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Reconstituting ring-rafts in bud-mimicking
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During vesicular trafficking and release of enveloped viruses, the budding and fission

processes dynamically remodel the donor cell membrane in a protein- or a lipid-mediated

manner. In all cases, in addition to the generation or relief of the curvature stress, the buds

recruit specific lipids and proteins from the donor membrane through restricted diffusion for

the development of a ring-type raft domain of closed topology. Here, by reconstituting the

bud topography in a model membrane, we demonstrate the preferential localization of

cholesterol- and sphingomyelin-enriched microdomains in the collar band of the bud-neck

interfaced with the donor membrane. The geometrical approach to the recapitulation of

the dynamic membrane reorganization, resulting from the local radii of curvatures from

nanometre-to-micrometre scales, offers important clues for understanding the active roles of

the bud topography in the sorting and migration machinery of key signalling proteins involved

in membrane budding.
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M
embrane budding, a key step in a host of biological
processes involving the vesicle transport1, the
multivesicle body biogenesis and the release of

enveloped viruses2,3, is associated with morphological
deformations of an essentially planar patch of the donor
membrane into a spherical bud (Fig. 1a, case I to case IV). The
free energy cost of such structural transformation, in the absence
of the intrinsic membrane curvature and before pinch-off, is
approximately 8pk where k represents the mean bending
rigidity4. For a typical lipid bilayer (10kBToko20kBT where kB

represents the Boltzmann constant and T the temperature)5, the
energetic penalty for any size (about 250 to 500 kBT) is too large
for the spontaneous bud formation and must be offset by active
membrane processes. Indeed, many protein-mediated6,7 budding
events involve the curvature-scaffolding process resulting
from the membrane association of coat proteins (for example,
BAR domain proteins, clathrin and COP II proteins), viral
nucleocapsids or even cytoskeletal elements—all of which act to
reduce the energy needed for the membrane bending7.
Alternatively, the lateral or transverse inhomogeneity in the
sorting dynamics and/or the equilibrium distribution of
membrane constituents may contribute to the stabilization of
the local membrane curvature by lowering the energy required for
budding8.

In the process of membrane budding, both the size and the
shape of the bud are highly variable even when produced through
single mechanisms, either involving protein association or a

compositional bias. Besides sorting specific proteins (for example,
the endosomal sorting complexes required for transport (ESCRT)
machinery during viral budding9 and the dynamin10 self-
assembly in vesicle scission), membrane budding events have
been speculated to sort specific lipid types (for example,
cholesterol (CHOL) in synaptic vesicles and raft components in
viral envelopes) owing to the curvature generation within the
bud-neck region2,3,6,11–13, which is also thought to aid vesicle
scission14. Such curvature-dependent lipid sorting is quite well-
established in model membranes15 and has been observed in
response to the membrane pore (100–200 nm diameter)
formation in the single-celled organism Tetrahymena
thermophila during mating behaviour16,17. Since the forces
responsible for these events are oppositely directed (for
example, ESCRT-mediated virus budding and dynamin driven
vesicle invaginations), the sorting process of membrane lipids
might be a consequence of the physical curvatures produced
during budding. From a geometrical point of view, the curvature
niche in the vicinity of a late-stage bud is quite complex8. The
curvature pattern consists of (1) bidirectional positive principal
curvatures in the bud-pit region, (2) a negative curvature at the
neck and a positive curvature at the interface with the donor
membrane and (3) a positive curvature and a zero curvature
within the neck (in matured buds)—together generating a pattern
of Gaussian curvatures18,19 in the lipid bilayer topology. Thus, it
appears reasonable that this unique curvature landscape in the
bud niche might play an essential role in dictating the local
membrane composition20,21. It is noted, however, that the
reduction in the curvature energy alone is generally insufficient
to overcome the entropic penalty of sorting individual lipids22.
This leads to the assertion that in addition to the lateral
segregation of lipids into domains of differing spontaneous
curvatures23 and/or bending rigidities24 due to the non-ideal
mixing, any significant interleaflet compositional asymmetry can
provide an effective driving force for sorting to occur. The
compositional gradients creating the local molecular environment
may facilitate the self-assembly of dynamins in a ring structure
during the fission of membrane buds3. However, the spontaneous
appearance of the compositional inhomogeneity due to the non-
ideal mixing or the generation of the transverse compositional
asymmetry of the lipids around the bud-neck region has not been
experimentally confirmed so far.

Since the mechanochemical considerations invoked above are
purely physical in nature, in vitro model membranes can be used
for recapitulating them to clarify the fundamental mechanisms
for the compositional inhomogeneity produced by the bud-neck
topography. Here, using a lipid bilayer model supported on a
complex surface topography that mimics the membrane curva-
ture patterns generated during a budding event, we report on the
sorting dynamics and the equilibrium distribution of membrane
lipids, that is, higher-order spatial organizations of CHOL-
and sphingomyelin (SPM)-enriched raft microdomains25,26

producing ring-rafts in the collar band of a bud.

Results
Architecture of bud-mimicking topography. Let us begin with
the design of a hydrophilic, polydimethylsiloxane (PDMS) elas-
tomer with curvature patterns that represent a matured, late-stage
bud (case III of Fig. 1a). The surface patterns (Fig. 1b) consist of a
negative curvature (c0o0) representing the characteristic topo-
graphy of the bud-neck region, a positive curvature (c040) of the
bud-pit structure and an essentially zero curvature (c0¼ 0)
mimicking the donor membrane around the bud junction.
The methodology of creating the local radii of curvatures on
nanometre-to-micrometre scales was based on a combination of

a
Case III

Case II Case IV

Case I

Inner leaflet

Cholesterol
(CHOL)

Sphingomyelin
(SPM)

Nano-raft
(SPM-CHOL)

Outer leaflet

Lipid bilayer

b c

Closed ‘ring-rafts’
microdomain

Molecular transport by
geometrical curvature

co > 0

co < 0

co = 0

co < 0

co = 0

r

Case III

Figure 1 | Membrane fission and ring-raft formation in bud-mimicking

architecture. (a) Schematic representation of key budding steps (case

I–case IV). (b) Closed ring-raft domain located around a bud-neck region

with a negative curvature (c0o0; radius r¼ 1/c0). (c) Formation of a nano-

raft enriched with CHOL and SPM molecules in the outer leaflet by the bud-

neck curvature.
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colloidal, soft and photolithographic tools in conjunction
with a thermally triggered colloidal softening process (See
Supplementary Fig. 1 for details). Briefly, polystyrene (PS) par-
ticles (25 mm in diameter) were assembled on a glass substrate
through a convective self-assembly process27, transferred onto the
PDMS plate by micro-contact printing and then treated thermally
for softening and fixation of the PS particles (Supplementary
Fig. 1a–d). Depending on the softening process, the curvature
radius at the PS–PDMS interface was varied. Using such PDMS
plate, a mould of a photo-curable polymer (NOA65), having
negative replica patterns of the PS particles, was produced after
the removal of the PS particles (Supplementary Fig. 1e,f). A
negatively curved PDMS (nc-PDMS) substrate with the bud-neck
mimicking topography was routinely fabricated with the help of
the photo-curable polymer mould (Supplementary Fig. 1g,
Fig. 2a). By simply adjusting the softening time (ts), a range of
the curvature radius (r¼ 1/c) at the bud-neck in the collar region,
representing the degree of the bud maturity, was varied from
about 100 nm to several micrometres (Fig. 2b,d). For instance, for
ts¼ 50 min, rE900 nm (Fig. 2c). Before lipid deposition, the
PDMS substrates were treated with standard plasma so as to
render them hydrophilic. Since the plasma treatment removed
backbone methyl (-CH3) groups from the exposed PDMS
molecules by oxidation and newly formed polar silanol (Si-OH)
groups were cross-linked in a depth-wise, self-limiting manner, a
stiff, hydrophilic silica-like skin (about 5-nm thick) was readily
produced on the top of the elastic PDMS foundation28. The
hydrophilic nature of the nc-PDMS surface was confirmed from
the fact that the water contact angle29 was varied from 120� to
well below 20�. This is critical for self-assembling the lipid
molecules into a uniform bilayer structure30.

3D reconstitution of SLB. We first determined whether the
three-dimensional (3D) closed topology representing the complex
pattern of curvatures in the nc-PDMS substrate was transcribed
with high fidelity into adhering lipid bilayers (Fig. 2e). For this
purpose, we constructed a supported lipid bilayer (SLB) of a
single prototypical component and characterized it using a
height-resolved confocal fluorescence microscopy. The SLB was
prepared by incubating an aqueous suspension of small uni-
lamellar vesicles (SUVs; B1 membrane in Table 1) consisting of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) stained with
fluorescent Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine (TR) on the nc-PDMS substrate. The radius of
the curvature at the bud-neck was about 500 nm. A selected set of
the height-resolved images obtained using a confocal fluorescence
microscope, shown in Fig. 2f–l, revealed the 3D distribution of
the TR molecules in the nc-PDMS topography. The lateral
fluorescence profile seen in Fig. 2l (side-view), generated from
confocal slices, was virtually indistinguishable from the physical
shape of the topography observed in the scanning electron
microscope (SEM) image (Fig. 2b; ts¼ 30 min) of the nc-PDMS
substrate. The height-resolved fluorescence profiles in Fig. 2f–k
provided the spatial distribution of the TR molecules in 3D. Note
that the fluorescence is barely detectable at the centre of the bud
around the scanning depth z¼ 0 mm (Fig. 2f), whereas the cir-
cular fluorescence emission profiles are clearly seen at arbitrary
scanning depths (Fig. 2g–k), indicating that the SLB was uni-
formly covered on the nc-PDMS substrate in 3D. The uniform
coverage of the SLB membrane over the entire nc-PDMS sub-
strate was further confirmed by the 3D representation of the
fluorescence profiles shown in Fig. 2m. Defining the ring size s(z)
of the fluorescence as the diameter of the circular ‘peak isoline’ at
z along the white line in Fig. 2i, the ring size s(� 12)E21.4 mm at
z¼ � 12 mm. This agrees well with the diameter of a single bud

observed in the SEM image (Fig. 2b; ts¼ 30 min). Similarly, the
fact that s(� 20)E18.7 mm at z¼ � 20 mm is also consistent with
the SEM data (Supplementary Fig. 2). Within the confocal reso-
lution in our experiments, however, establishing the exact
quantitative correspondence between the physical topography of
the bud and the geometry of the adhered SLB was difficult
because of the reduction in resolution (B2 mm) near the bud-
neck region. This results from the 3D curved topography of the
substrate together with the lower axial or z-resolution in our
confocal configuration.

Next, we measured the lateral mobility of the B1 membrane
(the simplest SLB) on a hydrophilic, nc-PDMS substrate with the
3D topography. The fluorescence recovery after photobleaching
(FRAP) measurements31 were carried out to determine the
diffusion coefficients of the lipids on the flat region and the
bud-pit region with rE100 nm. A representative set of the time-
lapse fluorescence images taken from both the flat region
(Supplementary Fig. 3a–c) and the bud-pit region
(Supplementary Fig. 3d–f) indeed confirmed the lateral fluidity
and the structural contiguity of the B1 membrane over the 3D
topography. Note that the FRAP tests were performed 3 days after
the preparation of the SLBs to check the temporal stability of the
uniform coverage. The mean value of the diffusion coefficients
was 1.4±0.1 mm2 s� 1 (the error represents the s.d. for the mean
value averaged over five different measurements) and nearly
identical in the flat and bud-pit regions. This value is comparable
to those reported previously for the lipid bilayers supported on
glass31,32 and oxidized PDMS substrates33. The formation of
the uniform and laterally fluidic SLB over the 3D complex
topography can be readily understood from a mechanical point of
view: the favourable adhesion energy34 between the SLB and the
hydrophilic silica-like surface enables the SLB to overcome the
bending energy penalty associated with the elastic distortions of
the SLB in mimicking the topography of a late-stage bud in the
neck and the surrounding collar region.

Composition dependence of the spatial inhomogeneity of 3D
SLB. In establishing a generic principle of the spatial distribution
of the SLB domains in the bud-neck of closed topology in a
composition-dependent manner, we prepared a series of mixtures
with different compositions of the membrane components
spanning from two to five (Table 1). The primary lipids we tested
were combinatorial mixtures of DOPC, CHOL and SPM.
Depending on the composition and temperature35,36, microscopic
phase separation characterized by two co-existing membrane
phases is known to occur in several of these mixtures: a liquid-
ordered (Lo) or ‘raft’ phase representing a dense phase enriched
with SPM and CHOL and a liquid-disordered (Ld) phase
consisting primarily of unsaturated DOPC. During the vesicle
fusion process, the SLB samples were maintained at room
temperature for more than 36 h to ensure the long-term stability
of the phase-separated domains before characterization. For one
of the mixtures (the B7 membrane, exhibiting the raft phase),
diffusion coefficients at different elapsed times (0 h, 18 h and
36 h) after vesicle fusion were determined from the intensity
profiles of the FRAP (Supplementary Fig. 4). Similar values (the
mean value of about 0.9 mm2 s� 1) for the three cases suggest that
the lateral fluidity and the structural contiguity of the SLB were
well maintained over 36 h.

Let us start with three ternary systems (B2, B3 and B4) having
one of the three components (CHOL, SPM, or GM1) mixed
individually in the background of DOPC doped with a phase-
sensitive fluorescent probe (TR). The wide-field fluorescence data
in Fig. 3 were obtained using epifluorescence microscopy for the
nc-PDMS substrate having the curvature of 900 nm� 1 at the

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5507 ARTICLE

NATURE COMMUNICATIONS | 5:4507 | DOI: 10.1038/ncomms5507 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.



a

c

b ts=10 ts=30

ts=50

ts=50

r

ts=70

d

3μm

4

3

2

1

0

10 30 50

Softening time (min)

70 90 110

R
ad

iu
s 

(μ
m

)

SLB
(DOPC:TR
= 99:1)

Z

X Y

PDMS pattern

e

f Z = 0.0 μm Z = –4.0 μm Z = –8.0 μm

Z = –12.0 μm Z = –16.0 μm

Peak isoline

s(z)

Z = –20.0 μm

g h

i

l m

Z = 0
Z = –4
Z = –8
Z = –12
Z = –16
Z = –20

In
te

ns
ity

 (
a.

u.
)

60
50
40
30
20
10
0

20
10

0
Y (μm)

–10
–20 0

–4
–8

–12
–16

–20

j k

Z (μ
m)

Distance at Z= s(z)

Co < 0

Co = 0

Co > 0

Co < 0

Co = 0

Co > 0

Figure 2 | Bud-mimicking topography with different curvatures and 3D reconstitution of the SLB. (a) The array of the bud mimicking the

negatively curved PDMS (nc-PDMS) patterns fabricated using the PS particles of 25 mm in diameter. (b) The SEM images of the nc-PDMS patterns

varied with the softening time (ts) for the PS particles. (c) The magnified SEM image of a bud-neck region of the nc-PDMS pattern with the radius of
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(rE500 nm at ts¼ 30 min) covered with the SLB of the B1 mixture. (f–k) The height-resolved confocal fluorescence profiles of the TR at the scanning depth

z¼0 mm (f), z¼ �4mm (g), z¼ �8 mm (h), z¼ � 12mm (i), z¼ � 16mm (j) and z¼ � 20mm (k), respectively. (l) The side-view of confocal image of the
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bud-neck (the substrate obtained for ts¼ 50 min). As clearly
seen from the corresponding fluorescence images (t¼ 36 h) in
Fig. 3a–c, no phase separation was optically detectable. This is not
surprising because only one among the three essential compo-
nents was present in these mixtures25,37. Among the three
quaternary systems of SPM-GM1 (B5), CHOL-GM1 (B6) and
SPM-CHOL (B7), only the B7 membrane exhibited the phase
separation around the bud-necks and produced a raft domain of
closed topology in 3D as shown in Fig. 3d. Note that a quinary
system (B8) containing all the three components (SPM, CHOL,
and GM1) showed the development of such raft domain in
any case.

The time-lapse fluorescence images shown in Fig. 3e reveal the
dynamics of the ring-raft formation. Over the course of 36 h, the
initial homogeneous distribution of the TRs was gradually
transformed into a ring-type distribution. Two distinct features
were evidently observed: (1) a dark ring appeared in the bud-neck
region due to the depletion of the TRs and (2) the bright
fluorescence was seen in the central bud-pit region. From the
fluorescence profiles measured along the yellow lines (a-a’) in
Fig. 3e, the dark ring at t¼ 36 h became dimmer and wider as the
Lo phase became larger. This is due to the tendency for the
exclusion of the TRs from the Lo phase3,38,39. The precise width
of the ring-raft structure, however, cannot be ascertained from
these measurements alone because of the lower lateral resolution
in our experimental geometry and the 3D topography of the bud
feature. Note that although the raft-partitioning membrane
components accumulate around the bud-neck, not all of them
can be localized in the ring-raft domain because the excess
molecules cannot be accommodated within the area of the ring-
raft. From all the results for the wide range of the combinatorial
lipid mixtures (Fig. 3a–e) above, the two raft-partitioning
components, CHOL and SPM, must be contained for the
formation of a ring-raft of closed topology around the bud-
neck. This shares the common features with the cases for planar
SLBs and giant unilamellar vesicles where both CHOL and SPM
are required to produce Lo phase domains40,41. Another point
is that the ring-raft domains were substantially disrupted at
elevated temperatures above the effective phase transition of the
membrane composition in reconstructed Lo domains in the
prescribed regions with local curvatures (See Supplementary
Fig. 5).

Reconstitution of ring-rafts and ligand-receptor binding. In
exploring the essential role of one of the raft-partitioning com-
ponents, CHOL, on the compositional inhomogeneity around the
bud-neck, the ligand-receptor (cholera toxin–GM1) binding
events were monitored in two model systems: one exhibiting a
ring-raft structure (CHOL-doped) and the other showing no raft
(devoid of CHOL). The cholera toxin, a member of the AB5

family of bacterial toxins, is a well-known marker to identify a

lipid raft because it binds bio-specifically to raft-partitioning GM1
with high affinity38,42. For the B5 mixture where no CHOL is
present, no raft domain was observed and the TRs were
uniformly distributed across the entire nc-PDMS substrate as
shown in Fig. 4c. Similarly, no preferential distribution of GM1
bound with the Alexa Fluor 488-labelled cholera toxin B subunit
(CTxB-488) was detected during 36 h as shown in Fig. 4d
(Supplementary Movie 1). Figure 4e shows the cross-sectional
micrographs for the 3D distributions of target lipids (TR; top),
proteins (CTxB-488; middle), and the two components
(TRþCTxB-488; bottom). In contrast, for the B8 lipid mixture,
a ring-raft was clearly seen around the bud-necks (Fig. 4f). On
toxin binding, the fluorescence emission from CTxB-488 was
observed as shown in Fig. 4g (Supplementary Movie 2). The
cross-sectional micrographs showing the localization of protein
binding were presented in Fig. 4h. The correspondence between
the TR-devoid rings and the patterns obtained on CTxB

Table 1 | The compositions of different SLB mixtures studied.

SLB types Composition of SLB

B1 99% DOPC, and 1% TR
B2 66% DOPC, 33% CHOL and 1% TR
B3 66% DOPC, 33% SPM and 1% TR
B4 98% DOPC, 1% GM1 and 1% TR
B5 65% DOPC, 33% SPM, 1% GM1 and 1% TR
B6 65% DOPC, 33% CHOL, 1% GM1 and 1% TR
B7 33% DOPC, 33% SPM, 33% CHOL and 1% TR
B8 33% SPM, 32.5% CHOL, 32.5% DOPC, 1% GM1 and 1% TR

CHOL, cholesterol; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; SPM, sphingomyelin; TR,
Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine.
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binding43 suggests that the binding event is irrelevant to the ring-
raft formation in our case.

Membrane compartmentalization by ring raft. Membrane
compartmentalization by ring raft has been speculated that the
raft domains at the bud boundaries might serve to spatially seg-
regate the membrane components (for example, proteins) in
achieving the compositional enrichment of selected lipids14 such
as found in viral envelopes and synaptic vesicles6. Of particular
interest is to assess whether a topologically closed ring-raft we
observed indeed behaves as a barrier for the free, thermally
excited lipid exchange between the bud membrane and the donor
membrane across the bud-neck. On the basis of the electric field-
directed diffusion test39, the diffusion of the lipids in the bud
membrane across the ring-raft was found to be essentially
prohibited (Supplementary Fig. 6), thus suggesting that ring-raft
serves as an effective barrier for the compartmentalization of
membrane components within the bud-pit.

Discussion
Two major mechanochemical issues must be invoked to
appreciate the formation of ring-raft domains at the bud-neck-
collar interface. The first issue is that the Lo phase is thicker than
the Ld phase since the extended chains of the saturated lipids
become more ordered and denser due to the tight packing with
the CHOLs. Such height mismatch at the phase boundary is
energetically unfavourable. Thus, the line tension is produced
between the two phases and the phase-separated Lo domain tends

to adopt a circular geometry. Beyond a critical size, however,
the line tension energy of a single Lo domain exceeds the
curvature-dependent Helfrich-type energy4 and consequently, the
membrane is deformed out of plane and is in favour of budding
to reduce the line tension energy. If this is the case, the raft-
partitioning components would be concentrated in both the bud-
pit region and the surrounding collar. However, this is not
observed. The second issue is that the line tension effect is
coupled with the membrane curvature as well as the bending
rigidity difference between the two phases in developing the ring-
raft morphologies. A preliminary analysis44 based on the
Helfrich-free energy description for the membranes45 suggests
that the large negative spontaneous curvature of the Lo domain in
relative to the Ld domain (cLo¼ � 1/68 Å� 1 and cLd¼ � 1/
160 Å� 1) (ref. 44) together with the difference in the bending
stiffness (kLo/kLd¼ 1.25) can account for the accumulation of the
unit rafts in the collar band around the bud-neck (Supplementary
Fig. 7). This requires the preferential localization of the raft
domains in the outer leaflet of the SLB in the curvature niche
imposed by the nc-PDMS substrate. However, a complete picture
of the budding scenario remains to be acquired from more
systematic experiments.

The generic principle of reconstituting the ring-rafts reported
here can be further extended toward understanding the
correlations between the physicochemical variables, such as the
curvature6,46,47 and the lipid compaction48, and the macroscopic
phenomena including consequential protein migration and
clustering43,49,50. The geometrical deformations of the SLB were
found to allow for the collective sorting of specific types of the
membrane molecules (that is, raft-partitioning CHOL, SPM and
GM1) into an unusual ring shape, which is in contrast to the
morphology of a stripe or a bubble developed commonly in a
phase-separating system with competing interactions44,46,51,52.
Finally, our reconstitution of the ring-raft of 3D closed topology
in vitro might not only serve as the machinery for manipulating
and realizing the curvature-associated raft activities, for example,
the endocytic vesicle scission14,53 but also provide an insight
into the peculiar nature of the self-assembly of the ubiquitous
membrane division protein such as dynamin10,54 whose
migration into the bud-neck regions remains poorly understood.

Methods
Fabrication of bud-mimicking PDMS patterns with 3D curvature. Commer-
cially available glass substrates were first sonicated in acetone for more than 30 min
and then in deionized water for 10 min. The cleaned substrates were dried under a
gentle stream of nitrogen and subsequently coated with a standard negative
photoresist material (SU-8 2015, MICROCHEM) according to the vendor’s
instructions (url: http://microchem.com). The thickness of the SU-8 photoresist
layer was about 15mm. Using a mask aligner (MA-6, EVG), the glass substrates
coated with the SU-8 were exposed to ultraviolet (UV) light through a predefined
photomask with an array of grid patterns of 50 mm in each side, and developed to
leave out only desired SU-8 patterns. The SU-8 patterns produced on the glass
substrates were capable of periodically assembling monodisperse PS particles.
Typically, the PS particles of 25 mm in diameter were used in our experiments.

After the colloidal PS particles in water were prepared on the glass substrate
with the SU-8 patterns by spin-coating, a clean, flat glass slide was used as a top
cover for the PS particles. The separation between the bottom glass substrate and
the top cover slide was uniformly maintained using 150-mm-thick plastic spacers.
The slow evaporation of water at room temperature for about 1 day allowed to
assemble the PS particles into the SU-8 grid patterns through a well-established
convective assembly process27 (Supplementary Fig. 1a,b). The transfer of the PS
particles onto a flat PDMS plate by micro-contact printing and the thermal
treatment for softening and fixation of the PS particles were then successively
carried out (Supplementary Fig. 1c,d). The PDMS plate with the PS particles was
placed on a hotplate for the thermal treatment at 200 �C for 5–25 min, depending
on the desired radius of curvature, to produce the nc-topography at the interface
between the PS particle and the PDMS plate (Supplementary Fig. 1d). The radius of
curvature was systematically varied as r¼ 100, 500 and 900 nm for the softening
time t¼ 10, 30 and 50 min, respectively. A photo-curable (under the UV light)
polymer (NOA65, Norland Products, Inc.) was coated on the PDMS plate with
the thermally treated PS particles, followed by UV exposure for 2 min

a b
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DOPC+TR+GM1+SPM

DOPC+TR+GM1+SPM+CHOL
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c d e

gf h

TR CTxB-488

t=36 h t=36 h

CTxB-488

Combined

TR

Figure 4 | Reconstitution of closed ring-rafts and protein binding. (a) The

SEM image of a single nc-PDMS pattern (rE500 nm). (b) Schematic

illustration of the localization of CTxB protein binding to glycolipid receptor

GM1 with highly affinity in the model membrane. (c–e) The confocal

micrographs of the target lipid (TR) only, protein (CTxB-488) only, and the

mixture (TRþCTxB-488) for the B5 membrane (CHOL-free). (f–h) The

confocal micrographs of the target lipid (TR), protein (CTxB-488), and the

mixture (TRþCTxB-488) for the quinary B8 membrane. Scale bar, 25 mm.
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(Supplementary Fig. 1e). After the photo-cured NOA65 layer together with the PS
particles was peeled off, it was immersed in toluene for 1 min to remove the PS
particles from the NOA65 layer (Supplementary Fig. 1f). The Sylgard 184 silicone
elastomer (Dow Corning Corp.), mixed with the curing agent in a 10:1 ratio, was
then poured into the PS vacancies and thermally cured for 3 h at 80 �C
(Supplementary Fig. 1f). The NOA65 layer was then removed in a mixed solution
(dichloromethane: methanol¼ 100:15) for about 1 day and the PDMS substrate
having bud-mimicking patterns (the nc-PDMS substrate; Supplementary Fig. 1g)
was finally produced. As the last step, the nc-PDMS substrate was annealed on a
hotplate at 200 �C for more than 1 h to remove any residual solution adsorbed or
entrapped within the PDMS.

The SLB formation. DOPC was used as a main lipid component for all bilayer
mixtures. For imaging by fluorescence, a small concentration (B1 mol%) of a
negatively charged lipid-probe, TR (Molecular Probes, Eugene, Oregon), was mixed
with DOPC. Other lipids, including SPM (brain, porcine), CHOL, ganglioside
GM1 (brain, ovine-ammonium salt) were purchased from Avanti Polar Lipids
(Birmingham, Alabama). The Alexa Fluor 488-labelled cholera toxin B subunit
(CTxB-488, Molecular Probe, Eugene, Oregon) was used as a raft maker at a
concentration of 10 mg ml� 1 in Tris buffer (100 mM NaCl and 10 mM Tris at
pH.¼ 8.0). All lipids were dissolved in chloroform. The rapid solvent exchange
method55 was employed to evaporate chloroform and to hydrate with Tris buffer
(100 mM NaCl and 10 mM Tris at pH. 8.0) simultaneously. SUVs were produced
by extruding 20 times through a 50 nm-pore filter. The residual SUVs in the Tris
buffer solution were removed with deionized water after the SLB was formed
through the exposure of the substrate to a solution of the SUVs for 5 min. Unlike
giant vesicles and floating bilayers29, the SLB experienced relatively strong adhesion
on the nc-PDMS surface, and the Lo and Ld phases were fully phase separated in
the SLB in the course of about 36 h as reported previously56.

Fluorescence microscopy measurements. Fluorescence microscopy measure-
ments were carried out in both epi- (Eclipse E600-POL, Nikon) and confocal (Carl
Zeiss LSM710, Carl Zeiss) geometries. Texas Red and Alexa-Fluor 488 probes were
fluorescently excited at appropriate wavelengths of He-Ne lasers and collected with
appropriate excitation/emission filters (Ex: 590 nm, Em: 610 nm for Texas Red and
Ex: 500 nm, Em: 526 nm for Alexa Fluor 488).

FRAP measurements and data analysis. The diffusion coefficients of the probe
lipids in the SLB samples were determined from the intensity profiles obtained by
the microscopy-based FRAP measurements (Supplementary Fig. 4). For the FRAP
measurements, a circular region (30–50 mm in diameter) in the fluorescent sample
was illuminated continuously at the excitation wavelength for the fluorophore
through a � 60 (NA, 0.70) objective lens for about 3 min. After photobleaching,
the fluorescent recovery was monitored using a probe beam along the illumination
path through a � 20 objective lens. The time-lapse sequences of the wide-field
fluorescence micrographs of the bleached sample were recorded in time (typically,
every 5 s). The FRAP data were analysed using numerical solutions to the
two-dimensional diffusion equation. Data analysis was performed with the help of
an image analysis software available in publicly (ImageJ, NIH, USA, url: http://
rsb.info.nih.gov/ij/).

Preparation of substrates for EM measurements and data analysis. The
bud-mimicking PDMS template was coated with a 3-nm-thick layer of Pt using a
sputter coater (SCD 500, Bal-Tec) before imaging with a scanning electron
microscope (S-4800, Hitachi). The accelerating voltage was 15 kV and the current
was 10mA. The radii of curvatures (r’s) at each softening time (ts) were measured
using Image J software in the magnified bud-neck region. A typical example of
determining the radius of curvature was shown in Fig. 2c.
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