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Pore Formation in a Binary Giant Vesicle Induced by Cone-Shaped Lipids
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ABSTRACT We have investigated shape deformations of binary giant unilamellar vesicles (GUVs) composed of cone- and
cylinder-shaped lipids. By coupling the spontaneous curvature of lipids with the phase separation, we demonstrated pore
opening and closing in GUVs. When the temperature was set below the chain melting transition temperature of the cylinder-
shaped lipid, the GUVs burst and then formed a single large pore, where the cone shape lipids form a cap at the edge of the
bilayer to stabilize the pore. The pore closed when we increased the temperature above the transition temperature. The pore
showed three types of shapes depending on the cone-shaped lipid concentration: simple circular, rolled-rim, and wrinkled-rim
pores. These pore shape changes indicate that the distribution of the cone- and cylinder-shaped lipids is asymmetric between
the inner and outer leaflets in the bilayer. We have proposed a theoretical model for a two-component membrane with an edge of
bilayer where lipids can transfer between two leaflets. Using this model, we have reproduced numerically the observed shape

deformations at the rim of pore.

INTRODUCTION

Deformations of cell membranes, such as fusion, adhesion,
budding, and pore formation, play important roles in the
maintenance of living cell systems. In cell systems, the
membrane deformations are managed by complex interplays
between membrane proteins and lipids. It is hypothesized
that one role of the membrane proteins is to introduce a local
spontaneous curvature by interacting with the membranes
(1), although the relationship between the local spontaneous
curvature and the shape deformations has not been demon-
strated. In this context, we have been investigating the shape
deformations of giant unilamellar vesicles (GUVs) induced
by the local spontaneous curvature of the membranes (2,3).

We have introduced the local spontaneous curvature by
mixing two types of lipids having different geometries. If a
lipid has bulky hydrocarbon chains and a small headgroup
(e.g., an inverse-cone-shaped lipid as shown in Fig. 1 a),
the lipid monolayer has a tendency to bend toward the side
of the headgroup, which is defined as a negative spontaneous
curvature. Similarly, a lipid having small hydrocarbon chains
and a large headgroup (e.g., a cone-shaped lipid as shown in
Fig. 1 b) tends to bend the lipid monolayer toward the side of
the tails, which is defined as a positive spontaneous curva-
ture. A lipid that prefers to form a flat monolayer is referred
to as a cylinder-shaped lipid (Fig. 1 ¢). For binary mem-
branes composed of immiscible lipids having different
geometries, the local spontaneous curvature and the bending
modulus depend on the local composition of the membrane.
The heterogeneity of a membrane coupled with the line
energy at the phase boundary brings new shape deformation
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branches. For example, the binary GUV composed of the
inverse-cone-shaped lipids and cylinder-shaped lipids might
show adhesion through the domains rich in inverse-cone-
shaped lipids by forming an hourglass-like interbilayer struc-
ture called a stalk (4,5) (see our Fig. 1 a).

In our previous experiments, we have achieved the adhe-
sion of GUVs, which was caused by the coupling of negative
spontaneous curvature of lipid to the membrane phase
separation in binary systems of dipalmitoyl-phosphoethanol-
amine (DPPE/ 16:0-16:0 PE) and dioleoyl-phosphocholine
(DOPC, 18:1-18:1 PC) or diphytanoyl-phosphocholine
(DPhPC/ 16:0(3me, 7me, 11lme, 15me)-16:0 (3me, 7me,
11me, 15me) PC) and dipalmitoyl-phosphocholine (DPPC/
16:0-16:0 PC)(2). DPPC has a small headgroup and DPhPC
has bulky tails, such that the lipids take the shape of inverse-
cones, whereas DOPC and DPPC take the shape of cylinders.
Fig. 1 a shows adhering DPhPC/DPPC binary GUVs.
A fluorescent lipid transfer experiment strongly implied
that a stalk formed between adhering vesicles (2).

We have also previously shown that for the case of ternary
GUVs composed of two types of immiscible cylinder-shaped
lipids (DOPC and DPPC) and cholesterol, the shape of the
GUVs is governed by the line energy between coexisting
liquid-ordered and liquid-disordered phases. The GUVs
produce various budding phenomena (3,6) (see Fig. 1 ¢),
which resembles endocytosis (inside budding) and fission
(outside budding) in cell membranes. The inside and outside
buddings of GUVs were realized in the DPPC/DOPC/
cholesterol ternary GUV system by controlling the area/
volume ratio of the GUV (see Fig. 1 ¢ and (3)).

In this study, we focus on the shape deformations of binary
GUVs composed of cone-shaped lipids (1,2-dihexanoyl-sn-
glycero-3-phosphocoline, 6:0-6:0 PC; DHPC) and cylinder-
shaped lipids (DPPC). In water, DHPC molecules form
prolate micelles with the radius of minor axis, ~1.35 nm,
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FIGURE 1 Schematic representations for shape deformations of binary
GUVs coupled with spontaneous curvature of lipids. (@) Adhesion of binary
GUVs composed of inverse-cone-shaped lipids and cylinder-shaped lipids.
A photo shows a cross-sectional image of adhering DPhPC/DPPC binary
GUVs (2). (b) Pore formation of binary GUVs composed of cone-shaped
lipids and cylinder-shaped lipids. (¢) Budding of GUVs composed of two
types of cylinder-shaped lipids. Photos show cross-sectional images of
inside budding (left) and outside budding (right) of GUVs observed in
DPPC/DOPC/cholesterol ternary GUV system (3). Red and blue parts (color
online, light gray and dark gray parts in print) indicate liquid-disordered
phase and liquid-ordered phase, respectively.

and radius of major axis, ~2.5 nm (7), indicating the positive
spontaneous curvature of 1/1.35~1/2.5 nm~'. The binary
GUYV shows a phase separation between a solid phase rich
in DPPC and a liquid phase rich in DHPC at all intermediate
temperatures between the chain melting transition tempera-
tures. The segregated cone-shaped lipids might form a cap
at the edge of the bilayer (8,9), which may stabilize the pore
(see Fig. 1 D).

MATERIALS AND METHODS
Commercial reagents

The cone-shaped lipids, 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC/ 6:0-6:0 PC), and three types of the cylinder-shaped lipids, 1,2-
dipentadecanoyl-sn-glycero-3-phosphocholine (15:0-15:0 PC), DPPC, and
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC/ 18:0-18:0 PC) were
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purchased from Avanti Polar Lipids (Alabaster, AL). Texas Red
1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE) was ob-
tained from Molecular Probes (Eugene, OR) and used as a dye for membranes.

GUVs preparation

The GUVs were prepared by a gentle hydration method (10,11). To begin,
we dissolved the prescribed amount of phospholipids in 10 uL of chloroform
(10 mM). To dye GUVs, TR-DHPE was added to the solution with molar
concentration of 0.36%. The solvent was evaporated in a stream of nitrogen
gas and the obtained lipid film was kept under vacuum for one night to
remove the remaining solvent completely. The dried lipid film was pre-
warmed at 60°C, and then the sample was hydrated with 1 mL of pure water
of 60°C. During the hydration process, the lipid films spontaneously form
GUVs with diameters of 1040 um. All the experiments in this study
were performed using pure water without salt.

Pore formation experiment

We prepared binary GUVs composed of DHPC and DPPC with various
DHPC concentrations, 0.01, 0.03, 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0,
10.0, 12.0, 20.0, 30.0, 40.0, 50.0, 60.0, and 80.0 mole %. The binary
GUYV suspension was put on a glass plate with a silicon rubber spacer having
the thickness of 0.5 mm, and then sealed with a cover glass immediately.
This sample cell was set on the temperature control stage (model No.
FP90; Mettler-Toledo International, Mississauga, Ontario, Canada), which
controlled the sample temperature from 10 to 60°C with +0.1°C accuracy.
The chain melting transition temperatures of DPPC and DHPC measured
by differential scanning calorimetry (EXSTAR DSC6000; SII Nano
Technology, Chiba, Japan) were T,,,DPPC = 41°C and T,,lDPPC = —46°C,
respectively.

To avoid phase separation before the observation, we kept the sample
temperature above T,,°"*C. We decreased the temperature from the one-
phase region (60°C) to the coexisting solid-liquid two-phase region
(10°C) and then increased the temperature to the homogeneous one-phase
region at a rate of 1.0°C/min. Both processes were followed using a fluores-
cence microscope (Axioskop 40; Carl Zeiss, Jena, Germany) with a charge-
coupled device camera (Axio Cam MRm; Carl Zeiss) and an inverted
confocal fluorescence microscope for three-dimensional imaging (LSM 5
Pascal; Carl Zeiss). The three-dimensional images for pot GUVs were con-
structed using ~50 slice images with 0.66-um thickness and a scan rate of
100 ms/slice. To avoid photooxidation, we paid special attention to mini-
mize the exposure time of light. We performed similar experiments for the
15:0 PC/DHPC and DSPC/DHPC systems.

RESULTS AND DISCUSSION

Shape diagram of binary GUVs composed
of cylinder-shaped and cone-shaped lipids

In the one-phase region above T,,°**C, binary GUVs show
an homogeneous spherical shape with a radius of 10~30 um.
Contrast variation experiments with small-angle neutron
scattering (12) using deuterated DPPC and hydrogenated
DHPC revealed that both lipids are mixed homogeneously
at the molecular scale. Decreasing the temperature below
TmDPPC, the spherical GUVs burst at 38.9°C, and the inner
solution was released from the vesicle as shown by an arrow
in Fig. 2 a. At temperatures between T,,°"*¢ = 41°C and the
bursting temperature of 38.9°C, the lipids are likely phase-
separated into a DPPC-rich solid and a DHPC-rich liquid
phases (13), although we could not detect domains on binary
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FIGURE 2 Snapshots of the (a) formation (time evolution at 38.9°C) and
(b) closing (temperature dependence) of a pore in a simple pot-GUV with
DPPC/DHPC = 99:1. When a pore opens, a small vesicle is ejected through
the pore as shown by arrows in panel a. Scale bar is 5 um.

GUVs by fluorescence microscopy. Our small-angle neutron
scattering measurements revealed that the surface area of a
pure DPPC vesicle below T,,°"*C was ~78% of the area of
a vesicle above T,,°PF€ (12), which agrees with the reported
value of 72% (14). This decrease in the surface area increases
the inner pressure of the vesicle, resulting in the fracture of
membrane (15). After bursting, a spherical GUV immedi-
ately transformed into a pot-shaped GUV (pot-GUV) with
a single pore and the pore was stable below T,,°FFC 1t has
been reported that formation of micrometer-sized pores in
GUVs can be achieved by the addition of specific detergents
(16,17). For the detergent-induced pore formation, the deter-
gent extracts the lipids from the membrane to the sur-
rounding solvent phase (solubilization). Inasmuch as the
vesicle keeps the volume constant during the solubilization,
this decrease of the number of lipid molecules increases the
surface tension of the vesicle. Then the liposome discharges
water molecules from its interior by the pore formation. After
the release of the inner pressure, the line tension at the rim
forces the pore to close up, i.e., the pore is unstable and tran-
sient (18,19). For the pore formation in the binary GUVs
composed of cone- and cylinder-shaped lipids, the segre-
gated cone-shaped lipids cap the edge of the bilayer at the
rim of the pore (8,9); this decreases the line tension at the
rim. DPPC in the gel state then solidifies the main body of
the GUV. These effects stabilize the pore in T < T,,”FFC.
A unique feature of the pore formation in this study is that
the pore opening and closing could be controlled by the
temperature. When we increased the temperature of the
pot-GUYV to the one-phase region, the pore started to shrink
at ~37°C and simultaneously, radial wrinkles appeared
around the pore (Fig. 2 b). The wrinkles grew as the pore
size continued to decrease. At 40.0°C, which is just below
TmDPPC, the pore closed with the wrinkles, and the vesicle
showed a deformed shape (Fig. 2 b). The deformed GUV
recovered its spherical shape as a result of the chain melting,
although it had a flaccid shape, i.e., the recovered vesicle had
larger excess area (surface area/volume ratio of the vesicle)
than the original spherical vesicle. When we decreased the
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temperature of the recovered GUV, we could not observe
definite pore formation, because the excess area allowed
the surface area of the GUV to decrease without increasing
the inner pressure of the vesicle.

The observed morphologies of pot-GUVs can be classified
into three types depending on the DHPC mole fraction m as
shown in Fig. 3, in which we show the typical two- and
three-dimensional, and cross-sectional confocal microscope
images. At each concentration (designated by arrows), we
examined ~100 GUVs and the fraction of each vesicle type
is shown on the vertical axis. At the low DHPC concentra-
tions (0.1 < m < 1%), the normal spherical GUV and simple
pot-GUV coexisted. The simple pot-GUV had a smooth
circular pore with a diameter of 2—-5 um.

When the DHPC concentration increased, the pot-GUVs
show shape deformations. For 0.5 < m < 8% the membrane
peripheral to the simple pore changed to the rolled-rim
shape. The cross-section image in Fig. 3 shows that the
membrane at the rim rolled up. The rolled rim was stable
below T,,°FPC. The formation of the rolled rim implies an
asymmetric distribution of the cone-shaped lipids between
the upper and the lower leaflets. As the flip-flop rate of lipids
in the absence of cholesterol is <~500 min~"' (20), here we
ignored the effect of flip-flop motion between the upper and
the lower leaflets.

A plausible explanation of the rolled-rim formation is as
follows. The DHPC cap at the edge of the bilayer forms
bridges between the inner and outer leaflets and the

100* A A ! LA AL ‘Ir‘lv'l'\lf‘i‘H'b
= *..F-—-Roll rlmmcd 7

fraction (%) of each vesicle type

mole% DHPC (m)

FIGURE 3 Morphology diagram of DHPC/DPPC pot-GUVs at 25°C as a
function of DHPC mole fraction m, with typical fluorescence microscope
images (the scale bar indicates 5 um). The vertical axis represents the
fraction of each morphology and arrows at upper axis indicate examined
DHPC mole %. Circles, triangles, and squares indicate observed borders
between spheres/simple pot-GUVs, simple/roll-rimmed pot-GUVs, and
roll-rimmed/puckered pot-GUVs, respectively. In the shaded region, the
binary lipids could not form GUVs.
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remaining cone-shaped lipids around the rim migrate
toward a convexly deformed leaflet (note that the hydrophilic
part has a larger area than the hydrophobic part) through the
fluid cap, due to the geometrical preference. The resultant
asymmetric distribution of cone-shaped lipids between inner
and outer leaflets causes the local spontaneous curvature,
which bends the membrane to form the rolled rim. The
detailed relationship between distribution of cone-shaped
lipids in the bilayer and the membrane deformation, based
on our simulation, will be discussed in Theoretical Model
for Shape Deformation of Pot-GUV, below. Here, however,
we have to investigate the shape behavior experimentally in
more detail, because lipid traffic, in relation to its molecular
geometries (21-23), is a central issue of cellular organelle
homeostasis.

For 2 < m < 40%, the pot-GUVs showed a puckered-rim
shape. The membrane around the pore bent toward the inside
of the vesicle slightly and had radial wrinkles (shown in
Fig. 3). The wrinkling sometimes had a periodic nature in
the azimuthal direction, although individual GUV's possessed
different wavelengths. The time evolution of the wrinkling
showed that after bursting, the pore size of the puckered
pot-GUV decreased to the stable pore size, which resulted
in radial wrinkles (similar to the pore-closing process seen
in Fig. 2 b). During the process of shrinking, the elastic
membrane around the pore is stretched in the radial direction
and compressed in the tangential direction—which is respon-
sible for the periodic wrinkle formation (24,25). Whether
shrinking of the pore occurs, depends on the composition of
the membrane.

We confirmed similar pore formation for other pairs of
cylinder-shaped lipids and cone-shaped lipids (i.e., the
18:0 PC/DHPC and 15:0 PC/DHPC mixtures); however,
with these combinations, the pore opening temperature
increases with an increase in the acyl chain length. The
15:0 PC/DHPC GUVs had a pore-opening temperature of
~29°C (T,,'5°PC = 34°C), and the 18:0 PC/DHPC GUVs
had a pore-opening temperature of ~50°C (T,,,°"*“= 54°C).

In the next subsection, supported by the results presented
above, we hypothesize that phase separation between
cylinder-shaped lipids and cone-shaped lipids is responsible
for pore formation.

Theoretical model for shape deformation
of pot-GUV

Here we propose a model to describe the shape deformations
of the DHPC/DPPC binary vesicle after forming a single
pore. We investigate whether the formation of rolled rim
can be explained by a model that is based on the assumption
of interleaflet lipid transfer, wherein lipids in the inner and
outer leaflets can cross between the leaflets through the
edge of the pore. In our experiments, although one of the
separated phases passes into the gel state after the system
reached a well phase-separated state, we neglected the shear

475

elastic energy contribution inasmuch as we focus on the
shape deformation and phase separation in the fluid state
before it reaches the gel state. A position on the membrane
is expressed by r({u}, f), where {u} = {u;, up} indicate
the parameters that describe the coordinate on the membrane.
The local compositions of DHPC in the 1nner leaflet
and the one in the outer leaflet are given by ¢DHPC(r 1)
and ¢Sﬁ2c(r t), respectively. The local incompressibility
condition

e (r,1) + o (r,1) = 1,

holds for both the inner and outer leaflets. After forming a
single pore, the total free energy of the vesicle with coexist-
ing fluid domains is given by F = Fy, + Fiix + Frim- Fp s the
bending energy given by

Fy = /EHKKHOH ds, (1)

where H/2 is the mean curvature and Hy/2 is the local
spontaneous curvature that is proportional to the local
composmon difference  d¢pypc(r,t) = ¢S§2C(r t)—
¢D}2Pc(r 1) between the inner and outer leaflet, as

A
Hy(r) = ;5¢DHPC(r7 1),

where A is a positive constant. F,; is the mixing free energy
including the line energy at domain boundaries, in each of
two leaflets,

2
X
m1x — / |: ¢DHPC ¢§)P)PC))
X =in,out

@
1 (88 0Bnc) |5

where
X X X X X X
f <¢{)1~2PC7 ¢l()P)PC) = ¢1()1{)Pcln¢1()H)Pc + ¢l()P)PC1n¢{)P)PC
X X
+ X¢l<)l—2PC¢l<)P)PC7

and b is a parameter to control the line energy at domain
boundaries and x describes the affinity between DHPC and
DPPC. F, is the energy of rim of membrane with a pore,

Fiim = /av {FO + I <¢DHPc(rc) + ¢1)0}uﬁ>c(rc)>} dre, (3)

where r. denotes a position on the rim and the integral is
performed along the perimeter of the pore, and I'y and T’y
are constants. Because the positive spontaneous curvature
lipid, DHPC, prefers the capped rim, I'; is negative. For
the vesicle with a pore, the area difference energy (26) can
be omitted, as the lipids can be exchanged through the
capped rim at the pore of the vesicle. The dynamics of shape
deformation is assumed to be described by
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where L is a damping coefficient. We used a local Lagrange
multiplier y({u}) to guarantee the local incompressibility
condition for membrane area (27). It should be noted that
the pore formation breaks the conservation law of vesicle
volume and the mass conservation of each component in
each inner and outer leaflet. The time evolutions of the local
composition of DHPC in the inner and outer leaflet are
described by

ad)g?{)PC(r? 1)

o = LoApu™(r) — L, (,U«(in)(l'e)

_ u("‘") (I'c))érrea )

a(ﬁglljlll’)C (l‘, t)

or = LoArgu®(r) — L, (l/«(om) (re)

— 1 (re)) b, (©)

where L, and L; are transport coefficients, Ayg is the
Laplace-Beltrami operator, u™ is the chemical potential
defined by u® = 6F/ 6(]5](;(111%(1') (X stands for in or out),
and 0, is the Kronecker’s delta. The first terms on the right
side of Eqgs. 5 and 6 describe diffusions of DHPC lipids
driven by the thermodynamic force and the second terms
express the exchange rates of DHPC lipids between the inner
and outer leaflet through the capped rim. So far, effects of the
line tension (27-34), the local spontaneous curvature
(27-33), and the local bending rigidity (31-33) have been
taken into account to investigate the phase diagram of a
two-component vesicle theoretically. Furthermore, the
morphology of the phase-separated vesicle has been ad-
dressed by a Monte Carlo simulation (35) and a dissipative
particle dynamics simulation (36-38). Although the equilib-
rium shapes of two-component vesicle have been intensively
investigated both theoretically and numerically as mentioned
above, none of these investigations have reported a mem-
brane with a rolled rim. Therefore, to describe the dynamics
of shape deformation and phase separation of a two-
component vesicle with a single pore, and to understand
the reason why the membrane can be rolled near the rim
after forming a pore, we consider the model described by
Egs. 1-6. This model is an extension of the previous
continuum model (27-34,39) of a two-component vesicle.
The highlight of our newly proposed model is the incorpora-
tion of two new contributions: 1), transfer of lipids through
the cap at the rim (Egs. 5 and 6) and 2), stabilization of the
pore by the cone-shaped lipid (Eq. 3), into the previous
continuum model.

Here we consider an axisymmetric spherical vesicle with a
single pore (as shown in Fig. 4 c¢I) that is assumed to be in
the just-after-bursting state, and numerically calculate the
shape deformation and phase separation using the model of
a two-component membrane given in Eqs. 4-6. Because
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FIGURE 4 (a) Shape deformations for the cases A=0.75andb=0.1at
scaled times 7 = 3000, 4000, 4100, 4150, 4300, 4500, and 5500 from the
initial spherical vesicle (f =0) with a single pore. In the shape at 7 =5500,
the region with d¢pppc (So.f) > 0 is drawn by the solid line and the one
with d¢pupc (So.f) < 0 is drawn by the dotted line. (b) The area fraction
difference in DHPC between inner and outer leaflets 6¢pypc(So, 1) at 7 =
4000, 4100, 4300, and 5500 as functions of S, defined as the contour length
measured from the intersection point of the vesicle with the z axis at 7 = 0.
() The axisymmetric three-dimensional figure of the initial shape (7 = 0) and
the vesicle with a rolled rim at 7 = 5500 in panel a.

our model is based on the continuum hypothesis to describe
the vesicle and hence it is too hard to treat the burst process
by our present model, we performed all the simulations using
a vesicle with a single pore as an initial state. In the initial
states, we assumed that DPPC and DHPC are homoge-
neously distributed both in the outer and inner leaflets, i.e.,
—(out) —(in)

constant ¢pype and ¢pppe. We set the temperature to the
bare critical temperature of phase separation (see Note
following); it corresponds to

Ax = X=X = 0(xc = 2),
in Eq. 2. The other parameters we used are

k/kgT =5,
ro/lo =33,
A = Al /kgT = 0.75,
L =L/L, = 1.0,
L = Li2/Ly = 0.01,
[y = Dolo/ksT = 0.15, and

f] == Flgo/kBT == —010,
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where ry is the radius of initial spherical shape and ¢, is a unit
of length. )

Note that the point (51()1?_,)% = ag)}l;gc =0.5,
0x = X — X, = 0) in the phase diagram (see Fig. 5) is not
the true critical point, but is instead the bare critical point,
inasmuch as ¥ is the value of the x-parameter at the critical
point in bulk (i.e., x. is determined only by using Eq. 2; in
other words, without shape deformation). In closed two-
component vesicles, the value of the y-parameter that gives
the critical point is shifted from y. to a lower value
(thme) = X. — 2A%/k) by the local spontaneous term (the
second term in the integrand) in Eq. 1. (The shift of critical
temperature owing to the local spontaneous curvature was
reported in (30).)

First, in Fig. 4 we show a result of simulation for the case

of a)ﬁgpc =0.35 and $§E§C =0.35 —a typical case in

which the vesicle deforms from a spherical vesicle with
a single pore to the one with a rolled rim by the coupling
of vesicle shape to an intramembrane phase separation.
Fig. 4 a shows time-sequential snapshots of the vesicle
deformation with a phase separation. The axisymmetric
shape at the dimensionless time 7 = 5500 is drawn by a dotted
line where 0¢pypc (r,f) is negative, and by the solid line
where 0¢pppc (r,f) is positive. The corresponding three-
dimensional figure to the shape at 7 = 5500 in Fig. 4 a is
depicted in Fig. 4 ¢2. In Fig. 4 b, 6¢pupc (So.t) at f = 4000,
t = 4100, and 7 = 5500 are plotted as functions of a material
coordinate S, defined as the contour length measured
from the intersection point of the vesicle with the z axis at
t = 0 (see Fig. 4 a for S,,).

As seen from Fig. 4, a and c (also seen later from the
vesicle shapes shown in Fig. 5), our model well reproduces
the vesicle shape with a rolled rim. The mechanism of forma-
tion of rolled rim is as follows. In the initial stage ( < 4000),
the vesicle shape is dominated by the positive line tension of
the rim and therefore the vesicle deforms to reduce the length
of rim, which results in the formation of a higher curvature
region near the rim (as indicated by an arrow for the shape
at 7 = 4000 in the Fig. 4 a). Then at the higher curvature
region, 0¢pupc (So,f) increases with time because of the
curvature-composition coupling in Eq. 1. After the initial
stage (f > 4100), a depletion region of d@pupc (So.f) at
~So = 0.8 starts to form and grow (see Fig. 4 b), while the
depletion of d0¢pypc (S,,f) near the rim is compensated by
DHPC transported from the inner leaflet through the capped
rim. Finally the depletion at ~S, = 0.8 grows and shifts to
the edge direction, which results in a composition profile
similar to that at 7 = 5500 in Fig. 4 b. The resultant depletion
region of d¢pypc (So.f) at ~S, = 0.8~0.9 brings a negative
spontaneous curvature at the position by means of the
coupling term in Eq. 1. The negative spontaneous curvature
is the origin of the formation of the rolled rim. As seen from
the graph at 7 = 5500 in Fig. 4 a (solid line), in a region close
to the rim, the area fraction of DHPC in the outer leafiet
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FIGURE 5 Initial composition dependence of shape deformation of a
vesicle with a single pore just on the bare critical temperature (Ax = 0).
The solid line and dashed line below Ax = 0 represent binodal and spinodal
lines of phase separation in bulk, respectively. Symbols in the phase
diagram—the solid square, open square, solid circle, and open circle—
mean that a vesicle after bursting will becomes a closed vesicle, an open
vesicle with a simple rim, a vesicle with a rolled rim, and an open vesicle
with a rim which bends toward inside, respectively. Typical shapes obtained
at positions specified by four different symbols are also shown for panels
A-D. For panels C/-C3, DI and D2, the region with d¢ppppc > 0 is drawn
by a solid line and the one with 6¢pypc < 0 is drawn by a dotted line, but the
shapes in panels A, B/, and B2 are drawn only by solid line, because the
phases are not well separated.

#°"Oupc (r,f) becomes larger than that in the inner leaflet
¢(i“)DHPC (r,?). This is because DHPC geometrically prefers
the positive curvature region, which results in a positive local
spontaneous curvature. In addition, next to the DHPC excess
region in the outer leaflet, a depletion region of DHPC in the
outer leaflet is formed (indicated by dotted line in Fig. 4 a),
which yields a negative spontaneous curvature and the
rim-rolled membrane shown in Fig. 4, a and ¢2. In Fig. 5,
we show the composition dependence of shape deformation
on the line of Ax = 0 (see Note above), where the solid-
square, open-square, solid-circle, and open-circle symbols
stand for closed vesicles, open vesicles, vesicles with a rolled
rim, and open vesicles with a rim bending toward the inside,
respectively.

The qualitative tendency of phase diagram shown in Fig. 5
is in good agreement with the experimentally obtained
diagram in Fig. 3 except for a wrinkled rim. It should be
noted that as this model is valid for the fluid state, the wrin-
kling is beyond the application of this model. In the region of
the solid and open squares, positive line tension of the rim is
dominant and therefore the vesicle in the region deforms to
reduce the length of the rim. In the region of the solid and
open circles, the competition mainly between the line tension
term of the rim and the local spontaneous curvature term in
free energy plays an important role in determining unique
vesicle shapes and composition distribution. Thus, the
exchange of lipids through the capped rim and the coupling
of the local membrane composition with the shape around
the rim produce a local asymmetry between the inner and
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outer leaflet—resulting in the formation of a rolled-rim
vesicle morphology.

CONCLUSIONS

In the binary vesicle composed of cone- and cylinder-shaped
lipids, the main chain transition of cone-shaped lipids
reduces the surface area, which results in the pore formation.
The segregated cone-shaped lipids form the cap at the edge
of bilayer and the cylinder-shaped lipid in gel state solidifies
the main body of the GUV. These effects stabilize the pore
below the main chain transition temperature. In contrast to
the pore formation induced by the addition of the detergents,
a unique feature of this system is that the pore formation is
controlled by changing the temperature. At pore formation,
the binary GUVs showed different morphologies at the rim
of the pore, i.e., smooth, rolled, or wrinkled rim, which
were dependent upon the concentration of the cone-shaped
lipid, and indicated the asymmetric distribution of the
cone-shaped lipid in the bilayer. By incorporating two contri-
butions (transfer of lipids through the cap at the rim and
stabilization of the pore by the cone-shaped lipid) into the
previous continuum model, we reproduced the observed
shape deformations at the rim of pore numerically. The
exchange of lipids through the capped rim and the coupling
of the local composition of the membrane with the
membrane curvature bring about a local composition of
asymmetry between the inner and outer leaflet, which causes
vesicle shape deformations such as the formation of a rolled
rim.

This study clearly demonstrates the relationship between
the local spontaneous curvature and the shape deformation
of vesicles. We believe that our results provide new insight
into the physical basis of the shape deformation of cellular
membranes.
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