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ABSTRACT The fusion of lipid membranes is a key process in biology. It enables cells and organelles to exchange molecules
with their surroundings, which otherwise could not cross the membrane barrier. To study such complex processes we use simpli-
fied artificial model systems, i.e., an optical fusion assay based on membrane-coated glass spheres. We present a technique to
analyze membrane-membrane interactions in a large ensemble of particles. Detailed information on the geometry of the fusion
stalk of fully fused membranes is obtained by studying the diffusional lipid dynamics with fluorescence recovery after photo-
bleaching experiments. A small contact zone is a strong obstruction for the particle exchange across the fusion spot. With
the aid of computer simulations, fluorescence-recovery-after-photobleaching recovery times of both fused and single-mem-
brane-coated beads allow us to estimate the size of the contact zones between twomembrane-coated beads. Minimizing delam-
ination and bending energy leads to minimal angles close to those geometrically allowed.
INTRODUCTION
Membrane fusion events triggered by specialized proteins
are not only essential for intracellular trafficking, viral
infection, and neurotransmitter release, but also play a
pivotal role in embryogenesis, i.e., tissue formation and
pathogenesis (1,2). Generally, fusion of two adjacent mem-
branes requires lowering of the free energy barrier by
concerted action of proteins in the context of an overall
exergonic reaction. While viral fusion through trimer-of-
hairpins formation and neurotransmitter release mediated
by SNARE proteins is considerably well understood, extra-
cellular cell-cell fusion is much less investigated. Apart
from the largely unknown set of molecules participating in
cell-cell fusion, the role of the cytoskeleton is of particular
interest in many studies. Major dynamic remodeling of the
actomyosin cortex is required to accommodate the cell
shape changes involved in cell-cell fusion. The actomyosin
cortex attaches to the inner leaflet of the plasma membrane
and thereby prohibits fusion pore formation by a free energy
penalty to delaminate membrane from the cortex. Plasma
membranes are generally subjected to a lateral tension
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largely generated by this membrane-cytoskeleton adhesion.
Chen et al. (3) found that formation of fusion pores is
accompanied by disassembly of the actin cortex below the
pores. Fusion pores usually develop over the entire contact
zone and the increase of the pore size provides the most
prominent energy barrier. Along these lines, severing the
actin cytoskeleton by administration of Latrunculin A accel-
erates pore formation considerably.

Conversely, the actin-filament-crosslinking reagents jas-
plakinolide or phalloidin inhibit cell-cell fusion by slowing
down pore growth. In other studies employing electropora-
tion, a local accumulation of actin bundles was observed
driving syncytium formation by active expansion of fusion
pores (4). In contrast to vesicle fusion that is presumably facil-
itated by release of lateral tension stored in the plasma mem-
brane, fusion pore expansion between cells requires partial
removal of the actin cortex. The important question remains
what actually drives the pore expansion that obviously re-
quires a persistent energy input. Chernomordik and Kozlov
(5) suggest that a negative line tension might lead to an
increase in circumference due to relaxation of bending energy
once fusion is initiated. It is conceivable that cells actively—
by means of energy consumption—control expansion of
fusion pore through membrane-bending proteins. To devise
a far less complex model system to study fusion pore
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development, we used silica beads coated with phospholipid
bilayers that are doped with fusogenic peptides. The system
mimics the situation where the plasma membrane is attached
to the cytoskeleton via linkers such as those from the ezrin-
radixin-moesin family. In view of the inhibitory role of the
actin cytoskeleton on formation of large fusion pores, it is
important to understand the energetics of fusion in the context
of a support connected to the lipid bilayer.

Previously, we could show that membrane-coated beads
are excellently suitable to document fusion events mediated
by coiled-coil peptides (6). The use of monodisperse silica
beads as a support for lipid bilayers solves problems associ-
ated, for instance, with membrane undulations, light scat-
tering, and excessive labeling with fluorophores because
the beads can also be detected and identified through their
size in bright field microscopy. To fuse the membranes, we
used the well-established fusogenic E-peptides (i-E3Cys)
and K-peptides (i-K3Cys) coupled to a lipid anchor MCC-
DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[4-(p-maleimidomethyl)cyclohexane-carboxamide]), which
is embedded in the deposited bilayer. These peptides are
known to form heterodimeric coiled-coil structures, which
foster docking between two lipid bilayers and eventually
facilitate membrane fusion (7,8). We showed that docking,
hemifusion, and full fusion of the membrane coats are
observable and easily distinguished. We found that, after
full fusion, the membrane is continuously covering both
beads. This inevitably requires the membrane to partially
lift off from the substrate but it is unclear how far this delam-
ination of the bilayer proceeds to enable fusion. Besides
delamination of the bilayer from the silica substrate, the
bilayer is bent in the contact zone, forming essentially a
toroidal-like shape that also costs energy depending on the
amount of spontaneous curvature. A higher degree of delam-
ination reduces the bending penalty substantially, and vice
versa. These two energy contributions govern the size and ge-
ometry of the contact zone between two beads. Eventually,
compensation of the required free energy changes to delam-
inate and bend themembranes is needed. The systemneeds to
gain a considerable amount of free energy from fusion.

In contrast to vesicle fusion assays, the overall driving
force for fusion cannot be drawn from release of bending en-
ergy; i.e., two vesicles fuse to become one, and thereby
release ~500 kBT of bending energy. The gain in energy
originates predominately from van der Waals interactions
that increase if the two beads come into closer contact by
removing the membrane material from the contact zone.
Here, we used fluorescence recovery after photobleaching
(FRAP) experiments paired with Monte Carlo simulations
of the recovery process to infer the precise geometry of
the contact zone of fused membranes covering a bead pair.
Fluorescence recovery on fused bead pairs is significantly
slowed down compared to the fluorescence recovery on sin-
gle beads, for purely geometric reasons. The lipids have to
cross the contact zone and the smaller this becomes, the
slower the recovery. Conversely, this finding offers us a
route to estimate the size of the contact zone by measuring
the recovery time. We also relate our findings to free energy
estimations to obtain a plausible model for membrane fusion
of supported bilayers and thereby obtain a robust determina-
tion of the possible shape of the membrane in the contact
zone after fusion.
MATERIALS AND METHODS

Materials

All lipids were used as purchased: DOPC (1,2-dioleoyl-sn-glycero-3-phos-

phocholine), DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), and

MCC-DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-

maleimidomethyl)cyclohexane-carboxamide]) from Avanti Polar Lipids

(Alabaster, AL); Texas Red DPPE (1,2-dihexadecanoyl-sn-glycero-3-phos-

phoethanolamine, triethylammonium salt) and Oregon Green 488 DPPE

(1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine) from Life Tech-

nologies (Carlsbad, CA); and cholesterol (3b-hydroxy-5-cholestene) from

Sigma-Aldrich (St. Louis, MO). Atto390-DOPE, Atto488-DOPE, and

Atto655-DPPE were from ATTO-TEC (Siegen, Germany). Monodispersed

silica beads with a diameter of 6.5 mm were purchased from Bang Labora-

tories (Fisher, IN), and used as received. Glass bottom petri dishes with a

dish size of 35 mm and a 14 mm bottom well (glass 0.16–0.19 mm) from

In Vitro Scientific (Sunnyvale, CA) were coated with casein from bovine

milk (Sigma-Aldrich) to inhibit membrane spreading of the membrane-

coated silica beads on the glass surface of the petri dish.
Buffers

Phosphate buffer (50 mMNa2HPO4, pH 6.8) was used to introduce ions into

the buffer solution reducing Brownian motion of the silica beads on the

glass surface. The buffer was filtered with a 0.2-mm cellulose acetate filter

from Sartorius Stedim Biotech (Göttingen, Germany) and degassed.

Pure, deionized water was obtained by using a Milli-Q Advantage

A10 Ultrapure Water Purification System from Merck Millipore (Darm-

stadt, Germany).
Lipopeptides

Peptides forming heterodimeric coiled-coil structures were synthesized as

described in Pähler et al. (8) and Marsden et al. (9). The amino-acid se-

quences are: acetyl-(EIAALEK)3-GWGGGC-amide (E3Cys) and acetyl-

WG-(KIAALKE)3-GGGGC-amide (K3Cys). These peptides contain a

thiol group at the cysteine that reacts with the maleimide group of the lipid

headgroup by Michael addition. Covalent binding of the peptide (7 nmol;

Eq. 1) was achieved by reacting the peptide with MCC-DOPE (Eq. 1) in

n,n-dimethylformamide (7 mL) with a few drops of diisopropylamine

(Sigma-Aldrich). The organic solvents were removed in vacuum and the

lipopeptides were dissolved in a mixture of chloroform/methanol (2:1) to

a final concentration of 10 mg mL�1. The lipopeptides were analyzed by

electrospray-ionization mass spectrometry (E3Cys-MCCDOPE: 3882 m

z�1 [Mþ], K3Cys-MCCDOPE: 3827 m z�1 [Mþ]). Additionally, choles-

terol-PEG12-E4 and cholesterol-PEG12-K4 were used to induce membrane

fusion between the silica beads (10–13).
Lipid composition

The lipid compositions of all FRAP experiments were DOPC/DOPE/Chol/

TexasRed DPPE/lipopeptide (50:24:24:1:1) mol % for the membrane

coating of the silica beads. To distinguish two mixed bead fractions, in
Biophysical Journal 110, 2216–2228, May 24, 2016 2217
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some experiments one fraction contained a different fluorescent dye lipid

such as Oregon Green 488 DPPE, Atto488-DOPE, or ATTO390DOPE

(1 mol %).
Preparation of vesicles

Lipid films were produced by mixing stock solutions of the lipids in

chloroform (1–10 mg mL�1) and drying under nitrogen flow. After drying

in a vacuum oven overnight, the lipid film was dissolved in deionized water

to obtain multilamellar vesicles (1 mg mL�1). The mixture was then soni-

cated in a vessel resonator (Sonoplus HD 2070; Bandelin, Berlin, Germany)

for 30 min (60 W, 0.4 s pulse) to produce small unilamellar vesicles (SUVs,

20–50 nm). The SUVs were stored at 4�C for a maximum of two weeks.
A

Membrane coating of silica beads

Membrane-coated silica beads were formed according to a protocol previ-

ously introduced in Bao et al. (6). Silica beads (10 mL, 10 wt %) were mixed

with buffer (250 mL, 10 mM TRIS, 300 mM NaCl, pH 7.4) and SUV solu-

tion (250 mL). The mixture was incubated and pulse-vortexed in a centri-

fuge tube for 30 min. Subsequently, the excess SUVs were removed by

rinsing six times with 500 mL of the desired solvent. Rinsing was performed

by centrifuging the suspension for 5 s using a model No. MCF-2360 mini-

centrifuge (LMS, Heidelberg, Germany) at 6600 rpm, removing the super-

natant, and suspending the beads for the next rinsing step. The final volume

of the suspension was 200 mL, containing 0.5 wt % of beads.
B C
Fusion of membrane-coated beads

For fusion experiments, two sets of beads (50 mL each) that are either func-

tionalized with E- or K-peptides, respectively, were gently mixed and incu-

bated at room temperature for 90 min to induce membrane fusion between

the bead fractions. A 35 mm glass-bottom dish with a 14-mm bottom well

was incubated with 600 mL of phosphate buffer containing 1.5 mg mL�1

casein for 30 min and then rinsed a few times with 1 mL of phosphate buffer

each. A quantity of 10 mL of the mixed bead fraction was added to 2 mL of

phosphate buffer. Eventually, the membrane-coated silica beads sediment

onto the passivated glass substrate. In contrast to our previous study in

Bao et al. (6), we used buffer solution instead of deionized water for the

bead dispersion to increase fusion efficiency through increase of the attrac-

tive forces between the beads.
Confocal laser scanning microscopy

Confocal microscopy and FRAP experiments were carried out using a

model No. FV1000 inverted confocal laser scanning microscope (Olympus

Deutschland, Hamburg, Germany) with a 40 � air objective (LUCPLFLN

40� PH; Olympus Deutschland). FRAP experiments on fused pairs of

beads were carried out by bleaching Texas Red DPPE with a 561 nm laser

on one of the fusion partners for 2 s and recording Texas Red fluorescence

for at least 15 min. Images were scanned unidirectionally with a speed of 2

ms per pixel. To gain a full view of the spherical, membrane-coated bead,

the pinhole of the microscope was opened.

FIGURE 1 Schematic depiction of the membrane fusion process. (A)

Two species of membrane-coated beads are present in our experiments—

one fraction of beads carries E3/E4 fusogenic peptides incorporated into

the membrane (orange helices) and the other fraction displays the comple-

mentary K3/K4 fusogenic peptides (green helices). (B) Close contact of two

complementary beads facilitated by formation of coiled-coil structures

leads to membrane fusion, yielding a single continuous membrane covering

both spheres. (C) Confocal laser scanning micrograph of membrane-coated

beads with a continuous membrane spanning both spheres. Gray scale with

inverted colors. Scale bar, 5 mm. To see this figure in color, go online.
Particle tracking

ATTO 655-DPPE was used as a lipid dye for particle tracking measurements

on single-membrane-coated silica spheres. The lipid composition was

DOPC/DOPE/Chol/ATTO 655-DPPE (50:24.997:25:0.003). A small cap of

the silica sphere was tracked with a 200-Hz charge-coupled device camera

and a laser was used to bleach most of the fluorescent lipid dyes so that

some single fluorescent molecules remain to be tracked over time (14).
2218 Biophysical Journal 110, 2216–2228, May 24, 2016
RESULTS

FRAP experiments

The goal was to investigate lipid molecule diffusion over a
small fusion stalk by FRAP. Hence, membrane fusion be-
tween two membrane-coated silica spheres had to be initi-
ated. By mixing two fractions of membrane coated silica
spheres containing the complementary peptides for the for-
mation of a coiled-coil a-helix, membrane fusion was
achieved. In general, membrane fusion occurred mostly be-
tween two silica spheres and only a few clusters of spheres
could be observed. In contrast to a previous study in Bao
et al. (6), the hemifused state, i.e., where only the outer
lipid monolayers fuse, could not be observed for a longer
period of time, because this state is only metastable.
Mixing times and ionic strength of the solution were
increased in our study to increase fusion efficiency. In
Fig. 1, a scheme of the membrane fusion process is shown,
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where membrane-coated spheres come into close contact
initiating the formation of coiled-coil dimers between the
lipopeptides on the opposing beads. Hemifusion of the outer
lipids is usually observed before membranes merge entirely.
Eventually, a continuous membrane is formed in which both
lipid leaflets are fused to one lipid membrane covering both
spheres. The used lipid composition ensures a fluid mem-
brane at room temperature. TexasRed-DPPE was used as a
lipid-based fluorescent dye for our FRAP measurements.
The dye is photostable over a longer period of time but
could still be bleached easily within a few seconds employ-
ing full laser intensity.

FRAP was then used to monitor diffusion of lipid mole-
cules between two silica spheres with a radius of 3.25 mm
that were connected to each other by a fusion stalk. Fig. 2
shows a typical reference experiment, in which half of a sin-
gle sphere was bleached. To obtain a full view of the lipid
bilayer on the silica spheres, the pinhole of the confocal mi-
croscope was opened. This three- to two-dimensional pro-
jection was necessary to observe the entire membrane on
both spheres. Initially, a bead pair was selected, where the
fluorescent dye distribution was uniform on both spheres.
A pair of membrane-coated beads is shown in Fig. 1 C.
On one sphere, all lipid dye molecules were bleached for
A B

C D

FIGURE 2 Illustration of the reference FRAP experiment performed on

single spheres. (A) Confocal laser scanning micrograph of single sphere

with fluorescently labeled lipid membrane before bleaching. (B) Fluores-

cence micrograph after bleaching half of the sphere vertically; bleaching

area highlighted as black half-circle. (C) Recovery of fluorescence intensity

within bleached area. Overall intensity lowered. (D) Schematic representa-

tion of the FRAP experiment with x0 as a variable bleaching position. All

fluorescence micrographs are in gray scale with inverted colors. Scale

bar, 5 mm. To see this figure in color, go online.
2 s (Fig. 3, A–C). Because the recovery of fluorescence orig-
inates solely from dye molecules located on the other
sphere, the process is rather slow (30 min) compared to
FRAP measurements with identical spot size on solid sup-
ported membranes, e.g., glass surfaces (1 min). Therefore,
consecutive images were taken in an appropriate time inter-
val (~10 s) to reduce photobleaching due to prolonged expo-
sure to the scanning laser.

To compare experimental data with Monte Carlo simula-
tions of dye diffusion, we applied the following analysis
procedure. Four distinct regions of interest (ROIs) of equal
size were selected within the fluorescence micrographs: 1)
one ROI covering the bleached area, 2) one ROI covering
the unbleached part, 3) one ROI covering a distant sphere,
and 4) one ROI covering the background. Fluorescence in-
tensities within the ROIs were integrated, yielding inten-
sities I1–I4. Background intensity I4 was subtracted from
I1–3. Lastly, I1 and I2 were divided by I3 to account for gen-
eral bleaching. Fluorescence intensities were then normal-
ized according to

fnðtÞ ¼ f ðtÞ � f0
fN � f0

; (1)

where f ðtÞ denotes the experimentally obtained time-depen-
dent fluorescence recovery after correction for bleaching, fN
is the fluorescence intensity reached after infinite time, and
f0 denotes the fluorescence intensity before bleaching.
A B

C D

FIGURE 3 Illustration of the FRAP experiment performed on fused pairs

of membrane-coated silica spheres. Scale bar, 5 mm. (A) Confocal laser

scanning micrograph of two silica spheres with fused membranes. A region

of interest (black circle) is chosen to cover one of the two spheres. Another

region on a distant sphere (black circle, dashed line) is chosen as a reference

to account for general photobleaching. (B) Region of interest is bleached

with a high-intensity laser pulse. (C) Recovery of fluorescence intensity re-

corded in bleaching region. Fusion of membranes is clearly visible due to

loss in fluorescence intensity of the second, unbleached sphere. Homoge-

neous fluorescence intensity before and after bleaching indicates full

fusion. (D) Sketch of the experiment. One sphere of the fused pair is

bleached; the fluorescence recovery is observed within the bleached area.

The contact angle a is introduced as the angle between the x axis connecting

sphere centers and a line connecting a sphere center and the point of delam-

ination of the membrane from the sphere. All fluorescence micrographs are

in gray scale and inverted colors. To see this figure in color, go online.

Biophysical Journal 110, 2216–2228, May 24, 2016 2219



FIGURE 5 Histogram of experimental values for the time constant t ob-

tained on single spheres with a Gaussian kernel density estimate (red). Time

constant t obtained from simulations is shown in blue (dashed line). To see

this figure in color, go online.
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Normalized fluorescence depletion FnðtÞ ¼ 1� fnðtÞ was
integrated, yielding a time constant t of fluorescence decay:

t ¼
Z N

0

FnðtÞdt: (2)

Fig. 4 illustrates the aforementioned procedure. The
figure shows the collected raw fluorescence intensities of
the four ROIs of one example FRAP measurement and
the correspondingly transformed fluorescence depletion
(green).

Quantities of 20 FRAP measurements on bead pairs that
exhibit full fusion of the membrane coats (Fig. 3) and 10
FRAP measurements on single membrane-coated spheres
were carried out. In the latter case, half of the bead was
bleached (Fig. 2). The results of the processed measure-
ments are compiled in Fig. 5 for single membrane-coated
beads and in Fig. 6 for fused membrane-coated beads.
Note that a fast fluorescence recovery corresponds to a
lower value for t. All calculated values for t are in the range
of 100–800 s (Fig. 6).

As a result, a rather broad distribution of time constants t
for the diffusion of lipids over a small fusion stalk was
A

B

FIGURE 4 (A) Example FRAP experiment performed on a pair of fused

membrane-coated silica beads. Fluorescence recovery within the bleached

area (circles) alongside the intensity of a single reference bead (squares) to

correct for general bleaching and the background (diamonds) is shown. (B)

Normalized fluorescence recovery fnðtÞ (circles), and the fluorescence

depletion FnðtÞ calculated (squares). To see this figure in color, go online.

2220 Biophysical Journal 110, 2216–2228, May 24, 2016
obtained. The most probable time constant of all FRAP
measurements lies in between 250 and 300 s. These values
indicate that full recovery is very slow compared to bleach-
ing measurements of geometrically unrestricted lipid diffu-
sion on single spheres. A smaller contact zone reduces the
flow of lipid from one sphere to the other, which results in
a slower apparent diffusion and fluorescence recovery.

If no reference experiments exist, the precision of the
contact size analysis heavily relies on the exact knowledge
of the diffusion constant of the lipid composition. Therefore,
we carried out particle tracking experiments of single fluo-
rescent lipid dyes to obtain D from the mean-square
displacement. In Fig. 7, a histogram of diffusion coefficients
is shown that was measured by particle tracking of single
fluorescent molecules that were excited with a high power
laser. Most of the fluorescent lipid dye molecules were
FIGURE 6 Histogram of time constants t found experimentally with

fusion pairs of both E3/K3 and E4/K4 pairs combined. The simulated

time constant is shown as a green dashed line. To see this figure in color,

go online.



FIGURE 7 Histogram of diffusion coefficients found experimentally

with particle tracking of single fluorescently labeled lipids on single

spheres.

Geofus
bleached so that a few excited molecules could be tracked
over time. From this time-dependent measurement of lipid
diffusion, a mean diffusion constant for a membrane on a
single-membrane-coated silica sphere of D ¼ (1.32 5
0.20) mm2 s�1 was calculated, which is comparable to a
flat solid supported membrane deposited on a glass surface
(15). Note that the distribution of diffusion coefficients ob-
tained from various spheres is rather broad. As the diffusion
coefficient and the FRAP time constants are directly propor-
tional, the deviation in time constants reflects the deviation
in diffusion coefficients.
FIGURE 8 Schematic cut through the geometry of the contact zone of

two beads in contact. The value RS denotes the radius of the spheres, and

RB and RT are the minor and major radii of the ring torus, respectively.

The value AB shows the membrane supported by the spheres before fusion,

and AR shows an approximation of the new geometry of the membrane after

fusion, forming a torus in three dimensions. The value a is the contact

angle, determined by the transition of the sphere and the torus. The value

xc is half the width of the contact zone. To see this figure in color, go online.
Monte Carlo simulation

The objective is now to relate lateral diffusion to the geom-
etry of the contact zone. Because the contact zone is the
bottleneck, which is responsible for the slow recovery
time of fluorescence on the bleached sphere, we designed
Monte Carlo simulations to mirror this situation as closely
as possible. Comparison between simulation and experi-
ment allows us to correlate the observed slowdown of fluo-
rescence recovery to the size of the contact zone between
two membrane-coated beads.

Geometry

In the following section we describe the envisioned geom-
etry of two membrane-coated beads in close contact. Let
two spheres S1 and S2 of equal radius RS, whose centers
are located on the x axis and that touch each other at the
origin of the coordinate system, with x % 0 on S1 and x
> 0 on S2, be covered with a bilayer of thickness dm.
Bilayer thickness is assumed to be negligible with respect
to sphere radius. If fusion takes place, one or both leaflets
of the membrane will detach from the surface of the sphere
and span the contact zone with a shape function mini-
mizing free energy. In this work, the membrane surface
within the contact zone will be modeled by a section of
a ring torus ðT1Þ, whose parameters are defined by the con-
dition of continuity and differentiability at the transition
between sphere and torus at xc (Fig. 8). This geometry is
defined by (16)

Fðx; y; zÞ ¼

8>><
>>:

ðx þ RSÞ2 þ y2 þ z2 � R2
S ¼ 0 S1

y2 þ z2 �
�
RT �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
B � x2

q �2

¼ 0 T1

ðx � RSÞ2 þ y2 þ z2 � R2
S ¼ 0 S2:

(3)

The values RT and RB are the major and minor radii of the
ring torus, respectively; and 2xc is the width of the contact
zone projected onto the x axis. We define a contact angle
a as the angle between the segment connecting the center
of the torus and the center of either sphere and the x axis.
The parameters defining the ring torus are:

xc ¼ RSð1� cosaÞ; (4)

RT ¼ RStan a; (5)
Biophysical Journal 110, 2216–2228, May 24, 2016 2221
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 2

q

RB ¼ RS þ RT � RS: (6)

Due to finite thickness of biological membranes, dm,
the contact angle a is limited by the condition RBRdm,
that is:

amin ¼ arctan

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dmðdm þ 2RSÞ

R2
S

s !
: (7)

With dm � RS, the following approximation holds:

aminzarctan

� ffiffiffiffiffiffiffiffi
2dm
RS

r �
: (8)

With RS ¼ 3:25 mm and dm ¼ 3 nm, the minimal angle
possible with this geometry is amin ¼ 2:46+. Using the
toroidal geometry of the contact zone, the total membrane
area is not strictly conserved during fusion. Relative
membrane area, defined as the ratio of AR and AB in
Fig. 8 and shown in Fig. 9, decreases for relatively
small contact angles. Compression and stretching of
membranes is energetically unfavorable. While rupture
occurs at relative stretching larger than a few percent,
compression might be avoided by formation of membrane
protrusions. As our data analysis suggests contact angles
much smaller than 10�, membrane compression is ex-
pected to be far below 1% and is therefore negligible in
this context.

Surface diffusion

For the analysis of FRAP experiments performed on the ge-
ometry of fused beads, it is necessary to simulate diffusion
of fluorescently labeled lipids on the surface of the geome-
try. In this work, surface diffusion is simulated using
random walkers performing random steps with Gaussian
step length distribution. Moving a random walker under
confinement with respect to the curved membrane is per-
FIGURE 9 Relative membrane area, defined as the ratio of AR to AB in

Fig. 8, as a function of the contact angle a. The ratio is independent of

the size of the spheres. To see this figure in color, go online.
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formed in two approximate steps: 1) isotropic motion within
the local tangent plane and 2) projection back onto the sur-
face. With implicitly defined surfaces, the surface normal is
easily given by

~n ¼ VFð~rÞ: (9)

The new position ~r1 of the random walker after a step is
given by (17)
~r1 ¼ ~r0 þ ~n�~rRandom
j~n�~rRandom j � s; (10)

where s is a step length drawn from a c(2)-distribution with
standard deviation chosen according to the diffusion coeffi-
cient D. After execution of a diffusion step, random walkers
are reprojected onto the surface. This is done using a cutoff
series expansion in F (17):

~r2 ¼ ~r1 � Fð~r1ÞVFð~r1Þ
jVFð~r1Þj2 : (11)

The reprojection is stable even for large step lengths
compared to the dimensions of the spheres; nevertheless,
the distance of reprojected random walkers to the surface
is dependent on the local curvature, which leads to a
different accuracy of reprojection within the toroid-shaped
contact zone compared to the spheres. An adaptive step
length approach is used in this work: the step length of
random walkers within the contact zone is typically or-
ders-of-magnitude smaller than the step length on the
sphere. Fig. 10 shows an example random walk on the
surface.

Initial configuration

The equilibrium surface concentration of fluorescently
labeled lipids is homogeneous. Random walkers are distrib-
uted uniformly along the x axis with random rotation angle
4 on the surface of revolution. This procedure does not yield
a homogeneous area density of random walkers. Therefore,
every random walker is attributed a brightness value, hS and
hT , which is adjusted such that the surface brightness is
FIGURE 10 Random walk of a single particle on the geometry of a pair

of fused beads. The time is color-coded in arbitrary units; the geometry of

the fused beads is depicted via a mesh of belts around the geometry. To see

this figure in color, go online.
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FIGURE 11 (A) Fluorescence recovery simulated on a single bead as a

function of the bleaching position x0, according to the bleaching scheme

Geofus
homogeneous. The brightness of a random walker on the
sphere is given by

hS ¼ 2pRS; (12)

while on the torus it is

hT ¼ 2p

�
RT �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
B � x2

q � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2

R2
B � x2

s
: (13)

To simulate a FRAP experiment, the brightness factor of
random walkers in the bleached area is set to zero.

Simulation results

In the following section, we will present random walker-
based Monte Carlo simulations of FRAP experiments.
Time constants, defined as the integral of normalized fluo-
rescence depletion, calculated as a function of the size of
the contact zone, are compared to experimentally obtained
time constants to determine plausible contact zone geome-
tries. We introduce two distinct simulations: firstly, the par-
tial bleaching of a single membrane-coated sphere; and
secondly, partial bleaching of a fused pair of membrane-
coated beads. The first one can be used as a reference exper-
iment, yielding reference time constants as a normalization
for time constants obtained in the second experiment, elim-
inating the need of determination of the diffusion coefficient
of the lipids.
in Fig. 2. (B) The time constant of the fluorescence recovery is roughly pro-

portional to the area bleached. To see this figure in color, go online.

Comparing experiment with simulation

Reference experiment: FRAP on a single bead

As the lipid composition and membrane surface interaction
are the same for both the fusion pairs and the single sphere
experiments, a reduced, unitless reduction factor can be
defined as the ratio of time constants of fluorescence deple-
tion in fused pair simulations and the time constant of
bleaching a defined part of a single sphere. Reduction fac-
tors are independent of the diffusion coefficient of fluores-
cently labeled lipids, therefore eliminating the need to
determine D with high accuracy. A sketch of the reference
experiment on single beads is shown in Fig. 2 D. A spherical
cap of the fluorescently labeled sphere is bleached, and the
recovery or depletion of fluorescence intensity within the
bleached or the nonbleached area, respectively, is recorded
as a function of the bleaching position x0.

In our simulations, bleaching is performed instanta-
neously and completely, i.e., all random walkers’ brightness
whose position projected onto the x axis is larger than x0, is
set to zero.

Simulated fluorescence depletion curves for single
spheres are shown in Fig. 11 A and calculated time constants
are displayed in Fig. 11 B. The simulation parameters are
given in Table 1. The time constants in this simulation
decrease with increasing x0, as the time constant is roughly
proportional to the bleached area, which itself is inversely
proportional to x0. For the purpose of a reference experi-
ment, bleaching half a sphere, corresponding to x0 ¼ 0, is
favorable, because time constants are least influenced by
experimental error in x0, as the slope of t (x0) is minimal
around x0 ¼ 0.

Comparison of simulated time constants given in Fig. 5
shows good agreement for the most probable value of t ob-
tained, although some experiments exhibit significantly
larger time constants than predicted by the simulations.
FRAP on fused membrane-coated beads

In this section, we present simulations of FRAP experiments
on fused membrane-coated beads with varying contact angle
a. We calculate the reduction factor of time constants with
respect to single bead time constants. The toroidal-like
membrane spanning the contact zone in between both
spheres presents a geometrical barrier for diffusing lipids,
and time constants are significantly increased. Comparison
of simulation and experiment offers a way to obtain infor-
mation about the size of the contact zone.
Biophysical Journal 110, 2216–2228, May 24, 2016 2223



TABLE 1 Parameters Used in the Simulation of FRAP on a

Single Sphere

Parameter Value

No. of random walkers 2 � 106

Dt 4.1 � 10�3 s

RS 3.25 mm

D 1.32 mm2 s�1

FIGURE 12 Extrapolation of fluorescence depletion curves exemplified

with simulation assuming a ¼ 1.74�. Black and red with linear scaling,

and blue and green with semilogarithmic scaling, showing dominance of

a single exponential decay for long times. Simulated intensities above tf
were used for the fit. Extrapolation was used for small angles to compute

time constants, where explicit simulation would not be computationally

feasible and, in fact, unnecessary. To see this figure in color, go online.
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A sketch of the simulation performed is shown in Fig. 3
D. One sphere of the fusion pair was bleached and
the fluorescence depletion subsequently recorded. Note
that because the timescales of lipid diffusion on the
spheres and across the fusion pore are significantly
different (the latter being an order of magnitude slower),
an imprecise determination of the bleaching position and
thus, bleaching of not exactly half of the geometry, would
have only a minor impact on fluorescence depletions. It can
therefore be neglected. Simulation parameters are given in
Table 2.

At the smallest contact angle, the simulations are not able
to reach the long-term equilibrium state. However, the fluo-
rescence depletion curves can be described as sums of expo-
nential decays (Fig. 12). Semilogarithmic scaling confirms
linearity for long times, justifying an extrapolation to infin-
ity. Time constants were then computed as the sum of the in-
tegral over the simulated data and the integral over
extrapolated long time behavior. An example of this extrap-
olation procedure is given in Fig. 12.

Simulated fluorescence depletion curves as a function of
angle a are given in Fig. 13 A, and calculated time con-
stants are shown in Fig. 13 B. The minimal angle possible
for a given sphere radius according to Eq. 8 is depicted as
amin. Simulated values of the time constant are compatible
with time constants acquired experimentally, shown in
Fig. 6. Hence, experimentally observed reduction of
fluorescence recovery times ~17-fold is well reproduced
by simulations assuming geometrical obstruction in the
toroidal-like geometry. However, in some cases, geomet-
rical obstruction alone is not sufficient to explain the recov-
ery slowdown seen in experiments; in fact, some values are
up to a factor-of-four higher than simulated. It is instructive
to compare the distribution of time constants obtained
from our FRAP measurements with the distribution of
diffusion coefficients measured with single fluorophore
particle tracking (Fig. 7). Both types of measurements
TABLE 2 Parameters Used in the Simulation of FRAP on a

Fusion Pair of Two Beads

Parameter Value

No. of random walkers 5 � 105

Dt on sphere 3.7 � 10�4 s

Dt within contact zone 3.4 � 10�8 s

RS 3.25 mm

D 1.32 mm2 s�1
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reveal similarly broad distributions. Indeed, the slowest
and fastest diffusion constants are approximately a factor-
of-four smaller or larger than the mean value used in our
FIGURE 13 (A) Fluorescence recovery simulated on fused beads as a

function of the contact angle a, according to the bleaching scheme in

Fig. 3. Contact angle is increasing from red to blue. (B) Calculated time

constants t. To see this figure in color, go online.
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simulations. As the time constants are directly proportional
to diffusion coefficients, we would expect measurements to
deviate by the same factor. Bearing in mind that diffusion
coefficients are generally accurate on a logarithmic scale,
we think that the observed deviation is not unreasonably
large. Moreover, some inherent accuracy is lost due to
the presence of a solid support. Any small defect in the
solid supported membrane on the spheres would lead to
reduced apparent diffusion coefficients, thus increasing
time constants.

Because our experimental values essentially show some
realizations with significantly larger time constants but
only a few with significantly smaller time constants, we
are confident to assume that the geometry given here is min-
imal in respect to the size of the contact zone. The silica
spheres will be in close contact due to high van der Waals
interactions; tetherlike structures are unlikely, because this
would require separation of the beads.
A

B

FIGURE 14 (A) van der Waals interaction energy as a function of inter-

sphere distance. (B) Enlarged section of the interaction energy, correspond-

ing to shown intermediates. To see this figure in color, go online.
DISCUSSION

In this study, we have performed FRAP experiments on
single membrane-coated silica beads as well as pairs of
membrane-coated beads, whose membranes have fused
in close contact of the spheres mediated by fusogenic
model peptides forming coiled-coil dimers consisting of
E3/K3 or E4/K4, respectively. Both peptides led to full
fusion of membrane-coated beads. The goal was to infer
the geometry of the contact zone from diffusion measure-
ments. Due to the limited resolution, direct observation of
the contact zone with optical microscopy is not feasible.
However, it is clear that the zone is smaller than the res-
olution of the microscope (250 nm), because contact
zone radius for a minimal contact angle is ~137 nm. Com-
parison of fluorescence recovery of single spheres and
fused pairs revealed a striking slowdown of diffusion
upon fusion, mainly caused by strong geometrical restric-
tion of lipids in a confined contact geometry. Monte Carlo
simulations of the diffusion of lipids across a toroidal
membrane connection, between the two beads sharing
one continuous membrane, revealed that indeed minimal
geometries within the contact zone reproduce strong diffu-
sion slowdown. Simulations suggest that if fusion occurs,
a minimal geometry is necessary to explain experimental
observations. What is the driving force of fusion in this
experiment, and additionally, what is the force prohibiting
wide opening of the fusion pore? To address these ques-
tions, we first provide an estimation of energy contribu-
tions to the overall fusion free energy. In vesicle fusion,
the gain in free energy originates from the release of
bending energy in the order of 500 kBT. Notably, bending
energy of vesicles is independent of the radius. The main
energy release during fusion in our experiment, however,
cannot be the release of bending energy, but instead comes
from the attractive van der Waals interaction of both silica
spheres upon close contact. The interaction energy is
given by (18)

EvdWðdÞ ¼ �AH

6

(
2R2

S

ð4RS þ dÞd þ 2R2
S

ð2RS þ dÞ2

þ ln
ð4RS þ dÞd
ð2RS þ dÞ2

)
: (14)

The Hamaker constant for silica spheres in water is found to
be AH ¼ 1:9� 10�20J (19). For a configuration correspond-
ing to the docking state, where the spheres are separated by
roughly 12 nm due to two intact and separated lipid mem-
branes with RS ¼ 3:25 mm, an energy contribution of ~100
kBT is to be expected. A hemifused state with a sphere-
sphere separation of 6 nm corresponding to two leaflets of
the lipid membranes in contact would suggest an interaction
energy of roughly 200 kBT. Thus, the transition from dock-
ing to hemifusion would release 100 kBT. For full fusion
with close contact of the spheres in the range of d z
2 nm, an energy release of ~6204 kBT is expected, this being
a strong driving force for fusion (Fig. 14). The selective
interaction of E/K-peptides upon formation of coiled-coil
structures is small compared to the van der Waals interac-
tions, but provides a specific way of bringing the two
spheres into close contact, thereby lowering the hydration
barrier.

As the fusion pore forms, the membrane in the contact
zone has to change its topology at the expense of adhesion
energy. While the membrane before fusion is closely inter-
acting with the solid support, upon fusion the bilayer has to
Biophysical Journal 110, 2216–2228, May 24, 2016 2225



FIGURE 15 Change in energy upon full fusion of the membranes on two

membrane-coated silica spheres. The different values of the spontaneous

curvature c0 are color-coded. Black lines depict the van der Waals energy

released by the interaction of the two spheres, thus total energy change

below this line is negative. Green dots indicate the potential minimum,

i.e., the contact angle with minimal free energy for given spontaneous cur-

vature [mm�1]. To see this figure in color, go online.
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be partly delaminated from the spheres to bridge the contact
zone. Besides raising free energy for delamination, the
membrane enters a state of high curvature in the contact
zone. Using the geometry introduced above, one can calcu-
late the membrane area delaminated as a function of contact
angle a:

AR ¼ 2pR2
Sð1� cos aÞ: (15)

Thus, with a typical surface energy of g ¼ 0.1 mN m�1, the
delamination energy is given by

Edel ¼ 4pgR2
Sð1� cos aÞ: (16)

Delamination energies clearly increase with increasing con-
tact angle a; thus, with increasing fusion pore size, delami-
nation energies should increase strongly with sphere size.
As the van der Waals interaction is independent of a, this
delamination energy will strongly limit possible contact
zone sizes. This is in accordance with findings in cell-cell
fusion experiments where the remodeling of cytoskeleton-
membrane contacts is the prerequisite for growing of the
fusion pore (3). Additionally, we consider the energies
involved in bending the membrane into small tori around
the contact. We approximate bending contribution by
considering the Helfrich bending energy given by

Ebend ¼
Z
M

dA

�
1

2
kð2H � c0Þ2 þ kK

�
: (17)

Mean curvature H and Gaussian curvature K for tori and
spheres are well known from differential geometry (20).
Solving the integral above using the approximation that
the minor torus radius RB is much smaller than the
major torus radius RT and further using a small angle
approximation, we estimate the bending energy change
upon fusion to be

DEbendz2pk cos a
�
4� ðc0RB � 2Þ2�

�pk
RT

RB

ð2a� pÞðc0RB � 1Þ2

�8pk� 4pk;

(18)

where c0 is the spontaneous curvature of the membrane, k is
the bending modulus, and k is the saddle splay modulus.

Fig. 15 shows the free energy as a function of contact
angle a, comprising contributions from delamination and
bending for varying spontaneous curvature assuming k ¼
20 kBT (21,22) and kz0 kBT. The black line indicates the
possible release of van der Waals energy upon close contact
of the two beads. Free energy values below this line corre-
spond to an exergonic fusion reaction.

Decreasing bending energy for geometries with larger
contact zones competes with increasing delamination pen-
2226 Biophysical Journal 110, 2216–2228, May 24, 2016
alty, thus leading to a free energy minimum for a given
spontaneous curvature. While for a membrane with no
net spontaneous curvature the van der Waals interaction en-
ergy is not sufficient to overcome the delamination and
bending barriers, a membrane that has a negative sponta-
neous curvature in the order of 100 mm�1, thus favoring
considerably bent structures as they occur within the con-
tact zone, render the fusion process energetically favor-
able. Given the minimal spontaneous curvature needed to
release free energy during the fusion process of c0 ¼
103.6 mm�1, the free energy minimum is found at a contact
angle of a ¼ 3.03�. The minimal, geometrical contact
angle for this geometry is found to be amin ¼ 2.46�.
Increased spontaneous curvature shifts free energy minima
toward smaller angles. A minimum at 2.46� is found for a
spontaneous curvature of 261.4 mm�1, releasing ~3020
kBT, which could explain lower time constants observed
experimentally. We can conclude that a lipid membrane
composition, containing lipids that can show considerable
spontaneous curvatures, is needed to facilitate fusion in
this experiment. Note that we used PE/cholesterol in our
lipid composition to provide the required spontaneous cur-
vature. Because a symmetrical double membrane should
not exhibit net spontaneous curvatures, it is likely that
either flip-flop of lipids or lateral phase separation precedes
the formation of the fusion pore, leading to a net sponta-
neous curvature and thus a decrease of bending energy pen-
alties. A typical value for spontaneous curvature of PE is
50.31 nm�1 (22), where the sign depends on convention.
Here, curvatures within the toroid contact zone are posi-
tive, while the curvature on the sphere is taken to be nega-
tive. This observation is backed up by our experiments,
which show essentially no fusion events if PE and choles-
terol are omitted. Furthermore, interaction of the K-peptide
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with the lipid membrane could influence lipid composition
and local curvature, facilitating membrane reorganization
within the contact zone. Enrichment of cholesterol in the
vicinity of K-peptide membrane interaction has been sug-
gested (23,24).

Thus, energy considerations suggest a minimal geometry,
consistent with the finding that a minimal angle is needed to
account for large diffusion slowdowns compared to the
reference experiment on single spheres. Simulated fluores-
cence depletion time constants are still smaller than those
encountered in some of the experiments. Changes in diffu-
sion coefficient within the contact zone are a possible expla-
nation, e.g., due to interaction of lipids upon close contact
with membrane sheets (25).

With increasing contact angle a, dimensions of the con-
tact zone and distance between membrane sheets increases
rapidly. Effects decreasing mobility of lipids within the
membrane due to close contact should diminish quickly,
suggesting that a geometrical obstruction is indeed the
main contribution to the diffusion slowdown encountered
in experiments.
CONCLUSIONS

We have performed FRAP experiments on both single
membrane-coated silica spheres and fused pairs of two
membrane-coated silica spheres, whose membranes did un-
dergo full fusion. Interaction of the spheres is initiated by
formation of coiled-coil structures of fusogenic, SNARE-
mimicking peptides, E3/4 and K3/4, respectively. Analysis
of FRAP experiments revealed a strong reduction of fluores-
cence recovery times for fused pairs compared to single
spheres.

Comparison of experimental time constants of lipid
diffusion across the membrane surfaces with Monte Carlo
simulations of lipid diffusion suggests that geometrical re-
striction due to a minimal contact zone reproduces the diffu-
sion slowdown. Consideration of the energetic contributions
to fusion in this geometry proposes that delamination of the
membrane from the silica substrate poses the main barrier of
fusion pore opening, while release of bending energy favors
larger fusion geometries, thus freezing a transition state of
membrane fusion.

In contrast to fusion studies involving vesicles, our
approach eliminates several complex steps in the fusion pro-
cess such as shape fluctuations or adaptation of a new final
surface to volume. Instead, it preserves the overall geometry
and the volume of the two initial spherical bodies during the
whole fusion process. It should also be emphasized that our
model does not resolve the fast initial steps of membrane
fusion in time. Instead, this model yields a frozen state of
an early but fully developed fusion pore stabilized by the
competition of delamination and bending energies.

The strength of this model is that it allows a sensitive,
very predictable, and reproducible fine-tuning of the various
energetic contributions to the process of membrane fusion.
By varying the size and the surface properties of the spheres
or even coating the spheres with an actin cytoskeleton, we
expect that this model, in future experiments, will allow
us to infer detailed information about the role of fusogenic
membrane proteins and membrane compositions in the
fusion process.

These findings are important also for native cell fusion
experiments where remodeling or even dissolution of the
actin cortex is important to reduce the free energy barrier
for fusion pore growth. In contrast to driving forces found
in cells and vesicles, van der Waals interactions between
the two solid beads are the main driving force of fusion in
our assay. But as the dispersion energy contribution is not
a function of fusion progression after close contact of
spheres, i.e., no function of contact angle a, it can be treated
as a mere facilitator of fusion generating an offset to the
overall free energy. The interplay of delamination and
bending, which is present in cellular systems as well, dom-
inates the main findings of our study. Indeed, the energies
involved in delamination of membranes from silica spheres
and cellular cytoskeletons are quite similar, thus allowing us
to infer information about the process of cellular fusion
from an artificial model system (26).

Besides reduction of delamination energy by means of
active energy-consuming processes, the lipid composition
in the contact zone is decisive in reducing bending energy.
Here flipases could help to establish the necessary asymme-
try to accommodate high curvature in the contact zone be-
tween two cells on a reasonably short timescale.
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