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ABSTRACT This study investigated the incorporation of triacylglycerol droplets in the bilayers of giant unilamellar vesicles
(GUVs) using four triacylglycerols and four phosphatidylcholines by confocal laser scanning microscopy. The triacylglycerol
droplets were incorporated between the monolayer leaflets of the GUVs. Among the spherical droplets protruding on only
one side of the bilayers, the droplets bound to the outer leaflets outnumbered those bound to the inner leaflets. The more
frequent droplet binding to the outer leaflet caused transbilayer asymmetry in the droplet surface density. A vesicle consisting
of a single-bilayer spherical segment and a double-bilayer spherical segment was also observed. The yield of these vesicles was
comparable with or higher than that of the droplet-incorporating GUVs for many of the phosphatidylcholine-triacylglycerol com-
binations. In a vesicle consisting of single-bilayer and double-bilayer segments, most of the triacylglycerol droplets were local-
ized on the outermost membrane surface along the segment boundary and in the double-bilayer segment. To rationalize the
formation of these vesicle structures, we propose that the transbilayer asymmetry in the droplet surface density induces spon-
taneous curvature of the bilayer, with the bilayer spontaneously bending away from the droplets. Energy calculations performed
assuming the existence of spontaneous curvature of the bilayer corroborated the experimentally determined membrane shapes
for the vesicles consisting of unilamellar and bilamellar regions.

SIGNIFICANCE Phospholipid bilayers have energetically preferred curvature, which is referred to as bilayer

spontaneous curvature. Bilayer spontaneous curvature regulates the membrane shape and affects cellular processes. The
roles of the phospholipid composition, sugars, ions, polymers, and proteins in bilayer spontaneous curvature have been
investigated. However, the interplay between bilayer spontaneous curvature and fat droplets is not well understood. Fat is
stored in lipid droplets, which emerge from the endoplasmic reticulum membrane, consisting of bilayer sheets and tubules
with various bilayer curvatures. It is therefore important to decipher the role of bilayer curvature in lipid-droplet biogenesis.
In this work, we considered the curvature to understand the interaction between a fat droplet and a phospholipid bilayer.

INTRODUCTION neutral lipid composition, because the characteristics of
phospholipid membranes and neutral lipids vary with these
parameters (4,5).

Model membrane systems are useful for dissecting the in-
fluence of various parameters. Previous studies have used
phospholipid monolayers created at the TAG-water inter-
face to clarify the behavior of TAG molecules in monolayers
(6,7). Supported lipid bilayers have also been used to inves-
tigate the Ostwald ripening of TAG droplets occurring via
TAG diffusion across phospholipid bilayers (8,9). Another
useful model system is giant unilamellar vesicles (GUVs).
Seminal studies have shown that GUVs easily incorporate
TAG droplets upon exposure to a TAG emulsion (10,11).
After the incorporation of a TAG droplet in a GUV, the

Lipid droplets are intracellular organelles that are involved
in energy production and lipid metabolism (1,2). Their
structures consist of a neutral lipid core surrounded by a
phospholipid monolayer containing proteins (1-3). The
main components of the neutral lipid core are triacylglycer-
ols (TAGs) and cholesteryl esters. To understand the proper-
ties and functions of lipid droplets, the basic principles in
the interaction between neutral lipids and phospholipids
should be understood. Investigation of the interaction mech-
anisms requires accurate control of multiple parameters,
such as the temperature, phospholipid composition, and
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verify the effect of the membrane tension on the direction of
droplet budding (10).

In this study, we focused on bilayer spontaneous curva-
ture. When all properties are symmetric across the bilayer
midplane, the two monolayer leaflets are indistinguishable;
therefore, the bilayer prefers a planar structure. However,
when the bilayer consists of asymmetric leaflets across the
bilayer midplane, it may bend spontaneously (12). This cur-
vature is referred to as bilayer spontaneous curvature, which
occurs because of various transbilayer asymmetries. For
example, the attachment of a flexible polymer to one leaflet
through a polymer end generates bilayer spontaneous curva-
ture to enhance the entropy of the polymer chain (13).
Lateral protein crowding on one leaflet (14) or asymmetric
binding of crescent-shaped proteins (15,16) also induce
spontaneous curvature. Furthermore, the asymmetric
adsorption of monovalent or divalent ions results in sponta-
neous curvature owing to local phospholipid condensation
mediated by the adsorbed ions (17,18). Other examples of
transbilayer asymmetry that induce bilayer spontaneous cur-
vature include an asymmetric phospholipid distribution
(19), the asymmetric oxidation of unsaturated phospholipids
(20), and the inclusion of different sugars across the bilayer
(21). Despite the various mechanisms, the induced sponta-
neous curvature typically leads to a vesicle shape transition,
such as tubulation (14,18,19) or vesicle budding (13,20).

Lipid droplets form at the endoplasmic reticulum (ER)
membrane (22). TAG is synthesized in the ER bilayer and
accumulates to create a lens structure. The TAG lens subse-
quently grows to bud into the cytosol. The ER is a contin-
uous membrane network consisting of sheets and tubules
characterized by different bilayer curvatures (23,24).
Thus, understanding the role of bilayer curvature in lipid-
droplet biogenesis is important. TAG lenses form at ER tu-
bules (25). A previous study reported that TAG molecules
more readily assemble to form a cluster in bilayer tubules
than in flat bilayers because highly curved bilayers do not
stably maintain TAG molecules that freely diffuse in the
bilayer (26).

In this study, we investigated the incorporation of TAG
droplets in GUV bilayers using confocal laser scanning mi-
croscopy. We showed that a vesicle composed of a single-
bilayer spherical segment and a double-bilayer spherical
segment readily forms after the incubation of GUVs with
TAG suspensions. We expect that the formation of these ves-
icles is due to bilayer spontaneous curvature.

MATERIALS AND METHODS
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine  ((18:1) phosphatidylcholine
[PC]) (purity >99%), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
((16:0-18:1) PC) (purity > 99%), 1,2-dipalmitoleoyl-sn-glycero-3-phos-
phocholine ((16:1) PC) (purity > 99%), and 1,2-dimyristoleoyl-sn-glyc-
ero-3-phosphocholine ((14:1) PC) (purity > 99%) were purchased from
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Avanti Polar Lipids (Alabaster, AL). The concentrations of the PC stock so-
lutions in chloroform were determined by a phosphorus assay (27). Trieico-
senoin ((20:1) TAG) (purity > 99%), triolein ((18:1) TAG) (purity > 99%),
trihexadecenoin ((16:1) TAG) (purity > 99%), and tritetradecenoin ((14:1)
TAG) (purity > 99%) were purchased from Nu-Check Prep (Elysian, MN).
A fluorescent probe for the PC bilayers, Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt (TR-DHPE), was
purchased from Thermo Fisher Scientific (Waltham, MA). A fluorescent
probe for TAG droplets, 1,2-dioleoyl-3-[11-(dipyrrometheneboron difluor-
ide)undecanoyl]-sn-glycerol (TopFluor TG), was purchased from Avanti
Polar Lipids. The glass coverslips (25-mm diameter, no. 1) were purchased
from Matsunami Glass Ind. (Osaka, Japan).

GUV preparation

The GUVs were prepared by electroformation as follows (28-30). PC was
mixed with TR-DHPE (0.2 mol %) in chloroform. The mixture (3.5 mM
lipid) with a volume of 4 uL was spread onto two platinum electrodes
(0.5-mm diameter) separated by ~1 mm, which were connected to a func-
tion generator (PCGU1000, Velleman, Gavere, Belgium). After removing
the solvent under a nitrogen stream, the electrodes were immersed in su-
crose solution (~300 mM) with a volume of 200 uL. An alternating voltage
with a peak-to-peak amplitude of 2.2 V and a frequency of 10 Hz was
applied for 30 min. A voltage with the same amplitude and a frequency
of 2 Hz was applied for another 5 min.

TAG droplet incorporation in the GUVs

For fluorescence imaging, TAG was mixed with TopFluor TG (0.05 mol %).
The labeled TAG sample was suspended by pipetting it in a salt-containing
sucrose solution (~40 mM NaCl, ~191 mM sucrose, and ~10 mM
NaH,PO4-Na,HPO, [pH 7.4]) with a volume of 30-50 uL to give a TAG
volume ratio of 1%. The addition of salt was required to enhance the droplet
incorporation efficiency in the GUV bilayers. The TAG mixture was soni-
cated for 10 min in an ultrasonic bath, vortexed, and further sonicated for
10 min to form an emulsion solution. The sonication was performed in a
water bath with ice packs to prevent the sample from heating. Immediately
after sonication, 5 uL of the emulsion sample was added to the same vol-
ume of a GUV solution (0.07 mM phospholipid) and mixed by pipetting
slowly four times. The sample was subsequently incubated in the dark for
30 min using a rotating mixer. For fluorescence imaging, the sample (10
uL) was diluted in 40 uL of a glucose solution (~300 mM), followed by
deposition onto a glass coverslip in a poly(dimethylsiloxane) chamber.
The chamber was sealed with adhesive tape to prevent water evaporation
during the observation. The coverslip was fixed in an Attofluor cell chamber
(Thermo Fisher Scientific). The final solution consisted of ~49 mM su-
crose, ~240 mM glucose, ~4 mM NaCl, and ~1 mM sodium phosphate
(pH 7.4). Before sample deposition, the coverslip surface was cleaned
with ethanol and dried in a nitrogen stream.

Confocal laser scanning microscopy

Fluorescence imaging was performed with a Zeiss LSM 900 microscope us-
ing a 63x oil-immersion objective (Carl Zeiss, Oberkochen, Germany).
TR-DHPE and TopFluor TG were excited with 561- and 488-nm lasers,
respectively. The fluorescence signals from both dyes were simultaneously
recorded in confocal imaging mode using two GaAsP detectors. The fluo-
rescence data were analyzed using ImageJ software (31-33).

Osmolarity measurements

We measured the osmolarities of the sucrose solution used to form the
GUVs (~300 mM sucrose) and the sucrose-glucose mixture used to



suspend the GUVs for fluorescence imaging (~49 mM sucrose, ~240 mM
glucose, ~4 mM NaCl, and ~1 mM sodium phosphate [pH 7.4]) in milli-
osmoles per kilogram (mOsm/kg) using a freezing-point osmometer (Os-
momat 3000D, ELITechGroup, Puteaux, France) at UBE Scientific
Analysis Laboratory (Tokyo, Japan). For the unit conversion to mOsm/L,
we determined the densities of the sucrose solution (1.0368 g/mL) and su-
crose-glucose mixture (1.0208 g/mL) using a DMA 35 density meter (An-
ton Paar, Graz, Austria). The osmolarities of the sucrose solution and
sucrose-glucose mixture were 358 (*1) and 337 (= 1) mOsm/L, respec-
tively (n = 3).

Experimental values

All reported values are the mean values (* SE) of n determinations.

RESULTS
TAG droplets incorporated in the GUVs

We used four PCs and four TAGs (Fig. 1) to investigate the
incorporation of TAG droplets in the GUVs. After incuba-
tion of the GUVs with TAG suspensions, we observed uni-
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FIGURE 1
study.

Chemical structures of the (A) PCs and (B) TAGs used in this
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lamellar vesicles with TAG droplets (Fig. 2 A). The radius of
the GUVs was approximately 4 um (Table S1). The
TopFluor TG fluorescence signals from the droplets (green)
were surrounded by the TR-DHPE fluorescence signals
from the membranes (red). Previous studies have reported
that such droplets are sandwiched between the monolayer
leaflets of the GUVs (34,35). Nonspherical droplets
(Fig. 2 A(i) and some spherical droplets (Fig. 2 A(ii)) pro-
truded both outside and inside the vesicles. Other spherical
droplets bound to the outer (Fig. 2 A(iii)) or inner (Fig. 2
A(iv)) leaflet.

We investigated the fractions of the spherical droplets
bound to the outer leaflets (Fig. 2 A(iii)) and those bound
to the inner leaflets (Fig. 2 A(iv)) among all observed drop-
lets embedded in the GUV bilayers. The results (Fig. 2 B)
showed that for most PC-TAG combinations, the fraction
of the droplets bound to the outer leaflets (gray) was high,
whereas the fraction of those bound to the inner leaflets
(black) was very low. The more frequent droplet binding
to the outer leaflets implies that GUVs often had an
asymmetric droplet surface density across the bilayer
membranes.

Formation of vesicles consisting of a single-
bilayer region and a double-bilayer region

In addition to droplet-incorporating unilamellar vesicles, we
often observed vesicles consisting of two spherical seg-
ments with high and low TR fluorescence intensities
(Fig. 3 A). The plane of the intersection of the spherical seg-
ments was devoid of membrane structures (Fig. 3 B). Such
vesicles were not observed in the GUV preparations without
TAGs, suggesting that TAGs altered the membrane struc-
tures. We investigated the shapes of these vesicles using
the intersection angle (f) between the tangent planes to
the spherical segments at a point of intersection of the two
membrane segments (Fig. 3 C). We attributed the segments
of high and low TR fluorescence emissions to double-
bilayer and single-bilayer regions, respectively, as described
later. We visualized vesicles with various ¢ values (Fig. 3
D). The largest value was 180° (Fig. 3 D(v)), which charac-
terizes a round vesicle consisting of two concentric seg-
ments, as depicted in Fig. 3 E(ii).

We ascribed the spherical segments to a single-bilayer
membrane and a double-bilayer membrane based on the
following results. First, the TR fluorescence intensities in
the low and high TR fluorescence regions were similar to,
and approximately two times larger than, those in unilamel-
lar vesicle bilayers, respectively. The image slice in Fig. 3
F(i) shows a vesicle consisting of two membrane regions
(bottom) and a unilamellar vesicle (fop right corner). These
vesicles showed the largest profiles on this image slice. We
examined the TR fluorescence intensity per pixel for the
unilamellar vesicle bilayer enclosed by the blue lines in
Fig. 3 F(ii) (region GUV), as well as those for the membrane
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FIGURE 2 Characterization of the TAG droplets incorporated in the
GUVs. (A) Fluorescence images obtained by simultaneous recording of
the TR-DHPE (red) and TopFluor TG (green) fluorescence signals. The
PC-TAG combinations were (i) (18:1) PC-(20:1) TAG, (ii) (18:1) PC-
(18:1) TAG, (iii) (14:1) PC-(18:1) TAG, and (iv) (14:1) PC-(16:1) TAG.
Scale bar, 5 um (i). All images are in the same scale. (B) Fractions of spher-
ical TAG droplets bound to the outer leaflets (gray, as in A(iii)), spherical
droplets bound to the inner leaflets (black, as in A(iv)), and other remaining
droplets (white) for various PC-TAG combinations (n = 9-35). To see this
figure in color, go online.

regions enclosed by the yellow (region DB) and green lines
(region SB). The distributions of the TR fluorescence inten-
sity (Fig. 3 F(iii)) showed that the fluorescence signals from
the GUV and SB regions were similar, whereas those from
the DB region were nearly twice as high as those from the
GUYV and SB regions. TR fluorescence signals typically in-
crease proportionally to the number of bilayers (36). Thus,
the DB region was seemingly bilamellar. We obtained
further evidence for the identification of the membrane seg-
ments from the vesicle rupture events (Fig. 3 G). When a
vesicle bearing high and low TR fluorescence regions
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(Fig. 3 G(i)) ruptured on the glass surface, the resultant
planar bilayer patch always bound a unilamellar vesicle
(Fig. 3, G(ii) and H). From these rupture data, we estimated
the total bilayer surface area by assuming that the initial
intact vesicle consisted of unilamellar and bilamellar mem-
branes. The total bilayer surface areas before and after
rupture were estimated to be 333 and 347 um?, respectively.
The similar surface areas verified the existence of the single-
bilayer and double-bilayer regions in the intact vesicle. We
therefore concluded that vesicles with sections of different
TR fluorescence intensities consisted of a unilamellar
segment and a bilamellar segment. We expected that the sin-
gle-bilayer and double-bilayer regions were connected, as
depicted in Fig. 3 E.

Of the 222 vesicles, 99.5, 81.1, and 17.6% had TAG drop-
lets along the region boundary, in the double-bilayer region
and single-bilayer region, respectively. In addition, all vesi-
cles that bound droplets on their single-bilayer region had
droplets on their double-bilayer region. Therefore, it seemed
that the droplets were preferably incorporated along the re-
gion boundary and in the double-bilayer region. Droplets in
all regions bound to the outermost membrane surfaces and
protruded to the external solution. In addition, the droplets
were mobile (Fig. 3 I).

We examined the yield of vesicles consisting of single-
bilayer and double-bilayer membranes by counting the
numbers of these vesicles (Nyy) and unilamellar vesicles
incorporating TAG droplets (Ng) under a microscope
(Fig. 3 J). For many of the PC-TAG combinations, the yield
of vesicles with unilamellar and bilamellar regions
(100 X Ng/(Ngq + N,)) was approximately 50% or higher.
Thus, these vesicles were often major membrane structures.

Shape characterization of vesicles consisting of
single-bilayer and double-bilayer regions

We characterized the vesicle shape (Fig. 4 A) using the inter-
section angle (6), the surface area of the single-bilayer
segment (S;), and the surface area of the double-bilayer
segment (Sy). We first determined the coordinates of the
sphere centers (black points in Fig. 4 A) and the radii of
the single-bilayer (R;) and double-bilayer (R;) segments us-
ing a three-dimensional TR fluorescence image. We subse-
quently calculated the 6, 64, and 0 values (Fig. 4 A(ii)). 6
is the sum of 6, and 64, which are the angles between the
line connecting the two sphere centers and the normal lines
to the spheres at a point of intersection of the spherical seg-
ments. We then calculated the S and S4 values. S, equals the
bilayer surface area in the single-bilayer segment and Sq is
half of the bilayer surface area in the double-bilayer
segment. The set of (S4/S9)"? and 6 values determines the
relative vesicle shape (Fig. 4 B(i)). The shapes calculated
at several coordinates (black points) have the same
bilayer surface area. The fluorescence data show the depen-
dence of  on (S4/S)"’* (Fig. 4 B(ii)~(v)). For each PC, the
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FIGURE 3 Fluorescence data of vesicles consisting of two spherical segments. (A, B, D, and F—I) TR-DHPE (red) and TopFluor TG (green) fluorescence
images. Scale bars, 5 um. (A) Three-dimensional image of a (14:1) PC vesicle incubated with (18:1) TAG. The image was constructed from a stack of 25
confocal slices with a separation of 0.59 um. (B) (i)—(v) TR fluorescence image slices and (vi)—(x) TR fluorescence image slices combined with the TopFluor
fluorescence signals used to construct the three-dimensional image in (A). The relative distance from the glass surface is given. (C) (i) Schematic illustration
of a vesicle consisting of single-bilayer and double-bilayer regions, and (i) the cross-sectional view of the green plane in (7). The gray points indicate the
sphere centers for the membrane segments. The angle, 6, is the angle between the tangents to the two circles at a point of the intersection. (D) Fluorescence
images of vesicles with various @ values for (i) (16:0-18:1) PC-(16:1) TAG, (ii and iii) (14:1) PC-(18:1) TAG, and (iv and v) (14:1) PC-(20:1) TAG pairs. The
images were constructed from 25 to 27 confocal slices with an interslice distance of 0.35-1.09 um. (E) Schematic illustrations of the intersection regions with
(i)  =90° and (ii) 6 = 180°. (F) TR fluorescence analysis of (18:1) PC vesicles incubated with (20:1) TAG. (i) Confocal slice that gave the longest perimeters
for the vesicle with the two membrane regions at the bottom and the unilamellar vesicle in the top right-hand corner. (ii) GUV, DB, and SB membrane regions.
(iii) Distribution of the TR fluorescence intensity for each region. (G and H) Rupture of a (16:1) PC vesicle with (20:1) TAG droplets. (G) Images (i) before

(legend continued on next page)
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0—(Sd/SS)” 2 relationships obtained for different TAGs (cir-
cles, triangles, squares, and crosses) were similar. We there-
fore plotted all the data for each PC in a single plot. The
results revealed that (Sy/Sy)"> > 1.

DISCUSSION

Droplet binding to the outer and inner leaflets of
GUVs

GUVs bound spherical droplets predominantly to their outer
leaflets rather than to their inner leaflets (Fig. 2 B). First, we
consider the conditions that resulted in spherical droplets.
Previous studies have shown that the droplet shape and loca-
tion are determined by the balance between the bilayer ten-
sion and the monolayer tensions on the droplet surface
(10,34,35,37). Droplets become spherical at low bilayer ten-
sion (10). The bilayer tension arises owing to the osmotic
pressure across the bilayer (38). In our study, the osmolarity
of the sucrose solution of the initial GUV samples was 21
mOsm/L higher than that of the final sucrose-glucose solu-
tion in which the GUVs were suspended (see materials and
methods). When a GUYV is added to a hypotonic solution,
water penetrates the vesicle and therefore the bilayer area
expands. Consequently, bilayer tension develops. When
the osmolarity difference is very small at the beginning,
the vesicle continues to swell until the osmotic pressure is
balanced by the Laplace pressure (38,39). However, when
the initial osmolarity difference is not small, vesicle
swelling leads to the formation of transient pores, resulting
in vesicle shrinkage (38,40). In our study, the initial osmo-
larity difference across the bilayers was high enough to
induce pore formation (38). Thus, the bilayer tension varied
between different GUVs owing to the leakage of the luminal
solution through transient pores. Therefore, the droplet
shape likely became spherical when the bilayer tension in
the GUV was low.

We next consider the processes through which spherical
droplets bound to only one leaflet. A previous study using
micro-aspiration reported that a spherical droplet buds to-
ward the monolayer leaflet with a lower monolayer tension
(i.e., a higher PC surface density) than the other leaflet (10).
Because we did not add external forces to stretch or
compress either of the two GUV leaflets, they had an almost
equal monolayer tension (i.e., an equal PC surface density)
before droplet incorporation. Thus, excess PC lipids that
surrounded a spherical droplet to attach it to one leaflet
must have been supplied from the outside or inside of the
host GUV before or after droplet incorporation. When we

mixed a GUV sample with a TAG suspension, the droplets
probably adsorbed PC molecules. When a droplet is coated
with enough PC lipids, its surface monolayer will link to the
outer leaflet of the GUV. Excess PC lipids may also be pro-
vided after drop incorporation in the GUV. If a droplet is not
sufficiently covered with PC lipids or if the bilayer tension
of the GUV is high, the droplet will be incorporated in the
intermonolayer space of the GUV. However, if vesicles
outside the GUV are adsorbed to the outer surface of the
embedded droplet, the droplet will be pushed toward the
outer leaflet. By contrast, droplet binding to the inner leaf-
lets will occur through the adsorption of excess PC lipids en-
closed in the GUVs. When the GUV contains many vesicles
in its lumen, internal vesicles will adsorb to the interior
surface of the incorporated droplet, resulting in the droplet
being pulled into the luminal side.

When a spherical droplet is incorporated in a low-tension
GUYV, the size ratio between the droplet and the GUV may
influence the droplet incorporation. When a droplet enters
a GUYV bilayer, some water is removed from the vesicle inte-
rior. The excluded water volume is the same as the luminal-
side volume in the droplet. The bilayer is permeable only to
water (41) until the first bilayer pore transiently opens.
Thus, the osmotic pressure from the luminal solution in-
creases during droplet migration toward the vesicle center.
Because the increasing osmotic pressure pushes back the
droplet, a large droplet relative to the GUV may associate
more frequently with the outer leaflet than the inner leaflet.

Structures of vesicles consisting of single-bilayer
and double-bilayer regions

The two bilayers stacked in double-bilayer regions may
have been bridged by a nonlamellar structure (Fig. 5 Ai)
because they appeared to have the same membrane curva-
ture in the fluorescence images. A plausible bridging struc-
ture is stalks, which are an intermediate membrane structure
that forms at the onset of vesicle fusion or lamellar-to-hex-
agonal phase transition (42,43). The stalk structure has a hy-
drophobic space (Fig. 5 A(i), blue), which previously has
been referred to as a void or an interstice (42-48). The
void is actually not vacant and, in the absence of hydropho-
bic additives, acyl chain tilting and monolayer bending
occur to fill this imaginary void with lipid acyl chains
(49). The void regions are energetically unstable (42) and
can be stabilized by including oil molecules such as alkanes
(43-48). Previous studies have shown that diacylglycerol
promotes vesicle fusion and non-lamellar phase formation
(46,50). A recent study has reported that diacylglycerol

and (if) after rupture constructed from 25 confocal slices with an interslice distance of 0.46-0.49 um. (H) Several slices in the three-dimensional image in
(G(ii)). The values in the images indicate the distances from the glass surface. (/) Time-series data for an (18:1) PC vesicle with (18:1) TAG droplets. (J)
Dependence of the yield of vesicles consisting of unilamellar and bilamellar segments on the PC-TAG pairing. The symbols Ny and N, denote the numbers
of vesicles with two membrane regions and droplet-incorporating unilamellar vesicles, respectively (n = 3-7). The data are represented as the mean = SE. To

see this figure in color, go online.
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FIGURE 4 Characterization of vesicles consisting of single-bilayer and double-bilayer spherical segments. (A) Shape description using the radii of the
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(6). 0 is the angle between the line connecting the sphere centers and the line connecting the single-bilayer sphere center and a sphere intersection point. 4 is
similarly defined for the double-bilayer segment. The sum of 6 and 6,4 equals 6. (i)—(iv) Vesicle shapes with different 6 values obtained with R4/R, = 1.5 and
the constant bilayer surface area. (B) Characterization of the vesicle shape. (i) Shapes with various (Sd/SS)”2 and 6 values (black points) calculated while
keeping the total bilayer area constant. Dependence of ¢ on (Sa/So)'"? for (ii) (18:1) PC, (iii) (16:0-18:1) PC, (iv) (16:1) PC, and (v) (14:1) PC vesicles incu-
bated with (20:1) TAG (circles), (18:1) TAG (triangles), (16:1) TAG (squares), and (14:1) TAG (crosses). To see this figure in color, go online.

greatly stabilizes a stalk structure by accumulating in the
void space (47). TAGs are more apolar than diacylglycerols,
and have been reported to promote lamellar-to-hexagonal
phase transitions (50). We therefore surmise that TAG mol-
ecules were likely partitioned in the voids in our experi-
mental system. If the TAG molecules further aggregate in
the void, a droplet will emerge (Fig. 5 A(ii)). This could
be the mechanism of droplet binding to the double-bilayer
regions. Our data showed that most vesicles (81.1%)
anchored TAG droplets to the double-bilayer regions.

Nearly all vesicles (99.5%) bound TAG droplets along the
membrane-segment boundary. These droplets will grow simi-
larly to those on the double-bilayer regions. There is a void re-
gion along the three-bilayer junction (Fig. 3 E, blue). If TAG
molecules are partitioned in this region, a TAG droplet will
grow via further TAG aggregation (Fig. 5 B).

Induction of bilayer spontaneous curvature by
asymmetric binding of TAG droplets

When a spherical unilamellar vesicle changes into a vesicle
consisting of single-bilayer and double-bilayer regions, the

luminal volume decreases. In a hypertonic solution, GUVs
may undergo such a shape transition because water mole-
cules leave the vesicle lumen across the bilayer, resulting
in a smaller luminal volume. However, the sucrose solution
used to form the GUVs had a higher osmolarity (358 mOsm/
L) than the sucrose-glucose mixture used to suspend the ves-
icles for fluorescence imaging (337 mOsm/L). This osmo-
larity difference promoted vesicle swelling and therefore
precluded the formation of vesicles with single-bilayer
and double-bilayer segments. Thus, there is likely to be a
different driving force for membrane separation into the
unilamellar and bilamellar regions.

The vesicles consisting of single-bilayer and double-
bilayer regions had larger bilayer curvature than the unila-
mellar vesicles with the same bilayer surface area. In
addition, line tension arose along the region boundary.
Thus, in the absence of bilayer spontaneous curvature, the
formation of vesicles with the two membrane regions was
energetically disfavored owing to the increased bending en-
ergy and the newly generated line tension energy. Neverthe-
less, such vesicles were a main vesicle structure for many of
the PC-TAG pairs (Fig. 3 J). Thus, we expected that bilayer
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FIGURE 5 Schematic illustrations of the droplet formation processes (A)
on a double-bilayer region and (B) along a region boundary with (i) § = 90°
and (if) # = 180°. The hydrophobic void in the stalk (A(i)) or three-bilayer
junction (Fig. 3 E) can provide a site for droplet growth. To see this figure in
color, go online.

spontaneous curvature occurred after droplet incorporation.
The spontaneous curvature occurs owing to transbilayer
asymmetry (12). Our results showed that GUVs often had
an asymmetric surface density of spherical droplets across
the bilayers (Fig. 2 B) and that vesicles consisting of sin-
gle-bilayer and double-bilayer regions anchored the droplets
to the outermost membrane surfaces, which were exposed to
the external solution. We therefore considered that the
asymmetric binding of spherical TAG droplets induced
bilayer spontaneous curvature.

Bilayer spontaneous curvature is defined differently from
monolayer spontaneous curvature (51-53). The former
gives zero bilayer-bending energy, whereas the latter gives
zero monolayer-bending energy. When the monolayer sur-
rounding a droplet associates with one monolayer leaflet
in a flat bilayer (Fig. 6 A), the contact region between the
droplet and the bilayer has large monolayer curvature. PC
lipids have near-zero monolayer spontaneous curvature
and therefore favor flat monolayer structures (54-56).
Thus, the highly curved PC monolayer in the contact region
is unstable. We therefore expect that the flat bilayer with the
droplet (Fig. 6 A) will bend away from the droplet (Fig. 6 B)
rather than toward it (Fig. 6 C) to reduce the monolayer
bending in the droplet contact region. If the droplet surface
densities on both leaflets are similar, the global bilayer

1864 Biophysical Journal 123, 1857-1868, July 2, 2024

FIGURE 6 Schematic illustrations of a TAG droplet bound to (A) a
bilayer with zero curvature and (B and C) bilayers with curvature of oppo-
site signs.

spontaneous curvature disappears. However, droplet binding
was often asymmetric across the bilayers (Fig. 2). We there-
fore expected bilayer spontaneous curvature. When the
droplet anchors to the bilayer via a thin neck structure that
has a diameter comparable with the bilayer thickness,
changes of the bilayer curvature on a micrometer scale
do not significantly affect the monolayer bending energy
in the neck region. We therefore expect that the neck diam-
eter was larger than the bilayer thickness (Fig. 6). In the
following section, we calculate the bending energy by
considering the bilayer sheet as the membrane unit. A
droplet bound to one leaflet exerts a force that bends the
bilayer away from the droplet. The effect of this force is ex-
pressed as the bilayer spontaneous curvature.

A recent study reported the formation of dumbbell-like
vesicles composed of a single-bilayer segment and a dou-
ble-bilayer segment after the binding of actin networks
only to the inner leaflets of GUVs (57). Notably, in that
study, protein binding was asymmetric across the bilayers.

Energy calculation of vesicles consisting of
single-bilayer and double-bilayer regions

The bilayer bending energy (Gy) is expressed as (12)

G, = / dAg(Cl 1 C, — 20, (Equation 1)
where A is the bilayer surface area, « is the effective bilayer
bending rigidity, Cy is the bilayer spontaneous curvature,
and C; and C, are the principal curvatures of the bilayer,
which are the inverse of the principal radii. The coefficient
2 before Cy is added such that the bending energy disappears
when the mean curvature (C; + C,)/2 becomes Cy (58). In
general, the total free energy of a closed vesicle with no
domain boundary is the sum of the bending energy and
the stretching energy, which varies with the bilayer surface
area (58). However, the stretching energy term was omitted
because we compared the energies between membrane
structures with the same bilayer surface area, as described
below.

We calculated the energy difference (AG) between a
spherical unilamellar vesicle with radius R, and a vesicle
that had the same bilayer surface area (4’TER()2) and consisted
of single-bilayer and double-bilayer membrane segments.



We hypothesized that the number and volume of droplets
were so small that the effect of the droplets on the energy
was negligible. We assumed the same C, value for both
component bilayers in the double-bilayer region because
the two bilayers appeared to have the same curvature in
the fluorescence images. From Eq. 1, the bending energy
of the unilamellar vesicle (Gy, o) is expressed as

Gho = 8mk(l — 2RyCo + Ry’Co*).  (Equation 2)

For the vesicle consisting of spherical segments with radii of
Ry = r4Rp and Ry = r(R,, the bending energy (Gy, sq) 1S x-
pressed as

Gpsa = 8m<{(1+cos 04) (1

1
— 2r4RoCo + rd*Ry*Cy?) +3 (1+cos ) (1

— 2rRoCo +1*Ro*Cy’) }
(Equation 3)

Additional energy (G, yq) is generated along the membrane
segment boundary owing to the line tension (o). This contri-

bution is expressed as
Gisa = 8mkfry sin by, (Equation 4)

where

O'RO
4k

G (Equation 5)
Because the bilayer surface area is constant, we obtain the
following relationship:
1
ra*(1 4 cos ) +§r52(1 +cosfy) = 1. (Equation 6)
Using Egs. 2, 3, 4, 5, and 6, the energy difference between
the unilamellar vesicle and the vesicle with the unilamellar
and bilamellar regions becomes
AG 1

Srk ﬁ(Gb,sd"‘Gl,sd — Gpo) = cos by

1
+§(1 +cos b5) +RoCo[2 — 2r4(1 +cos b4)

— r5(14cos 6;)] + Brq sin b,.
(Equation 7)

We calculated AG/8mk with different RyC, and ( values.
We first examined the limits for RyCy and @ using the data
obtained for vesicles with § = 180° (Fig. 3 E(ii)). The ves-
icles with @ = 180° always had (S¢/S)"* > 1 (Fig. 4 B).
Therefore, we assumed that AG > 0 for (S4/Sy)"* < 1 and
AG < 0for (S4/S¢)"* > 1 at § = 180° to determine possible
RyCy and B values. The assumed conditions are satisfied
when the RyC, and § values are on the black line in Fig. 7
A. We therefore used the RyCy and @ values on, or close

Droplet-induced spontaneous curvature
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FIGURE 7 Calculated energy difference (AG) between a unilamellar
vesicle with radius R, and a vesicle with a bilayer surface area of 47tR,>
that consisted of single-bilayer and double-bilayer regions. (A) Possible
RoCy and @ values. We used RyC and ( values on or near the black line
with 8 < 13 (dashed lines). (B) Dependence of AG/87tk on (S4S9)"* and
0 obtained with RoCy = 19 and § = 10. To see this figure in color, go online.

to, the black line. In the gray region above the black line,
(Sd/Ss)” 2 <1 gives AG < 0. Because we did not observe
any vesicles with (S4/S9)"* < 1, the RyC, and B values
were considered not to be in the gray region. On the red
line, all (S4/Sy)"? values resulted in AG > 0. As RyCy in-
creases from a point on the red line along a fixed ( value
to the point on the black line, the range of (Sd/SS)“ 2 values
that give AG < 0 becomes broader as follows. The
maximum (S4/S;)"? value that gives AG < 0 is infinite
(i.e., the bilamellar vesicle) at any RyC, value, whereas
the minimum (Sy/Sy)""? value decreases from infinity to 1
with increasing RC.

There is an additional limit for RyCy and (. Previous
studies have shown that, when 1/|Cy| is small (<200 nm),
bilayer tubules form (18,19,59-61). Because we did
not observe any tubular vesicles, we assumed that 1/
Co > 200 nm. The R, values estimated from the fluores-
cence images were ~5 um (Table S2). We therefore ob-
tained RyCy < 25. A RyC, value of 25 on the black line in
Fig. 7 A gives 8 = 13 (dashed lines). Thus, we assumed
that 8 < 13.

The estimation of 8 < 13 (8 = gRy/4k, Ry = 5 um) was
consistent with the @ limit estimated from literature values
of o and k. A previous simulation study showed that the
line tension along a three-bilayer junction is approximately
one-third of the line tension generated along the edge of a
bilayer pore (62). In this study, the voids at the three-bilayer
junctions were likely occupied by TAG molecules (Fig. 3 E,
blue regions). The line tension would therefore decrease
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FIGURE 8 The formation of a double-bilayer area in the GUV mem-
brane (B) via vesicle binding (A). To see this figure in color, go online.

further than for the three-bilayer junction without TAG.
Thus, using the line tension value of 20.7 pN reported for
the pore edge in (18:1) PC bilayers (63), we obtained
o < 7 pN. We then estimated the k value as follows. A pre-
vious study found that the bending rigidity of (16:0-18:1)
PC bilayers decreased by ~50% after mixing with (18:1)
TAG (64). We therefore estimated that k = 0.5 x 107" J
using the bending rigidity reported for PC bilayers
(~1 x 107" J) (65). These estimates gave 8 < 175, which
included the estimated region of 8 < 13.

We calculated the AG/8mk values using Eq. 7. We used
the 8 and RyCy values on or near the black line in Fig. 7 A
for 8 < 13. Representative data (Fig. 7 B, § = 10 and
RyCy = 19) showed that there was a sharp drop in the energy
difference as (S4/Sy)"? increased from 0 to 1. For (Su/
Sy'? > 1, the absolute values of the energy difference
tended to decrease with increasing 6 or (S4/S9)"?. The en-
ergy landscapes were consistent with the characteristics
observed in the experiments (Fig. 4 B). First, for all vesicles,
(Sd/SS)”2 > 1. Second, vesicles with larger (Sd/SS)” 2 values
tended to have smaller 6 values. Thus, the calculated results
supported the existence of bilayer spontaneous curvature.

Vesicle shape-transition mechanisms

We now consider the process where a unilamellar
vesicle deforms into a vesicle consisting of single-bilayer
and double-bilayer regions. When the unilamellar vesicle
((Sd/SS)l/ 2-0,0= 180°) changes to a lower-energy struc-
ture by moving over the calculated potential surface
(Fig. 7 B), a negligibly small bilamellar area must form first
(Fig. 8). This step can initiate with the binding of a small
vesicle present inside or outside the GUV (Fig. 8 A). After
the bound vesicle dislocates to the center of the GUV bilayer
(Fig. 8 B), the bilamellar region forms. TAGs promote the
formation of non-lamellar phases (50), and therefore may
facilitate the proposed mechanism, which involves the for-
mation of non-lamellar structures.

The vesicle that first binds to the GUV bilayer (Fig. 8 A)
does not need to be small. In real systems, there are no limits
on the size of the bound vesicle and on the # and (Sd/SS)” 2
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values of the initial structure that results from vesicle bind-
ing. This means that the vesicle shape transition may start
from anywhere on the potential surface (Fig. 7 B).

CONCLUSIONS

In this study, GUVs bound spherical TAG droplets predom-
inantly to their outer leaflet rather than to their inner leaflet.
Thus, the surface density of the spherical TAG droplets
became asymmetric across the bilayer membrane. We
expect that this transbilayer asymmetry induced bilayer
spontaneous curvature, thereby triggering the formation of
vesicles consisting of a single-bilayer segment and a dou-
ble-bilayer segment.
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Table S1. Vesicle radii (Rv) of unilamellar vesicles incorporating TAG droplets.

PC TAG Ry (£ standard error) (um)

18:1 14:1 3.79 (£ 0.26) (N=30)
16:1 3.50 (£ 0.18) (N=18)
18:1 3.63 (£ 0.23) (N=19)
20:1 3.76 (£ 0.23) (N=24)

16:0-18:1 14:1 3.31 (£0.22) (N=19)
16:1 3.11 (£0.23) (N=23)
18:1 3.36 (£ 0.31) (N=21)
20:1 4.02 (£ 0.66) (N=9)

16:1 14:1 3.16 (£ 0.12) (N=135)
16:1 3.12 (£ 0.14) (N=23)
18:1 2.80 (£ 0.24) (N=16)
20:1 2.75 (£0.16) (N=31)

14:1 14:1 4.28 (+£0.33) (N=31)
16:1 3.82 (£ 0.60) (N=11)
18:1 4.79 (£ 0.37) (N=13)
20:1 4.22 (£0.36) (N=9)

Table S2. Size parameters (Ro) of the vesicles consisting of single-bilayer and double-bilayer segments.

The Ro values were calculated by assuming that the vesicles had a total bilayer surface area of 4mR¢>.

PC TAG Ro (+ standard error) (um)

18:1 14:1 5.82 (= 0.85) (N=4)
16:1 5.53 (= 0.50) (N=14)
18:1 5.99 (£ 0.45) (N=17)
20:1 7.27 (£ 0.58) (N=16)

16:0-18:1 14:1 6.01 (£ 0.63) (N=13)
16:1 6.40 (£ 0.72) (N=15)
18:1 3.56 (N=1)
20:1 5.25 (£ 0.57) (N=T7)

16:1 14:1 3.62 (£ 0.07) (N=2)
16:1 4.90 (+0.34) (N=21)
18:1 5.42 (£ 0.41) (N=12)
20:1 431 (+0.30) (N=19)

14:1 14:1 5.08 (+ 0.80) (N=4)
16:1 5.39 (£ 0.32) (N=18)
18:1 7.54 (£ 0.47) (N=39)

20:1 5.49 ( 0.34) (N = 20)
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