing
two or three lipid components have provided valuable insights
into lateral lipid interactions that contribute to the formation of
lipid rafts in cell membranes (7, 8). Crucially, symmetric phase
diagrams do not inform on transverse lipid interactions that can
influence the lateral organization of asymmetric bilayers and thus
may be important for understanding biological membranes that
are often highly asymmetric. Mean-field theories have been used
to predict leaflet—leaflet phase diagrams whose boundaries and
phase regions are distinctive signatures of interleaflet coupling,
but experimental phase diagrams of asymmetric bilayers have
remained beyond reach due to the difficulty of generating asym-
metric lipid distributions in synthetic vesicles. This situation has
changed rapidly in recent years with the development of
cyclodextrin-based methods for exchanging lipids between com-
positionally distinct vesicle pools (30-33), yet the first wave of
studies utilizing these techniques have focused almost exclusively
on preparing and characterizing highly asymmetric vesicles. In the
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context of a leaflec—leaflet phase diagram such as those shown in
Fig. 4, this corresponds to a small subset of compositions near the
horizontal axis. This approach to studying asymmetry sacrifices
the wealth of information encoded in the locations of phase
boundaries, and the number and type of coexistence regions.
Moreover, most of these studies have utilized liposomes of sub-
micron size which precludes measuring the asymmetry of indi-
vidual vesicles.

Here, we have exploited a unique feature of the hemifusion
method for preparing asymmetric GUVs that facilitates the con-
struction of leaflet—leaflet phase diagrams: namely, the ability to
assess the asymmetry and phase state of individual vesicles. It is
fortuitous that the method produces a wide range of asymmetry
as this allows us to populate multiple points on a phase diagram
from a relatively small number of experiments.

Partial Leaflet-Leaflet Phase Diagram of DPPC/DOPC. We report
what is to our knowledge the first experimentally determined
leaflet—leaflet phase diagram for a lipid mixture (Fig. 3). We
found that the region of coexisting registered Ld+Lf phases found
in symmetric DPPC/DOPC bilayers extends partially into the
asymmetric composition space as outer leaflet DPPC is replaced by
the more disordered lipid DOPC. Intriguingly, phase separation
is observed only in aGUVs with lower levels of exchange: vesicles
in which approximately half or more of the outer leaflet DPPC
was replaced by DOPC during hemifusion consistently appear
uniform and fully fluid (Fig. 2B). This observation suggests
that the mismatch free energy—that is, the penalty for creating
domains of an AR phase in which Zf is directly opposite Ld—is
so great as to induce complete mixing of DPPC and DOPC in
the inner leaflet to minimize compositional differences (and thus,
differences in order) across the bilayer once the level of outer
leaflet exchange exceeds 50%. London has termed this outcome
“disordered-leaflet dominance,” in contrast to “separated-leaflet
dominance” in which coexisting phases are observed even after
one leaflet has been completely exchanged (or nearly so) with a

more disordered lipid or lipid mixture (34).

Comparison to Theoretical Phase Diagrams and Estimate of the
Mismatch Free Energy. The simplicity of a binary system invites a
direct comparison with mean-field theories for asymmetric phase
behavior (13). As shown in Fig. 4C, the experimentally determined
asymmetric DPPC/DOPC phase diagram is at least superficially
consistent with predictions from such theories. Specifically, values
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of X ~ 2.25 and 0.35 < A < 0.55 result in phase boundaries that
neatly delineate our observations of phase-separated and uniform
aGUVs. This range of A corresponds to relatively strong interleaflet
coupling in which the tendency of the DOPC-rich outer leaflet to
be uniformly mixed dominates over the tendency of the inner leaflet
composition to phase separate, resulting in completely uniform
bilayers for aGUVs with higher levels of exchange. In the context of
phase behavior, the common notion of interleaflet coupling strength
thus maps directly to the free energy cost of forming domains of an
AR phase in which highly ordered lipids in one leaflet are in direct
contact with highly disordered lipids in the other leaflet.

We can estimate the mismatch free energy y (in units of 4 T/nm?)
of an AR phase using the relationship y ~ Akz T (Ay)? / a, where
Ay is the inner/outer composition difference and « is the average
molecular area (13). As discussed by May (12), y is a midplane surface
tension that effectively competes with the lateral line tension and thus
can influence the partitioning of lipids in both leaflets (and conse-
quently, their local order). The importance of the midplane surface
tension for interleaflet coupling has been hlghhghted in recent per-
spective articles (35, 36). Using 2 = 0.55 nm? and taking the sym-
metric Ld and Lf phase boundary compositions for X = 2.25 as a
reference AR phase, we estimate that y falls in the range of 0.2 to 0.3
fey TInm”. These values are similar to a rough estimate of 0.5 £, 7/nm’
based on an analogy with domain line tension (37), and a Value of
0.1 t00.2 kz7/nm" calculated from MD simulations of ternary mix-
tures (38). Experimentally, Blosser etal. found that the energy
required to deregister L4+Lo domains in symmetric bilayers com-
posed of DPPC/1,2- dlphytanoyl sn-glycero-3-phosphocholine/chol
was 0.016 £ TInm?* (39), an order of magnitude smaller than our
estimate for the mismatch free energy of DPPC/DOPC aGUVs. It
seems reasonable that a midplane interface between gel and fluid
domains would be more unfavorable than that between two liquid
phases, but this remains to be explored.

Type IA and 1A Phase Diagrams. Were the mismatch free energy
much smaller than our estimated value of ~0.25 k,z7/nm’, the
penalty for the AR phase would be small and the phase boundarles
of the symmetric bilayer (i.., along the diagonal line) would extend
nearly vertically to the horizontal axis (see, e.g., Fig. 4B with A =
0.05). In that case, all aGUVs formed from initially phase-separated
GUVs would remain phase-separated as their outer leaflets were
replaced with the more disordered lipid (even those approaching
100% replacement), and tielines in the DR+AR region would be
nearly horizontal, reflecting essentially uniform mixing within the
relatively disordered outer leaflet. In a scenario of slightly larger A
(i.e., increased free energy cost of creating AR phase), the system
now faces competing demands of maintaining lateral segregation
of saturated and unsaturated lipids in the inner leaflet while
simultaneously minimizing the impact of an ever-greater midplane
surface tension within AR domains at higher levels of exchange.
The compromise is to slightly weaken lateral segregation within the
inner leaflet (quantified by the narrowing of phase boundaries of
the DR+AR arm) and slightly strengthen lateral segregation within
the outer leaflet (quantified by the increased tilt of DR+AR tielines).
These changes in partitioning effectively reduce the difference in
order of the gel and fluid leaflets of the AR domain: the gel phase
becomes less ordered and the fluid phase becomes more ordered,
thus lowering the midplane surface tension.

The regime of lower A just described (i.e., A < 0.25 for X =
2.25) corresponds to London’s definition of separated-leaflet dom-
inance (34), where coexisting phases are clearly present in highly
asymmetric vesicles and lipids in the disordered leaflet—at a
composition that would be uniformly mixed in symmetric bilay-
ers—are instead partially segregated. This behavior has been
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observed experimentally in asymmetric vesicles: 1) in aGUVs
preparedbyhemifusionand composed of 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC)/DOPC/Chol, where initially symmetric
GUVs with Ld+Lo domains remained visually phase separated
even after nearly all of the outer leaflet DSPC was replaced with
DOPC/Chol (at similar chol fraction as the inner leaflet), and a
dye localized to the outer leaflet showed nonuniform partitioning
between the domains (23); 2) in visually phase separated aGUVs
where egg-SM was introduced into the outer leaflet of DOPC/
Chol GUVs by cyclodextrin, and an order-preferring dye localized
to the inner leaflet colocalized with an order-preferring dye in the
outer leaflet (40). A similar behavior has also been reported in
asymmetric SLBs (41) and planar bilayers (42). Furthermore, the
disordering of outer leaflet DPPC-rich gel domains opposite a
fluid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
leaflet has been observed in asymmetric LUVs and is likely
explained by weakened segregation of DPPC and POPC in the
outer leaflet (43). To summarize, previous observations in asym-
metric bilayers of both induced order in the leaflet enriched in
unsaturated lipids, and induced disorder in the leaflet enriched in
saturated lipids, can be understood in terms of the interplay
between line tension and midplane surface tension.

Returning to Fig. 4, values of A > 0.25 cause the DR+AR phase
region to lift off the horizontal axis until eventually, at A > 0.55,
AR and DR phases can no longer coexist. In this regime, only a
single coexistence region of registered phases (DR+OR) remains,
and only at lower levels of asymmetry; higher levels of asymmetry
result in a uniform asymmetric phase (discussed further in the
next section). This behavior has also been reported in asymmetric
planar bilayers (42) and in asymmetric LUVs composed of satu-
rated PC/DOPC/Chol, when the chain length of the high-melting
saturated PC lipid was 14, 15, or 16 carbons (34).

Our findings here, together with experimental observations
mentioned above, imply that the full range of phase diagram mor-
phologies demonstrated in Fig. 4B may be experimentally acces-
sible in simple 2- and 3-component mixtures of phospholipids
and chol. This suggests a need for updated nomenclature to classify
these systems and facilitate their comparison. In analogy to the
Type I/Type 1I notation introduced by Feigenson (44), where 1
and II refer to the number of macroscopic coexisting phases at
high chol concentrations, we suggest Type IA/Type IIA to refer to
asymmetric phase diagrams in which either one (Type IA) or two
(Type IIA) macroscopic phases are observed in highly asymmetric
vesicles. Thus, phase diagrams in Fig. 4 with A < 0.25 would result
in Type IIA behavior and those with A > 0.25 would result in
Type IA behavior. As mentioned above and noted previously by
Williamson and Olmsted (15), this classification scheme maps
directly to London’s coupling dominance model (34), with Type
IA and Type IIA behavior corresponding to disordered-leaflet
dominance and separated-leaflet dominance, respectively.

The Uniform Asymmetric Phase Is a Unique State of Matter.
As mentioned previously, Wang and London (34) reported
suppression of Ld+Lo phase separation in saturated PC/DOPC/
Chol asymmetric vesicles when the chain length of the saturated
PC was 16 carbons or shorter (34). We report here a similar
observation of uniformly mixed bilayers formed by DPPC/DOPC
aGUVs at higher levels of exchange (i.e., Type IA behavior). The
uniform asymmetric “phase” is a quasiequilibrium state that exists
only in asymmetric bilayers at time scales much shorter than lipid
flip-flop, which occurs with a halftime of several days in liposomes
at room temperature (45). In this unique state of matter, the
more ordered leaflet, though well-mixed, has a composition that is
thermodynamically unstable in isolation and would separate into
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coexisting ordered and disordered phases in a symmetric bilayer.
It is prevented from demixing in the asymmetric bilayer only by
the free energy cost of creating a highly ordered domain (in our
case, 2a DPPC-rich L domain) that must then share a high-energy
interface with a disordered Ld phase in the opposite leaflet. The
uniform asymmetric phase is essentially unexplored in membrane
structural biology; a thorough characterization of its structural
and mechanical properties may yield important insights into the
behavior of cellular PMs.

While our experiments say little about the biophysical properties
of the uniform asymmetric phase, it is notable that these aGUVs
appear spherical rather than faceted (Fig. 2B), suggesting that the
inner leaflet has a fluid rather than gel-like character despite its rel-
atively high DPPC concentration. A similar observation was obtained
from neutron scattering experiments of asymmetric LUVs prepared
by cyclodextrin exchange of DPPC into POPC vesicles, where
approximately one-third of the outer leaflet POPC was replaced by
DPPC (43). Importantly, POPC vesicles are slightly more ordered
than DOPC vesicles. While the scattering data in that study were
consistent with coexisting ordered+disordered environments in the
outer leaflet (in contrast to the fully uniform vesicles observed here),
the DPPC-rich ordered phase had a markedly lower area per lipid
and thickness than typical gel phases, suggesting partial fluidization
due to the influence of the disordered POPC-rich leaflet. It remains
to be seen whether the uniform asymmetric phases observed here
are heterogeneous on submicron length scales.

Implications for Biological Membranes. Our experimental system
attempts to mimic the difference in order between outer and inner
leaflets of mammalian PM, with three major differences. First, in
our system, the inner leaflet contains a mixture of low-melting and
high-melting lipids (similar to the PM outer leaflet) and our outer
leaflet becomes progressively more disordered with increasing levels
of exchange (similar to the PM inner leaflet). Second, the aGUVs in
our study contain no chol, a major component of animal cell PM.
Third, because of the lack of chol, the ordered phase in our aGUVs
is gel (Lp), as opposed to the Lo phase found in the PM. Because of
these differences, we are cautious about extrapolating our findings
to biological membranes. However, observations in chol-containing
aGUVs with coexisting Ld+Lo phases (discussed in the previous
sections) suggest that both Type IA and Type IIA behaviors may
be biologically relevant, depending on the types of lipids present
in the bilayer and the extent of their asymmetry. A corollary is that
cells may have the ability to tune phase boundaries and the types of
bilayer-spanning phases present (i.e., registered or anti-registered) by
changing the composition and/or asymmetric distribution of PM
lipids. We now speculate on a few such possibilities.

As one example, phase diagrams enable predictions for how
changes in membrane composition that influence PM inner or
outer leaflet order can in turn alter biological domains such as
lipid rafts. For example, lipids or exogenous molecules that localize
to domain interfaces (i.e., linactants) can reduce the energy penalty
associated with in-plane contacts between order-preferring and
disorder-preferring lipids, thus narrowing the size of the miscibil-
ity gap in which multiple bilayer-spanning phase can coexist
(equivalent to lowering the value of X in the mean field model).
On the other hand, any molecule that partitions favorably to the
bilayer midplane would lower A and expand the miscibility gap,
possibly also creating AR phases. Such midplane partitioning
might be favorable for small hydrophobic molecules and has
been observed experimentally for short-chain alkanes (46) and
even chol (47, 48). Importantly, the number and types of
bilayer-spanning phases are governed by a competition between
in-plane and out-of-plane interactions embodied by X and A in

PNAS 2023 Vol.120 No.46 2308723120

the mean field theory. Any change in the composition of either
leaflet can in principle alter the balance of these interactions and
change the underlying phase diagram.

Another, distinct way of traversing the asymmetric phase space
involves the action of lipid translocases (i.c., flippases, floppases, or
scramblases). Translocase activity alters the distribution of lipids
between leaflets while maintaining fixed overall bilayer composition.
In the context of a leaflet—leaflet phase diagram, this corresponds to
movement along trajectories perpendicular to the symmetric diago-
nal which—depending on the pre-flip-flop composition—can result
in phase transitions (15). Phase diagrams like those shown in Fig. 4C
thus offer a potential explanation for numerous observations of mac-
roscopic liquid phase coexistence in giant PM vesicles (GPMVs),
but not in the parent cells from which they were derived (49-53).
Although quantitative data are scarce, GPMV permeability to hydro-
philic solutes suggests at least partial if not complete loss of asym-
metry during the blebbing process (54). Assuming a highly
asymmetric initial composition for the PM of the resting cell (i.c., a
location in the lower right portion of the phase diagram), scrambling
corresponds to movement up and to the left (i.e., toward the sym-
metric diagonal) and—depending on the extent of scrambling—
across a phase boundary, resulting in the formation of large domains.
It was recently reported that GMPVs produced by N-ethyl maleim-
ide (NEM) treatment retain more asymmetry than those produced
by dithiothreitol/paraformaldehyde treatment (55). Intriguingly, the
same study also found that NEM-induced GPMVs showed enhanced
domain stability after their asymmetry was destroyed, further sup-
porting the hypothesis that rafts in native cells may be suppressed
by strong interleaflet coupling but poised for formation upon scram-
bling. This mechanism may also be relevant to the normal function
of healthy, nonapoptotic cells, as it is increasingly clear that transient
and reversible loss of asymmetry can be associated with intercellular
communication and intracellular signaling events (56).

Flip-Flop in Asymmetric GUVs. The aGUYV data reported in this
study were collected within 5 h of aGUV preparation to minimize
flip-flop. Although we did not directly assay for flip-flop, we
note that in previous studies, aGUVs prepared by hemifusion
have been shown to retain their asymmetry for at least several
hours postpreparation as evidenced by nearly complete dithionite
quenching of the dye that was introduced into the outer leaflet
(23). Along similar lines, Steinkiihler et al. used dithionite
quenching to demonstrate a highly asymmetric distribution of
NBD-PG in GUVs 1 h after electroformation, with a substantial
(though not complete) loss of probe asymmetry after 26 h (57).
While the dye is itself a unique component of the system with
a flip-flop rate that is potentially different from the host lipids,
direct measurements of DPPC and POPC flip-flop rates by proton
NMR also suggest that flip-flop should be minimal over the course
of several hours at room temperature (43, 45).

Uncertainty in Measured Exchange of aGUVs. We found that the
error in exchange fraction is 1.5-fold greater when calculated from
DiD fluorescence compared to TFPC fluorescence (0'2 jf =0.18,
o{i f € =0.12). It is not clear if this is due to differences in probe
photophysical properties (e.g., brightness, photostability) or to
potentially different sources of error for the two probes. The latter
might be expected, given that their role in the experiment is very
different: DiD is incorporated into the electroformed GUVs and exits
the GUV during hemifusion, while TFPC is incorporated into the
SLB and enters the GUV during hemifusion. It is notable that, were
the error in DiD exchange only slightly greater (V3-fold larger than
that of TFPC, or 0.21), there would be no advantage to averaging the
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two measurements, since the value derived from TFPC alone would
have greater precision than the mean. Further investigation of the
sources of uncertainty and how they propagate for these and other
probes will undoubtedly lead to improved accuracy of measured
aGUV composition.

Compositional Uncertainty of aGUVs. The error in aGUV outer
leaflet composition (calculated by propagating the uncertainty of
the exchange measurement using S/ Appendix, Eq. $3) ranges from
0.022 to 0.084 in DPPC mole fraction, depending on both the
initial DPPC concentration prior to exchange and the amount of
outer leaflet exchange (Fig. 3). For a given fraction of exchanged
lipid, uncertainty increases with initial DPPC concentration, while
for a given initial DPPC concentration, uncertainty decreases with
increasing fraction of exchange (S7 Appendix, Tables S1-S4).

The uncertainties we report, based on a maximum likelihood
estimation, suggest that the compositional variability of individual
aGUVs prepared by hemifusion is in some cases larger than pre-
viously appreciated. One complicating factor when gel phases are
present is the effect of a nonspherical vesicle shape on the measured
fluorescence intensity values used to quantify exchange. This
results in greater pixel-to-pixel variation in intensity that in turn
propagates into the compositional error and as such is reflected
in the larger uncertainties we report here. A rigorous error analysis
would need to account for these effects, as well as uncertainty
introduced by a host of other factors including probe partitioning
and variability in the average fluorescence of GUVs prior to hemi-
fusion. Such a treatment is beyond the scope of this study but is
the subject of ongoing investigation by our groups. We instead
chose here to estimate the uncertainty directly from the data, i.e.,
using the observation of transition vesicles to infer the underlying
distribution which is itself a function of the compositional uncer-
tainty. This method in principle captures all contributing sources
of random error while minimizing assumptions.

Importantly, our primary resul—namely, the observation of a
phase boundary in the asymmetric composition space, and its impli-
cations for interleaflet coupling—is not obscured by the composi-
tional uncertainty of individual aGUVs due to the large number of
vesicles that were analyzed (V = 45) and their broad compositional
coverage. This claim is further supported by simulated replicate
experiments with similar noise (S Appendix, Fig. S8), each of which
still clearly shows the presence of a phase boundary.

Summary and Outlook

We have determined what is to our knowledge the first leaflet—leaflet
phase diagram for an asymmetric lipid bilayer that roughly mimics
the difference in leaflet order of an animal cell PM. We used asym-
metric GUVs prepared by hemifusion, which resulted in a broad
distribution of asymmetric compositions that facilitated the con-
struction of a phase diagram. In aGUVs with less than 50% outer
leaflet exchange, we find as many as three distinct types of bilayer-
spanning phases in coexistence: a registered ordered phase, a regis-
tered disordered phase, and in some cases an AR phase characterized
by a relatively disordered outer leaflet and a relatively ordered inner
leaflet. In contrast, vesicles with greater than 50% exchange appeared
uniform, suggesting a high energy penalty for the creation of AR
phase at these compositions. The system instead responded by abol-
ishing phase separation entirely, an outcome consistent with previous
reports of “uniform leaflet dominance” in asymmetric liposomes
(13). A key takeaway is that symmetric phase diagrams cannot be
relied upon to infer the phase behavior of an asymmetric bilayer,
because lateral organization of lipids in both leaflets can be dramat-
ically altered by unfavorable interleaflet interactions.

https://doi.org/10.1073/pnas.2308723120

Our results highlight the utility of a physical chemistry-based
approach for studying the mixing behavior of complex, asymmetric
biological membranes. In particular, an experimental phase diagram
combined with simple mean field theory provides an intuitive frame-
work for understanding how leaflet phase behavior is coupled in
asymmetric membranes, and predicting how such membranes might
respond to perturbations in leaflet composition. Still, obvious limi-
tations exist. We chose a binary phospholipid mixture (rather than
a more biologically relevant chol-containing ternary mixture) pre-
cisely because experimental observations could be straightforwardly
mapped to the asymmetric composition space and thus, easily com-
pared to theoretical predictions. The addition of chol is more com-
plicated still, as it rapidly samples not only coexisting environments
within a given leaflet, but also the two leaflets themselves due to its
intrinsically faster rate of flip-flop. For chol-containing ternary mix-
tures, one possibility is to ensure that chol’s chemical potential
remains constant throughout the composition space, allowing it to
be omitted from the phase diagram entirely. This could be achieved
by matching chol’s chemical potential in the symmetric phase sepa-
rated GUVs and the supported bilayer used for hemifusion. The
symmetric diagonal of the phase diagram would thus correspond to
a symmetric Ld+Lo tieline. Such an experiment should be feasible
given recent reports that chol chemical potential can be measured
in synthetic liposomes (58).

Materials and Methods

Chemicals. DPPCand DOPC were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). Chol was obtained from Nu Chek Prep. HEPES [4-(2-hydroxyethyl)-1-p
iperazineethanesulfonic acid], NaCl (sodium chloride), CaCl, (calcium chloride),
EDTA (ethylenediaminetetraacetic acid), and sucrose were from Sigma-Aldrich (St.
Louis, MO, USA). Phospholipids were dissolved in chloroform to prepare working
stock solutions, the concentrations of which were determined to within 1% using
an inorganic phosphate assay (26). Lipid purity was determined to be > 99%
using thin-layer chromatography (TLC); ~20 pg of lipid was diluted in chloro-
form and spotted onto prewashed, activated silica gel GHL plates (Analtech) and
subsequently developed with chloroform/methanol/water (65/25/4). Chol stock
purity was checked with TLC in petroleum ether/diethyl ether/chloroform (7/3/3).

Fluorescent dyes ergosta-5,7,9(11),22-tetraen-3p-ol (DHE, Sigma-Aldrich),
NBD-DSPE (Avanti), 1-palmitoyl-2-(dipyrrometheneboron difluoride)undecanoyl-
sn-glycero-3-phosphocholine (TFPC, Avanti), 1,1’-dioctadecyl-3,3,3’,3'-tetrameth
ylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD, ThermoFisher Scientific,
Waltham, MA), naphtho[2,3-a]pyrene (naphthopyrene, Tokyo Chemical Industry Co.,
Tokyo, Japan), and TOE (synthesized in the laboratory of Erwin London) were prepared
as stock solutions in chloroform. The concentration of dyes diluted in methanol was
measured with absorbance spectroscopy. Excitation coefficients were 12,900 (M
cm) ™" at 324 nm for DHE; 23,749 (M cm) ™" at 454 nm for naphthopyrene; 91,800
(Mcm)™" at 504 nm for TFPC; 270,000 (M cm) ™" at 644 nm for DiD; 21,000 (M cm)™
at466 nm for NBD-DSPE; and 5,500 (M cm) ™" at 280 nm for TOE. We also confirmed
purity of the dye stocks as >99% using TLC.

Sample Preparation for Fluorescence Spectroscopic Measurements.
Samples for fluorescence spectroscopic measurements were prepared by rapid sol-
vent exchange (RSE) (59). Lipids and dyes dissolved in chloroform were dispensed
into 13 x 100 mm glass tubes with FEP-lined screw caps using a 25-pL glass syringe
attached to a repeating dispenser (Hamilton Co.).A0.5 mLaliquot of aqueous buffer
(5 mMPIPES [piperazine-N,N"-bis(2-ethanesulfonic acid)], 200 mM KCl, 1 mM EDTA,
pH 7.0) was added to the tube, which was then placed undervacuum for 1 min while
vortexing. This procedure rapidly removes the chloroform and results in fully hydrated
bilayers containing one to a few lamellae (36). Samples were sealed with argon and
placed inawaterbath at 55 °C, then slowly cooled to 22 °Cat a rate of 1.4 °C/h. In this
manner, trajectories with 41 total samples of varying composition (XDPPC ranging
from 0to 1), each with a fixed concentration of TOE (1/100 probe/lipid), DHE (1/100),
and TFPC(1/1,500) were prepared. The three probes constitute two FRET pairs: TOE
donor to DHE acceptor, and DHE donor to TFPC acceptor.
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Fluorescence Measurements. Fluorescence intensity was measured with
a spectrofluorimeter model F7000 (Hitachi High Technologies America,
Schaumburg, IL) equipped with a high-sensitivity cell holder using excitation
and emission slit widths of 5 nm and integration time of 10 s. Additionally, light
scattering was monitored by setting both the excitation and emission wavelength
to 400 nm. We used the following excitation and emission wavelengths to meas-
ure the intensity of individual probes: TOE, Ag,/Ae, = 284/335 nm; DHE, A /Ay
=327/393; and TFPC, Ay, /A, = 500/520 nm. FRET was measured as sensitized
acceptor emission upon donor excitation using the following wavelength com-
binations: TOE/DHE, A, /A, = 284/393; and DHE/TFPC, Ay, /A, = 327/520 nm.

FRET Data Analysis. FRET trajectories were fit with the equation

FkPKA = £ )+ Fif

FRET(f ;) = (1]

(k241 = ket T + (1 = oty |

where KpD and K# are the partition coefficients of the FRET donor and acceptor,
respectively (with K, > T indicating preference for the Ld phase), F,;and F,;are the
observed FRETvalues at the compositions marking the Ld and LB tieline endpoints

at compositions x4, and )(g”PPC, respectively, and f,, is the mole fraction of gel

phase present at the phase-separated composition y s, given by the lever rule:
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f”’ =T 4
X ppec ~ X pprc
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Tieline endpoints were determined from the trajectory by visual inspection
as compositions where FRET changed abruptly. Moreover, K, of TFPC was inde-
pendently measured in single-dye fluorescence experiments described below,
allowing us to determine K, of the second dye from fitting FRET data to Eqs. 1
and 2 using a single free parameter.

Single Dye Fluorescence to Determine Probe Partition Coefficients.
Sample trajectories were prepared as described in the previous section except that
here, a single fluorescent dye (TFPC) was used ata probe/lipid ratio of 1/1,500.The
fluorescence intensity of TFPC is sensitive to its local environment; specifically, it
is markedly dimmer in the gel phase compared to the Ld phase, thus providing
ahandle for measuring its partitioning between these phases (19). Fluorescence
intensity / as a function of gel phase mole fraction f, was fit with the equation

/Lde“ - f[ﬁ) + l[ﬁf[ﬁ

K+(1-K)f, (3]

(fip) =
where /,; and /,; are the observed fluorescence intensity values at the composi-
tions marking the pure Ld and LB tieline endpoints and all other parameters are
as previously defined. Thus, with the knowledge of the phase boundaries, we
used Eq. 3 to determine the K, of TFPC (Fig. 2).

Preparation of GUVs. GUVs were prepared by electroformation as previously
described (60). Briefly, a mixture of lipids and DiD (1/2,500 probe/lipid) diluted in
chloroform was spread onto the ends of two indium tin oxide-coated glass micro-
scope slides (Delta Technologies, Loveland, CO). Residual chloroform was removed
by placing the slides in a heated chamber attached to a vacuum pump; the chamber
was maintained at low pressure and 45 °C for 2 h. Asandwich was formed from the
two slides using an O-ring spacer filled with 100 mM sucrose solution and placed
intoan aluminum holder heated to 50 °C. GUVs were formed by applying a 1V peak-
to-peak, 5 Hz waveform to the sandwich for 2 h while the holder was maintained at
50 °C, followed by slow cooling to 22 °C at a rate of 1.4 °C/h. GUVs were harvested
from the chamber and stored in plastic microfuge tubes prior to imaging.

Preparation of SLBs. SLBs were prepared by vesicle deposition. First, paucil-
amellar vesicles composed of DOPC with trace TFPC (1/1,500 dye/lipid ratio)
were prepared using the RSE procedure described above. The sample volume
of 1.2 mL(2.5 mM total lipid concentration) was then divided into two 0.6 mL
samples that were separately sonicated for ~20 min in a circular bath sonicator
(Sonblaster, Narda Ultrasonics Co., Mineola, NY). The initial RSE samples were visi-
bly cloudy, but sonicated samples appeared transparent, indicating the formation
of small unilamellar vesicles (SUVs). The two SUV samples were then combined
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and diluted with an equal volume of 1 M NaCl solution before aliquoting into a
four-well Lab-Tek Il chambered cover glass dish (Thermo Fisher Scientific) that
had been treated with 1 M KOH, copiously rinsed with Milli-Q water, and plasma
cleaned as previously described (23). The SUV solution was added to the dish and
held at4 °Cfor 2 h to form the SLB.To remove lipid aggregates attached to the SLB
surface, the dish wasimmersed in a 2-L beaker filled with Milli-Q water and a plas-
tic 10 mLsyringe was used to gently flush each well. Surface coverage and lipid
mobility were assessed with FRAP prior to subsequent hemifusion experiments.

Preparation of aGUVs by Hemifusion. Asymmetric GUVs were prepared as
previously described (23). Briefly, 20 to 25 L of symmetric GUVs were added
to the SLB chamber in 5 pl aliquots. After sufficient time to allow the GUVs to
settle by gravity and establish close contact with the SLB, a Ca>*-containing buffer
(HEPES 25 mM, NaCl 25 mM, CaCl, 10 mM, pH 5, 103 mOsm/kg) was added to
initiate hemifusion. Hemifusion was monitored with confocal microscopy, as the
lipids and fluorophore (TFPC) initially in the SLB diffused into the GUV outer leaflet
and were replaced by lipids and ﬂuoroehore (DiD)initially in the GUV. After 20 to
30 min, EDTA was added to chelate Ca** and prevent further fusion, and aGUVs
were detached from the SLB by gentle pipet mixing.

Observation of GUVs with Confocal Microscopy. Images of GUVs were col-
lected with a Nikon Eclipse C2+ laser scanning confocal microscope equipped
with a Plan Apo VC 60x AWI DIC N2 objective and NIS-Elements Basic Research
software (Nikon Instruments, Melville, NY). A one-way scan direction was used
with scan speed set to 0.5.TFPC and DiD were excited with 488 nm and 640 nm
laser lines at 7% and 10% laser power (scale 0 to 100%), respectively. For both
probes, the gain was 85 (scale 0 to 255) and the offset was 0. Polarization artifacts
were corrected by inserting a quarter wavelength plate (Thermo Fisher Scientific)
into the excitation path as previously described (23).

Estimating Lipid Exchange from Dye Intensity Measurements. Fluorescence
intensity profiles / vs. & were calculated from confocal slices at the equators of
GUVs and aGUVs using built-in routines in ImageJ and Mathematica as previously
described (23).The total intensity was also calculated by summing the intensity for
allangles @ = 0to 360°.The percentage of lipid exchange Pwas then calculated
for each individual aGUV by comparing its total intensity to the average intensity
measured in a set of symmetric control GUVs containing only TFPC or DiD at their
respective initial concentrations of 1/1,500 and 1/2,500. Each probe thus provides
an independent estimate of percent exchange, calculated as

Ia

Preoc = 222 % 100%, (4]
IGUV
I
PD,.D=2<1—M)X1OO%, (5]
GUV

where( I5,, )is the average intensity of the set of symmetric control GUVs and /5,
isthe intensity of an aGUV. As in previous studies using the hemifusion method (23),
we considered only vesicles in which the percentage of lipid exchange calculated
from TFPC and DiD agreed to within 20%. Indeed, a large disagreement would be
expected in the event of multiple lamellae or full fusion, and the 20% criterion thus
serves to filter out vesicles that are likely to harbor artifacts.

The errorin Pypcand Py was determined from a maximum likelihood method
described briefly in Results and in detail in S/ Appendix. We used the average of
Prepc and Py to estimate the outer leaflet lipid composition of the aGUV,

Z?)g%,out =(0- P/100)}([G)gi‘7/6’ (6]
assuming that the rate of exchange of lipids is equal to that of the probes. In
Eq. 6,;(%6 is the initial composition of the symmetric GUV prior to hemifusion,
and Prepresents the mean value calculated from Py and Py, Error in the lipid
composition of the outer leaflet, 2%  was estimated by propagating the

DPPC,out’
uncertainty in Pyc and Py, using S/ Appendix, Eq. S3.

Theoretical Asymmetric Phase Diagrams. We used a previously described
mean-field theory to calculate asymmetric phase diagrams (13). Briefly, the phase
regions of an asymmetric binary A-B mixture are controlled by dimensionless param-
eters X and A that quantify nonideal in-plane and out-of-plane interactions of the
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lipids, respectively. X embodies the effective strength of nearest-neighbor inter-
actions and thus describes the nonideality of the mixture; a large, positive value of
X increases the extent of the miscibility gap along the diagonal line of the phase
diagram as shown in Figs. 3 and 4. A embodies the coupling strength between the
two leaflets, penalizing differences in their order; a large, positive value of A implies
a high energy cost of maintaining distinct phases in opposing leaflets. X and A
are thus directly related to the lateral line tension and midplane surface tension,
respectively, and the phase boundaries and phase regions in the leaflet-leaflet phase
diagram represent a compromise between their competing tendencies (12).

Phase boundaries were calculated by minimizing the local free energy of the
bilayer,

o e ) = () (50) + A= 350P 17]

where y e and y %5l referto inner and outer leaflet compositions of the binary

DPPC/DOPC mixture and f,, is the local leaflet free energy,

fu <A)PPC ) Z)(/DPPcln bPPc"' (1 _)f/bPPc> In (1 _IIbPPc>
+X}flbppc<1 _)(IbPPC)’

that depends on leaflet composition ;(’L)PPC, for j = inner or outer.

(8]
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