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INTRODUCTION

1 INTRODUCTION
1.1 M EMBRANE FUSION
Membrane fusion, a key process in the life of eukaryotic cells, undergoes docking
(outer bilayer leaflets contact), hemifusion (outer bilayer leaflets merge while inner leaflet
membranes contact) and full fusion (both outer and inner bilayer leaflet merge resulting a
continuous bilayer).[1-4] In this section, the basic definitions and functions of biological
membranes are introduced followed by explaining the fundamental mechanism of
membrane fusion.

1.1.1 LIPID BILAYER AND MEMBRANE[5, 6]
The cell membrane is a crucial part of the cell, which contains outer plasma
membrane and internal membrane.[7-9] The plasma membrane defines the boundaries of
the cell and physically separates the intracellular components from the extracellular
environment. Inside the eukaryotic cell, the membrane of various organelles, such as Golgi
apparatus and mitochondria, maintains their own functions, as well as the difference
between the inner contents of the organelle and the outer cytosol (Figure 1-1a).[10-12]
Despite their different functions, all biological membranes have the same common basic
composition: a very thin film of lipid bilayer and associate proteins (Figure 1-1b).[8, 9] The
lipid bilayer provides the basic fluid and dynamic structure of the biological membranes,
while the membrane proteins are responsible for all the specialized biological activities,
for example, catalyzing the membrane fusion process.
The lipid bilayer forms through the process of lipid assembly. Lipids (Greek lipos =
fat) are amphiphilic molecules, which contain a hydrophilic (“water-loving”) head and a
hydrophobic (“water-fearing”) tail, thus they are soluble in organic solvents such as
chloroform and methanol but are only sparingly soluble in water.

1
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Figure 1-1 Schematic representation of a eukaryotic cell membrane (here refers to plasma
membrane). (a) The anatomy of an animal cell. 1 (b) A detailed diagram of the plasma membrane
mainly including a lipid bilayer and various membrane associated proteins. The polar head groups
(orange) separate the nonpolar tails (yellow) from extracellular environments. 2 (c) The parts of
phosphatidylcholine as an example of a phospholipid, represented as a symbol, schematically, by
formula, as a space-filling model respectively (from left to right). 3

The cell membrane consists of three kinds of lipids: phospholipids, glycolipids, and
sterols, in which phospholipids are the most abundant ones.[13] The four major
phospholipids

in

the

plasma

membrane

are

phosphatidylcholine

(PC),

phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin. Figure 1-1c
shows the detailed structure of PC with different ways as an example of phospholipids.

1

Figure 1-1a is taken from
http://thescienceclassroom.org/wp-content/uploads/2013/02/Animal_cell_by_monstara.jpg.
2
Figure 1-1b is taken from http://www.frontiers-in-genetics.org/pictures/cell-membrane_1.gif.
3
Figure 1-1c is redrawn from Alberts, B., Bray, D., and Lewis, J. (2002) Molecular biology of the
cell, P585
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Most phospholipids have a phosphate head group and two hydrocarbon tails. The tails are
usually fatty acids containing 14 to 24 carbons with/without cis-double bonds. Both of the
length (number of carbons) and the degree of saturation of the fatty acid influence the
fluidity of a bilayer hence the characteristic phase transition temperature (Tm), which is
defined as the temperature required to induce a transition of a bilayer from the ordered gel
phase to crystalline liquid phase (Table 1-1).[14] A shorter fatty acid reduces the interaction
between tails and cis-double bonds produce kinks that disrupts the package of lipids, so
that bilayer remain fluid as lower temperature.

Table 1-1 Phase transition temperature (Tm) of common used PC lipids influenced by
length and degree of saturation of fatty acids.4
Name, abbreviation and chemical structure
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

Saturation

18:1
18:1

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)

Tm / °C

-20

16:0
18:1

-2

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
14:0
14:0

23

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
16:0
16:0

4

41

The phase transition temperatures are extracted from http://www.avantilipids.com.
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1.1.2 MECHANISM OF MEMBRANE FUSION

Figure 1-2 The broad spectrum of membrane fusion events. Membrane fusion can occur between
cells (e.g. yeast mating), between intracellular compartments (e.g., mitochondrial fusion,
endosome-endosome fusion), between intracellular compartment and plasma membrane (e.g.,
synaptic vesicle exocytosis) and between extracellular particles and plasma membrane (e.g., during
the viral entry). 5

Membrane fusion, where two separate bilayers merge into one continuous bilayer, is a
fundamental reaction in all living eukaryotic cells. Fusion reactions with different
functions can vary vastly in space and time, such as cell-cell fusion in fertilization,
intracellular fusion in exocytosis, intra- and extracellular fusion in viral entry (Figure
1-2).[3, 4, 14-16] Despite this diversity, all fusion reactions undergo the process involving the
5

Figure is taken from Martens, S., and McMahon, H. T. (2008) Mechanisms of membrane fusion:
disparate players and common principles, Nat Rev Mol Cell Bio 9, 543-55.
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general steps shown in Figure 1-3. The natural distance between two membranes is at least
10-20 nm, because of the electrostatic repulsive force between the charged bilayers. Thus,
the first step is to bring the membranes into close contact to overcome the electrostatic and
hydration forces and the inner bilayer leaflets can interact (Figure 1-3a). This close contact
is accompanied by instability of boundary between the hydrophilic and hydrophobic part
of the bilayer (Figure 1-3b), leading to the formation of a stalk structure (Figure 1-3c), the
inner leaflet merged but the outer leaflet not. [17, 18] Hemifusion diaphragm is induced by
stalk expansion; in this case, the two aqueous compartments are separated only by inner
leaflets contact (Figure 1-3d). Finally, lipids rearrange a small pore, which enlarges
rapidly and form a connection of two aqueous compartments. The content of
compartments mixing represents full fusion (Figure 1-3e).

Figure 1-3 Elementary process of all membrane fusion reactions. (a) Pre-fusion contact. (b) A
point-like membrane protrusion minimizes the energy of the hydration repulsion between the
proximal leaflets of the membranes coming into immediate contact. (c) A hemifusion stalk with
only proximal leaflets fused. (d) Stalk expansion induces the hemifusion diaphragm. (e) A fusion
pore forms either from the hemifusion diaphragm or directly from the hemifusion stalk.6

Although all membrane fusion reactions involve the same basic procedures, various
proteins trigger them. These proteins induce the initial recognition of the membranes and
bring them into close proximity to initiate lipid mixing. A single protein may do
everything in viral-cell fusion whereas protein complexes are needed in intracellular
fusion. The mechanism of these two well-studied membrane fusion are introduced in the
following sections.

6

Figure is taken from Marsden, H. R., Tomatsu, I., and Kros, A. (2011) Model systems for
membrane fusion, Chem Soc Rev 40, 1572-1585.
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1.1.3 SNARE-MEDIATED FUSION
All intracellular membrane fusion events are proposed to be mediated by the
formation of SNARE complexes (SNARE, soluble NSF attachment protein receptor where
NSF stands for N-ethyl-maleimide-sensitive fusion protein).[4,

19-22]

Since the SNARE

proteins were first characterized in late 1980s, more than 100 family membranes have
been found in different subcellular compartments and identified as key elements in
membrane fusion.[23-36] In order to bring the two membranes into close proximity and fuse,
energy is needed to overcome the electrostatic and hydration forces, SNARE proteins are
excellent candidates since they can zip up into complexes during this process. Figure 1-4
shows a widely accepted model of SNARE-mediated membrane fusion.[14, 37-40] Firstly, the
SNARE proteins zip up from the amino-terminal end forcing the two membranes to move
close within 2-3 nm (Figure 1-4a, b). Afterwards, proceeding zipping creates high
curvature and lateral tension in the membranes, thus stabilizing the transition state in
which only the outer leaflets are merged, termed hemifusion (Figure 1-4c, d). Finally, the
fusion pore opens and expands, causing full content mixing and membrane relaxation
(Figure 1-4f). Although the SNARE proteins can vary considerably in structure and size
during different types of membrane fusion, the core of the “zipper structure” was proved a
four-helix coiled coil motif, called core SNARE complex.

6
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Figure 1-4 Model of SNARE-mediated membrane fusion. (a) The two membranes are in the
vicinity but the SNAREs are not yet in contact. (b) SNARE complexes start zipping from the
amino-terminal end, which forces the two membranes further towards each other. (c) Zipping
proceeds, induces increased curvature and lateral tension of the membranes, exposing the bilayer
interior. Spontaneous hemifusion occurs as the separation is sufficiently reduced. (d) The highly
unfavorable void space at the membrane junction causes the establishment of contacts between the
distal membrane leaflets. (e) The lateral tension in the transbilayer contact area induces membrane
breakdown, yielding a tiny fusion pore. (f) The fusion pore expands and the membrane relaxes. 7

1.1.4 VIRAL-CELL FUSION
Enveloped viruses such as HIV and influenza virus infect the host cell through fusion
of the viral membrane and a target cell membrane. Viral fusion proteins catalyze this
fusion process.[1-4,

41, 42]

Although they vary greatly in structure, all seem to have a

common mechanism involving an essential conformational change from native (nonfusogenic) to fusion-active (fusogenic) (Figure 1-5).[43-47] Before it interacts with the host
cell membrane, the protein present on the viral surface is in an inactive state as a
homotrimer with the non-helical fusion peptide or loop (light green) sequestered (Figure
1-5a). Upon appropriate trigger such as pH change, the protein undergoes a dramatic
7

Figure is taken from Chen, Y. A., and Scheller, R. H. (2001) SNARE-mediated membrane fusion,
Nat Rev Mol Cell Bio 2, 98-106.
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conformational change, extending the fusion peptide or loop (helical) to inset into the
target cell membrane (Figure 1-5b), resulting in a longer trimeric coiled coil structure.
Afterwards, further conformational change occur: The protein folds back inducing the
collapse of the intermediate, followed by the proximal leaflets merging into a hemifusion
stalk (Figure 1-5c, d). Finally, the fusion pore opens resulting in the entry of viral content
into the host cell (Figure 1-5e).

Figure 1-5 Model of membrane fusion trigged by a viral fusion protein. (a) The protein in the prefusion conformation, with its fusion peptide (green) sequestered. (b) Extended intermediate. The
protein opens up at low pH (in the case of the influenza virus), extending the fusion peptide to
interact with the target membrane. (c) Collapse of the extended intermediate. (d) The protein folds
back bringing the membranes in closer proximity. The proximal leaflets merge into a hemifusion
stalk. (e) Fusion pore formation.8

8

Figure is taken from Harrison, S. C. (2008) Viral membrane fusion, Nat Struct Mol Biol 15, 690698.
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1.2 BULK PHASE FUSION ASSAY
Because of the complexity of living cells, reconstitution of protein-mediated
membrane fusion events in vitro is a good alternative approach of cell-based assay towards
mechanism understanding at molecular level. So far, several artificial model systems and
methods have been established to study the mechanism of membrane fusion.[16] These
models are predominately based on liposomes, consist of various types of liposomes and
one or two fusogens generally. Fluorescence spectroscopy is common used to study such
models in bulk phase solution, lipid mixing and content mixing can be identified from the
change of fluorescence intensity.

1.2.1 LIPOSOMES AS A BASIS
Liposomes, or lipid vesicles, are artificially prepared spherical structures composed of
one or a few lipid bilayers formed in vitro in an aqueous medium.[48,

49]

This closed

structure is energetically favorable because it avoids the exposure of the hydrophobic tails
to water, which is unstable. Because of their similarity to the cells and vesicles in nature,
they have been widely used as a model system in membrane science, drug delivery, as
well as cell mimic study.[49-56]
Liposomes are often distinguished according to their number of lamellarity and size
(Figure 1-6).[56-58] Depending on lamellarity, liposomes can be divided into unilamerllar
vesicles and mutilamerllar vesicle. Generally, unilamellar vesicles are classified according
to their size as small unilamellar vesicles (SUV, diameter < 100 nm), large unilamellar
vesicles (LUV, diameter between 100-1000 nm) and giant unilamellar vesicles (GUV,
diameter > 1 µm). Multilamellar vesicles (MLV) are onion-like structure and
multivesicular vesicles (MVV) encapsulate smaller vesicles. The thickness of the
membrane (phospholipid bilayer) measures approximately 4-5 nm.

9
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Figure 1-6 The common vesicle size and lamellarity classification system. Small unilamellar
vesicles (SUV) are less than 100 nm in diameter; large unilamellar vesicles (LUV) are between
100 and 1000 nm; and giant unilamellar vesicles (GUV) are larger than 1 µm. Multilamellar
vesicles have many membrane layers, and multivesicular vesicles encapsulate smaller vesicles. 9

Various methods have been developed to prepare liposomes. However, despite the
diversity of methods, the formation of all kinds of liposomes share the same mechanism
except GUVs, which are mainly produced by electroformation (Figure 1-7).[49,

59-63]

Firstly, a lipid mixture of the desired composition is dissolved in organic solvent (usually
chloroform with/without methanol) to assure a homogeneous mixture, and then remove
the solvent to get dry lipid film. Hydration of the dry lipid film is accomplished simply by
adding an aqueous solution and agitating above the transition temperature of lipids,
forming MLVs of different size distributions. Once a stable MLV suspension forms, the
vesicles can be downsized by extrusion or sonication. Extrusion through a polycarbonate
filter with defined pore size can produce LUVs of desired size. Sonication can disrupt the
suspension to yield bilayer fragments and assembly into SUVs finally.

9

Figure is taken from van Swaay, D., and deMello, A. (2013) Microfluidic methods for forming
liposomes, Lab Chip 13, 752-767.
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Figure 1-7 Illustration of the mechanism of liposome formation. Liposomes form from the dry
lipid film, which detaches from the support upon hydration. Afterwards, the swelling film selfcloses to form large multilamellar vesicles (MLVs) during agitation in order to prevent interaction
of water with the hydrocarbon core of the bilayer at the edges. Finally, energy is input to reduce
the size of the MLVs in the form of sonic energy (sonication) or mechanical energy (extrusion),
resulting in LUVs and SUVs, respectively.10

Typically, membrane fusion assay is always based on bulk solution of SUVs or LUVs
because the composition, size, surface charge and other properties of liposomes can be
controlled easily. Besides, the liposomes can be functionalized with desired ligands such
as peptides, DNAs and small molecules to introduce a certain specific function.

10

Figure is taken from http://www.avantilipid.com, technical support, preparation of liposomes.
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1.2.2 LIPID MIXING[16, 64]

Figure 1-8 Mechanism of fluorescence resonance energy transfer (FRET). (a) Mode of energy
transfer between different flurophores.11 (b) Schematic representation of the FRET spectral overlap
integral.12

Fluorescence resonance energy transfer (FRET) is a distance-dependent interaction
between “donor fluorophore” and “acceptor fluorophore” in which excitation can transfer
from donor to acceptor.[65] Therefore, in order to observe efficient FRET, the emission
spectrum of donor must overlap the absorption spectrum of acceptor, and the distance
between donor and accepter must be in appropriate distance (typically 10-100 Å) (Figure
1-8).
Struck and co-workers firstly applied FRET experiment to measure lipid mixing.[65]
The assay was performed by labeling liposomes with both a donor fluorophore NBD (N(7-nitro-2,1,3-benzoxadiazol-4-yl)) and an acceptor fluorophore rhodamine at an
appropriate distance, resulting efficient FRET. When labeled liposomes fuse with

11
12

Figure 1-8a is adapted from http://www.molecular-beacons.org/toto/Marras_energy_transfer.html.
Figure 1-8b is adapted from http://de.wikipedia.org/wiki/Föster-Resonanzenergietransfer.
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unlabeled liposomes, the increasing of average distance between donor and acceptor
induces decreasing FRET efficiency. This FRET based lipid mixing assay is currently the
most widely used assay.

Figure 1-9 (a) Total lipid mixing and (b) inner leaflet mixing assay based on fluorescence
resonance energy transfer (FRET). The average distance of the donor and acceptor fluorophore
increases upon fusion of labeled membrane with unlabeled membrane, resulting in decreased
FRET efficiency. Decreased FRET efficiency is registered by increased donor fluorescence
intensity (green) and decreased acceptor fluorescence intensity (red). 13

Hemifusion has been defined as lipid mixing without content mixing or as outer
leaflets merge but not the inner leaflets of the two bilayers. Therefore, inner leaflet-mixing
test is a necessary complement of content mixing results in the case of fusion process
terminated in hemifusion.
An inner leaflet mixing assay is achieved by treating the NBD-labeled liposomes with
sodium dithionite.[66, 67] Because sodium dithionite cannot penetrate the lipid bilayer, the
fluorescence of the outer leaflet is selectivity eliminated. If decreased FRET is observed
when mixing these liposomes with plain liposomes, inner leaflet mixing did occur.[68, 69]
Another widely used method to investigate lipid-mixing, based on self-quenching of
octadecyl rhodamine B, was also original described by Hoekstra and co-workers.[70, 71]
When the concentration of this fluorophore is up to 9 mol% of total lipid, the selfquenching efficiency is proportional to its surface intensity, therefore, if the labeled

13

Figure is taken from Marsden, H. R., Tomatsu, I., and Kros, A. (2011) Model systems for
membrane fusion, Chem Soc Rev 40, 1572-1585.
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liposome fuse with non-labeled liposomes, the dilution of fluorophore causes a
proportional increasing in fluorescence intensity (Figure 1-10).

Figure 1-10 Lipid mixing assay based on fluorescence self-quenching. Fluorescence of the
fluorophore is quenched at high concentration due to fluorophore-fluorophore interactions. Fusion
with unlabeled liposomes causes dilution of the fluorophore, resulting increasing fluorescence
(red). 14

1.2.3 CONTENT MIXING AND LEAKAGE
Content mixing of liposomes is the most important criterion for fusion, which can be
detected fluorometrically using low molecular weight soluble tracers. The most common
used methods is the fluorescence quenching assay relaying on complex formation of a
fluorophore and a quencher, for example, the polyanionic fluorophore ANTS and cationic
quencher DPX, which introduced by Smolarsky and co-workers to determine complementmediated liposome immune lysis (Figure 1-11a).[72, 73] Liposome populations are loaded
with ANTS and DPX separately, content mixing results in quenching of ANTS
fluorescence. This method is always performed at acidic conditions and with high
concentration of both fluorophore and quencher.[74-78]

14

Figure is taken from Marsden, H. R., Tomatsu, I., and Kros, A. (2011) Model systems for
membrane fusion, Chem Soc Re 40, 1572-1585.
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Figure 1-11 Content mixing assay. (a) Representation of the ANTS/DPX fluorescence quenching
assay. (b) Representation of the terbium/dipicolinic acid (DPA) fluorescence enhancement assay
for vesicle fusion. (c) Chemical structure of ANTS, DPX and DPA.

Another method is the fluorescence enhancement assay with terbium ions
(Tb3+)/dipicolinic acid (DPA), which was originally described by Wilschut and co-workers
(Figure 1-11b).[79, 80] This assay is based on the interaction between Tb3+ and DPA, that the
chelates of Tb3+/DPA can produce 10000 times more fluorescent than free Tb3+.[81, 82]
Therefore, in this assay, TbCl3 is encapsulated in one population of liposomes and DPA is
in the other, greatly enhanced fluorescence can be detected upon content mixing.
Besides, the self-quenching assay with fluorescein derivatives is an effective
method.[83, 84] Fluorescence of fluorescein derivatives is more than 95% self-quenched at
concentrations higher than 100 mM. Concentrated solutions of these water-soluble
fluorophores are loaded in liposomes, upon fusion with plain liposomes, the dilution of
fluorophore is accompanied by an increasing fluorescence.
Liposome fusion may be accompanied by leakage of content that may be slower or
faster than fusion depending on the types of liposomes. [64] All of the above-mentioned
three methods can be also applied to investigate content leakage.[72, 83, 85-87]

15
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1.3 SINGLE-VESICLE ASSAY BASED ON FLUORESCENCE MICROSCOPY [88]
In typical fusion assays, as described in the last section, two populations of liposomes
are treated differently so that membrane fusion will cause changes in fluorescence
intensity due to FRET, self-quenching, etc. The experiments are usually performed in a
cuvette with bulk mixture of liposomes, where total fluorescence is monitored over time
by a fluorescence spectrometer.[64, 89] However, the amount of docking cannot be detected
with these fusion assays. Besides, the change in fluorescence intensity in these assays is
due to lipid mixing including hemifusion as well as full fusion, which cannot be
distinguished and quantified in one single experiment. Furthermore, another drawback of
liposome based fusion assays is the relatively high amount of fluorophore needed in the
liposomes, leading to a substantial demand for less labeling. In order to overcome the
limitations of the typical bulk fusion assay, a number of single-vesicle assays have
recently been developed to investigate fusion events. [40,

90-99]

These assays allow

researchers observing the individual fusion event in real time, hence obtain quantitative
data of the fusion process.

1.3.1 SINGLE-VESICLE FLUORESCENCE MICROSCOPY
Fluorescence microscopy has been a powerful tool to study biophysical systems via
its real-time observation. Single-vesicle fluorescence imaging has proven to be a useful
method for observing and analyzing the fusion dynamic, because the acquired
fluorescence signal can provide a direct readout for the fusion process including all the
transitions.[100] A common fluorescence microscope used to study membrane fusion is
total internal reflection fluorescence (TIRF) microscope.[101-103] TIRF microscopy uses the
evanescent wave to illuminate and excite fluorophores. [104-106] The evanescent field decays
exponentially and extends only a few hundred nanometers from the interface, thus, TIRF
microscopy enables a selective visualization of near the interface such as biological
membranes which are within the illumination volume. The key advantage of TIRF
microscopy is increasing the contrast hence the signal-to-noise ratio of the images

16
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compare to the conventional microscopy since it excludes the background fluorescence
from elsewhere of the sample. Recently, this technique is gaining popularity among
biologists and neuroscientists to study membrane fusion. Confocal laser scanning
microscopy (CLSM) can also be used, which is a scanning imaging technique that can
obtain high-resolution optical images with depth selectivity.[94]
Various steps of the fusion process can be real-time monitored by fluorescence
microscopy, modern electromultiplying charge-coupled device (EM-CCD) are always
used to collect the images (excluding CLSM) at a very high frame rate. Three basic
visualization strategies are depicted in Figure 1-12. Three-dimensional fluorescence
profiles are generated from the grayscale images taken by the EM-CCD camera, thus
fluorescence signal transfer can be shown in a “fluorescence intensity vs time” diagrams.
Figure 1-12a shows the simplest lipid mixing between single vesicle and supported lipid
bilayer (SLB) based on self-quenching. The vesicle is labeled with fluorophores at a high
self-quenched concentration. When fusing with unlabeled SLB, the intensity rapidly
increases due to dequenching. Content mixing and fusion pore formation can be easily
detected through dequenching of water-soluble fluorophore loaded in vesicles (Figure
1-12b). When labeled content mixes with unlabeled buffer, a decreased intensity can be
observed. FRET imaging strategy is shown in Figure 1-12c in which two populations of
vesicles are labeled with a FRET pair respectively. Independent excitation of donor and
acceptor fluorophore allows for visualization of each of the overlapping vesicles. Because
FRET occurs when donor and acceptor fluorophores are at an appropriate distance, thus
the acceptor vesicle only can be observed via excitation of donor after fusion, inducing an
increasing intensity limited by the acceptor.

17
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Figure 1-12 Visualizing membrane fusion through fluorescence microscopy. (a) Dequenching
upon hemifusion to a large, planar bilayer (plain) with outward diffusion of fluorophore (red) from
the fusion site. (b) Dissipative fluorescence loss upon escape of an aqueous fluorescence signal
(purple) from the lumen of a fusogenic particle through the fusion pore. (c) FRET-based detection
of hemifusion between two immobilized and labeled fusogenic vesicles (red and cyan). 15

1.3.2 KINETIC STUDY OF SINGLE VESICLE FUSION
In vitro studies attempting to reconstitute the protein-mediated membrane fusion have
been traditionally performed in bulk phase. Recently, more scientists are interested in
visually single-vesicle fusion assay no matter whether viral membrane fusion or SNAREmediated fusion. The single-vesicle assays can be classified as single vesicle-SLB assays

15

Figure is thake from Otterstrom, J., and van Oijen, A. M. (2013) Visualization of membrane
fusion, one particle at a time, Biochemistry 52, 1654-1668.
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(Figure 1-13a,b) and single vesicle-vesicle assays (Figure 1-13c). Both can offer various
kinetic information of fusion and can be applied to various conditions such as different
fusogens, fluorophores and substrates.
Single vesicle-SLB assay is performed between labeled vesicles and plain SLBs on
silica or quartz, etc.[96, 99, 102, 107-109] In the simplest lipid-mixing assay, the kinetics from
docking and hemifuion can be obtained, including the residency time between docking and
the dequenching fusion signal (tRes), the lateral diffusion constant of the fluorophore away
from the site of fusion, and, sometimes, the time between fusion and the onset of outward
fluorophore diffusion (tDelay).
Based on lipid-mixing, content mixing can be detected simultaneously via loading the
free vesicles with fluorophore such as SPB and preparing polymer cushion-supported
bilayer (Figure 1-13b).[101] This strategy is suitable for studying transitions from triggering
fusion to full fusion. The following kinetics were obtained: the time between fusion trigger
and hemifusion (tH); the time between trigger and full fusion (tF); and the time between
hemifusion and full fusion (tHL), which is the lifetime of the hemifused state.
Recently, a single vesicle-vesicle assay derived from single vesicle-SLB assay was
established (Figure 1-13c).[92, 95, 97, 100, 110] The glass or quartz substrates are coated with a
PEG/biotin-PEG layer to reduce the nonspecific interaction and immobilize vesicles
through avidin-biotin interaction. Accessible kinetics are similar to those in the second
strategy.
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Figure 1-13 Observing kinetic the single-vesicle fusion process via fluorescence microscopy.
(a) Observation of the transitions from particle docking to hemifusion. (b) Transitions from
triggering fusion to full fusion with a polymer cushion-supported (black mesh below lipids) planar
bilayer. (c) Transitions from triggering fusion to full fusion to an immobilized target vesicle. 16

16

Figure is taken from Otterstrom, J., and van Oijen, A. M. (2013) Visualization of membrane
fusion, one particle at a time, Biochemistry 52, 1654-1668.
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1.4 SYNTHETIC MEMBRANE FUSION MODEL SYSTEMS[16]
Several artificial model systems have been established to mimic the highly controlled
in vivo membrane fusion process. Commonly, these model systems are based on different
kinds of liposomes and equipped with one or two fusogens. The artificial model systems
must fulfill several requirements, for example, the specific molecular recognition between
two opposed membranes. Bottom-up approach is always used to investigate in vitro
membrane fusion: using synthetic analogues sharing the key features of the native
fusogens to gain insight into complex natural fusion machinery, such as peptides, DNAs
and small molecules.[68, 111-114] These simple experimental model systems are powerful
tools for developing understanding of the mechanism of membrane fusion because the
chemical structure and composition of synthetic analogues can be systematically varied in
order to study the influence of each segment on the fusion process. In this section, the
existing studies about construction of in vitro artificial fusion systems are introduced.

1.4.1 SMALL MOLECULE-BASED MODELS
In vitro membrane fusion may be induced by small molecule recognition between
synthetic fusogens. Bong and co-workers described such controlled selective membrane
fusion and studied the functional determinants of this artificial fusion system.[111, 112] The
well-studied small-molecule recognition pair–vancomycin glycopeptide and its native
binding target, D-Ala-D-Ala dipeptides–was used to trigger liposome fusion (Figure 1-14).
Recognition occurs via formation of five hydrogen bonds between vancomycin and the
free C-terminus of D-Ala-D-Ala at micromolar concentration.[115, 116] A positively charged
peptide, magainin II, is used to anchor vancomycin because its membrane-binding mode is
well known and it is able to perturb membranes in a concentration dependent manner
while D-Ala-D-Ala is membrane anchored by modifying Lys-D-Ala-D-Ala with lipid POPE
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine).
The experiment was performed by mixing the two populations of LUVs bearing
magainin-vancomycin conjugate (MV) and LUVs with lipid-attached

D-Ala-D-Ala
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(Kaa-POPE), respectively. Interestingly, rapid size increasing was detected by dynamic
light scattering and full fusion was investigated by FRET. Notably, the fusion process can
be efficiently inhibited by adding free vancomycin, which blocks all the available surface
D-Ala-D-Ala

sites.

Figure 1-14 Illustration of selective vesicle fusion driven by recognition between vancomycin and
17
D-Ala-D-Ala.

1.4.2 DNA-BASED MODELS
DNA strands have been frequently used to induce membrane fusion, because of the
high selectivity between two strands and the diversity of design and synthesis. [117-120]
Stengel and co-workers first used DNA strands as recognition motifs and fusogens for
selective membrane fusion.[68] This method takes advantages of the encoding potential of
DNA and provides a novel model for mimicking membrane fusion in vivo.

17

Figure is taken from Gong, Y., Ma, M., Luo, Y., and Bong, D. (2008) Functional determinants of
a synthetic vesicle fusion system, J Am Chem Soc 130, 6196-6205.
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Figure 1-15 DNA induced vesicle fusion. Initially, vesicles are modified with the double CH
terminated DNA strands ds-1/4 and ds-2/3 (left side). As ds-1/4 and ds-2/3 encounter each other,
they hybridize in a zipperlike fashion, thereby forming blunt-ended duplexes with 27 base pairs
(ds-1/2) and 12 base pairs (ds-3/4) (middle). In this geometry, the bilayers are thought to contact
each other, which eventually enables opening of the fusion pore (right side). 18

Inspired by the zipper fashion geometry of SNARE complexes during membrane
fusion, cholesterol (CH) modified DNA (CH-DNA) strands were used to drive membrane
fuison. Firstly, the hydrophobic CH anchor can spontaneously incorporate into the bilayer;
secondly, double standed DNA has stronger affinity to egg PC compare to single standed
DNA; at last, the orientation of the CH-DNA strands was designed that hydridization
occurs in a zipper-like fashion, which can force the vesicles modified with complementary
DNA into close proximity.[121] The membrane fusion process was monitored by FRET.
Both inner and outer leaflet mixing were measured to conclude that at least one-third of
the observed total lipid mixing represents complete vesicle fusion. Based on these
preliminary results, the determinants for such CH-DNA induced membrane fusion was
investigated in the following study, including varying the length and number of DNA
strands as well as the number (one or two) CH groups for membrane anchoring of
DNA.[120]
Because it is easy to control the sequence, binding geometry and length, Boxer and
co-workers developed the DNA-based model as a powerful surrogate for the SNARE

18

Figure is taken from Stengel, G., Zahn, R., and Höök, F. (2007) DNA-induced programmable
fusion of phospholipid vesicles, J Am Chem Soc 129, 9584-9585.
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machinery. [117, 122, 123] Recently, they applied this model to the single vesicle-SLB assay
and observed all the transitions including docking, hemifusion and full fusion. [118]

1.4.3 PEPTIDE-BASED MODELS
Membrane fusion is a thermodynamically favorable reaction, but with a very high
kinetic barrier. All kinds of fusogens can lower the barrier, SNAREs do this by complex
formation whereas viral fusion proteins by changing the protein conformation during the
fusion process. In both fusion processes, the coiled coil formation, that was found to play
an important role to overcome the energy barrier, brings the two membranes into close
proximity allowing fusion to occur. Therefore, synthetic peptides with coiled coil
formation have been a popular model system for mimicking protein-mediated fusion.
The coiled coils are protein structural motifs commonly found in nature, formed by
assembly of at least two α-helices wrapping around each other.[124,

125]

Kros and

co-workers designed a synthetic model based on two lipidated oligopeptide hybrids (LPE
and LPK), where E and K are the shortest known coiled coil pair (Figure 1-16a).[126-129]
The transmembrane domain of fusogen is mimicked by phospholipid tails (DOPE); the
flexible spacer connecting peptides and DOPE is poly(ethylene glycol) chain (PEG12)
which allows the extension of E/K peptides from the surface of the vesicles.
Two population of vesicles modified with LPE/LPK were mixed, inducing a rapid
increasing of both hydrodynamic diameter measured by DLS and ellipiticity ratios
measured by CD, suggesting the coiled coil formation and the aggregation of vesicles.
Both inner and outer leaflet mixing as well as content mixing were studied via typical
fluorescence assay, proving that this model was able to induce membrane fusion without
content leakage. Besides, the same assays were performed with various length of peptides
to investigate the relation between the rate of membrane fusion and the length of the
peptide.[128] The results showed that the stability of coiled coils increases with the length
of the complementary peptides, leading to increased rates of membrane fusion. In the
latest study, it was surprisingly observed that efficient membrane fusion was induced even
when coiled coils formed in a non-zipper like (antiparallel) orientation. [127]
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Figure 1-16 (a) Schematic illustrations of LPE and LPK. (b) Liposomes are decorated with LPE
or LPK and coiled-coil formation occurs upon mixing. This brings the liposomes into close
proximity and induces fusion.19

The peptide-based model shares the key characteristics of native protein-mediated
fusion via the synthetic coiled coil motif. Considering the ease design and synthesis of coiled
coils, the similar peptide model was used in the experimental work of this thesis.

19

Figure is taken from Marsden, H. R., and Kros, A. (2010) Self-assembly of coiled coils in
synthetic biology: inspiration and progress, Angew Chem Int Ed 49, 2988-3005.
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1.5 SLBS AS MODEL MEMBRANES

Figure 1-17 Schematic representation of a solid supported bilayer. The lipid bilayer is created on
(a) a flat substrate and (b) a silica bead. The thin water hydration layer separates the bilayer from
the supports hence maintains the natural lateral fluidity of the membrane.

The properties and functions of biological membranes are notoriously difficult to
study at the molecular level due to their complex composition, sensitivity to the
environment, etc. As a result, a lot of effort has been spent to establish the artificial model
membranes, which can mimic the cellular membrane but with less complexity. Except for
liposomes introduced in the previous section, solid supported bilayers (SLBs) have proven
to be a successful model system with a number of applications in lateral diffusion of
lipids, membrane protein chemistry, membrane-membrane interactions, etc.[130-137]

1.5.1 SLBS ON FLAT SUBSTRATES
The preparation of SLBs was pioneered by Brian and co-workers, who presented a
simple route to spread vesicles from solution onto planar hydrophilic glass substrate.[131]
This one-step method is attractive due to its simplicity and reproducibility so that it is
widely studied for creating SLBs with different lipid composition, solid supports and
biological applications.[133, 136, 138-142] Traditionally, flat supports are used including mica,
silica wafer, glass and certain metals. The resulting membrane is separated from the
underlying substrate by a very thin layer of hydration water (1 nm), thus, it retains the
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natural fluidity and biological functions (Figure 1-17a).[143] In this case, the surface
characterization requires elaborate techniques with limited sensitivity such as surface
plasmon resonance (SPR), ellipsometry, atomic force microscopy (AFM) and quartz
crystal microbalance (QCM).
The mechanism of SLB formation has been investigated by both theoretical and
experimental work showing that the process includes two critical steps, vesicle rupture and
the integration of supported bilayer patches.[144-150] When a hydrophilic substrate is
incubated in a vesicle bulk solution, the vesicles absorb onto the support and rupture
spontaneously driven by support-induced deformation, hence supported bilayer patches
form with their edges exposed to water. Because the edges of the patches are energetically
unfavorable, these patches tend to interact with the neighboring lipids, adjacent patches or
vesicles in the solution to form a complete and continuous SLB.

1.5.2 SLBS ON SILICA BEADS
In 2004, Baksh and co-workers created SLBs on silica microbeads (5 µm in diameter)
by essentially the same vesicle spreading process on flat support (Figure 1-17b).[151, 152]
They established method to investigate protein-membrane interaction via two-dimensional
distribution of membrane-coated beads.[153]
In an aqueous solution, the beads with incorporated ligands in the membrane settle
gravitationally in microwells plates and assemble into an ordered condensed phase. Upon
addition of proteins that react with the ligand, this ordered structure is disrupted and the
beads start to move apart from each other, resulting a dispersed distribution. This dramatic
phase transition could be detected by collecting bright field images at different locations in
the same sample through a simple inverted microscope, and the degree of order depends
on the strength of the interactions.
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Figure 1-18 Schematic phase transition of membrane-coated beads. In an aqueous solution,
membrane-coated beads can assemble into an ordered condensed phase or dispersed phase. The
conversion between them is termed phase transition. In Basksh’s work, the distribution of beads is
governed by ligand-protein interactions, and the degree of order depends on the strength of the
interactions.

This work gives some inspiration towards the study of membrane chemistry although
the physical origins of the system behavior are not fully understood. This assay enables
label-free investigation and can work in extremely low protein concentration (in the picoto nanomolar range). The microscope can directly observe the behavior of the beads, thus,
the experiments can be performed in any standard-equipped biological laboratory. This
work may open a door to widespread the idea that membrane-coated beads can be served
as model membranes for other applications.
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1.6 M OTIVATION AND SCOPE
The mechanistic knowledge of in vivo membrane fusion remains far from complete,
although many in vitro models and techniques have been established to simplify the native
fusion environment and study the mechanism on a molecular lever. Inspired by the idea of
Baksh et al. and considering the advantages of single vesicle-vesicle assays, a new fusion
assay was established in this thesis to investigate membrane mixing.
Membrane-coated beads were used as model membranes representing native vesicles
and cells instead of traditional lipid vesicles; a similar strategy as the single vesicle-vesicle
assay was employed but with simpler operation since the micrometer size of silica beads
allows direct observation and size-discrimination ensuring the distinction of various fusion
stages including docking, hemifusion and full fusion. This method was firstly applied to
the extensively studied membrane fusion system triggered by coiled coil formation of E
and K peptides since the results obtained can be easily compared with traditional assays.
There are two main objectives of this work: creation and application of the proposed
fusion assay.
The first part of the experimental work was focused on establishing the method to
study membrane fusion, including experimental methods and data analytical methods.
Preparation of monodisperse membrane-coated beads was the key for this work and the
protocol was improved by studying SLB formation on silicon wafer via ellipsometry. For
characterizations, a normal optical microscope was used to visualize the dispersion of bead
collection and to obtain statistic data of fusion events, while imaging by CLSM was used
to determine the fusion events by fluorescence intensity analysis. FRAP was performed to
check for the lateral fluidity and connection of membranes to confirm the successful
membrane fusion events.
The second part of the experimental work was aimed at applying this method to study
membrane fusion triggered by coiled coil formation. Four strategies were investigated
including the basic fusion assay in deionized water, Ca2+ triggered fusion and inhibition
with/without Ca2+. Besides, different amounts of the fusogens and the orientation of the
coiled coil structure were considered. Additionally, Monte Carlo simulations were used to
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model the lipid diffusion across the contact zone since the lipid diffusion between two
beads of a pair is slower than within a bilayer with unrestricted geometry.
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2 EXPERIMENTAL AND ANALYTICAL METHODS
2.1 INSTRUMENTS
Microscopy is a well-known optical technology to study objects or specimens that are
too small to be seen with naked eye. Microscopes are specialized optical instruments
designed to fulfill the study of microscopy by producing magnified images. [1] The main
well-known branches of microscopy are optical, electron, and scanning probe microscopy.
Among them, optical microcopy is the most common one and many techniques are
available such as bright field microscopy, fluorescence microscopy and confocal
microscopy, which were extensively used in this work. Besides, another optical technique,
ellipsometry, was used for optimizing the conditions for preparing membrane bilayers on
silica wafer. The details of these techniques used in this work are discussed in the
following text.

2.1.1 OPTICAL MICROSCOPY
Bright field microscopy is the most elementary form of all optical microscopy
illumination techniques for the past 300 years. The specimen illumination is transmitted
white light and the contrast of the image is due to the absorbance of the transmitted light in
the sample. Therefore, the typical appearance of a bright field microscopy image is a dark
specimen on a bright background, hence the name. The light path of common bright field
microscopy is extremely simple. The light source illuminates the specimen from below
and the condenser lens focuses the light onto the specimen, finally, objectives and oculars
are used to observe the specimen from above.
In contrast to normal trans-illuminated light microscopy, the specimen is illuminated
with light of a specific wavelength in fluorescence microscopy. The fluorophore in the
specimen absorbs this light and re-emit light of a longer wavelength, hence make up the
images with color. In order to observe this fluorescence, specific filters are applied to
isolate the excitation and emission wavelength of the fluorophore.
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In this work, inverted fluorescence microscope was used for taking both common
bright field images and fluorescence images. An inverted microscope shares the same
theory with common microscope but with its light source and condenser on the top, and
objective are below the specimen. Inverted microscopes are useful for observing specimen
at the bottom of a container.

2.1.2 CONFOCAL LASER SCANNING MICROSCOPY
Confocal laser scanning microscopy (CLSM) is a powerful tool for obtaining high
resolution and high contrast fluorescence images with depth selectivity. [2-4] Specimen is
excited by point like light and images are acquired point by point in the in-focus plane of
interest from selected depth then reconstructed with a computer. Compared to
conventional fluorescence microscopy, different light source and detector are used.
However, the major development is the introduction of pinhole apertures that are the key
devices to reduce the background information.
Figure 2-1 shows the basic principle of CLSM. A pinhole aperture is placed between
the light source and specimen, which presents a point illumination on the specimen in a
focus plane when excited light passes though. Laser is used as light source since a mercury
light would be too weak for point illumination. Once the excited light interacts with the
fluorophore in the specimen, the secondary fluorescence emission is separated by the
dichromatic mirror and barrier filter. A second detecting pinhole is positioned in a
conjugated plan to the focus plane in front of the detector. Therefore, only the secondary
fluorescence from focal plane is allowed to pass and reach the detector. Obviously, the
majority of the out-of-focus (background) information is blocked by the pinhole, hence the
image quality is significantly improved instead of observing the images directly by
eyepieces

in traditional

fluorescence

microscopy,

electronic detectors (usually

photomultipliers) are always used for sensitive and fast signal point registration in CLSM.
A computer is necessary for acquisition, processing, analysis, and display of images.
Besides, CLSM can also built three-dimensional (3D) reconstruction by computationally
assembling the stacks of images from various focal planes (z-stack) of a thick specimen.[5]
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Figure 2-1 Schematic setup of a confocal laser scanning microscope. 20

In addition to observe fluorescent labeled specimen, fluorescence recovery after
photobleaching (FRAP) experiments can be performed with CLSM. FRAP denotes a
method measuring two-dimensional lateral diffusion rates of membranes with/without
associated molecules such as proteins.[6-10]

20

Figure is taken from Dr. Marta Kocun’s doctoral thesis (2011) Mechanical properties of porespanning membranes prepared from giant vesicles, University of Göttingen, Germany.
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Figure 2-2 Schematic representation of fluorescence recovery after photobleaching (FRAP)
experiment on a lipid bilayer. A pulse laser is used to bleach a region of interest (black circle), and
the fluorescence intensity recovers as the bleached molecules diffuse away and the unbleached
molecules diffuse into the region (shown here in top and side views). The series photographs and
fluorescence intensity are simultaneously recorded of this in this process, which involves (a)
before bleaching, (b) after bleaching, (c) partial recovery and (d) full recovery, generating a curve
of fluorescence intensity as a function of time (e).21

Lipids are highly mobile in the plane of the bilayer over transition temperature (lateral
diffusion). FRAP assay begins by taking a background image (baseline) of fluorescently
labeled specimen (Figure 2-2a). The fluorophore is then bleached in a very tiny area (ROI,
region of interest) by high intensity laser pulses, forming a dark spot and fluorescence
intensity decreases sharply (Figure 2-2b). As the adjacent unbleached lipids diffusing into
the bleached area, the dark spot recovers as well as the fluorescence intensity, this
recovery is monitored by the same, but attenuated laser beam (Figure 2-2c, d).
Fluorescence recovery curve is generated by plotting the fluorescence intensity of ROI as
a function of time (Figure 2-2e). The rate of fluorescent recovery is determined by the rate
of lipid diffusion, termed diffusion coefficient D. Assuming a Gaussian profile for the

21

Figure is adapted from http://en.wikipedia.org/wiki/Fluorescence_recovery_after_photobleaching.
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bleaching beam and a circular bleached area, the diffusion coefficient D can be simply
calculated from:

where ω is the approximate radius of the bleached region and t1/2 is the "Characteristic"
diffusion time after which fluorescence intensity recovered to half of the original.

2.1.3 ELLIPSOMETRY

Figure 2-3 Schematic representation of the ellipsometer used in this work.

Ellipsometry is an extremely sensitive optical technique to investigate the properties
of thin films. It is based on the measurement of polarization change caused by reflection or
transmission from a material structure. Paul Drude invented ellipsometry and derived the
fundamental equations in 1880’s, and then Alexandre Rothe termed the method
ellipsomety in 1945 for measuring the thickness of thin film with a sensitivity of 0.3 Å.[11,
12]

So far, ellipsometry can be also used to get refractive index, extinction coefficient and

reflectivity, etc.
In this work, null ellipsometry was used to monitor the process of vesicle spreading
on flat substrate based on thickness characterization, hence optimize the experimental
conditions of preparation of membrane-coated beads.
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The principle of setup in this work is show in Figure 2-3. Nd:YAG laser emits
unpolarized and monochromatic (λ = 532 nm) light which is then sent through a linearly
polarizer, forming a linear polarized light. After passing through a compensator (quarter
wave plate), the resulting elliptically polarized light reflects from the surface of the
sample, it becomes linearly polarized again and the analyzer is adjusted so that the light is
extinguished (nulling). Finally, the light is detected with a CCD camera, which converts
light to electronic signal to determine the reflected polarization. Compare to input
polarization, the change in amplitude (del, Δ) and phase (psi, Ψ) of the reflected light
causing by the sample are obtained, which are directly related to the complex reflectance
ratio, ρ:
Because ellipsometry is an indirect method, that the measured Δ and Ψ cannot offer
any optical properties directly, thus different models are needed for various experiments.
In this work, the model for calculating the thickness was employed. However, for thin
layers (< 50 nm) Δ is linearly decreasing with increasing layer thickness, hence, the
dynamic process of vesicle spreading can be monitored by plotting del via time, and
thickness of deposited layers can be estimated from del.
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2.2 M ATERIALS
Lipids, buffers and silica beads are common used materials in this work. Details of all
these materials and some other materials such as silica wafer for elliposometry are
introduced in this section.

2.2.1 LIPIDS

Table 2-1 Abbreviation, name, and charge of lipids used in this work
Abbreviation

Name

Charge

DOPC

1,2-dioleoyl-sn-glycero-3-phosphocholine

Neutral

DMOPC

1,2-dimyristoleoyl-sn-glycero-3-phosphocholine

Neutral

DOEPC

1,2-dioleoyl-sn-glycero-3-ethylphosphocholine

+

MCC-DOPE

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4(p-maleimidomethyl)cyclohexane-carboxamide]
(sodium salt)

-

Texas Red-DHPE

Texas Red-DHPE (N-(Texas Red sulfonyl)-1,2dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
(triethylammonium salt)

-

NBD-DOPE

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt)

-

GM1

Monosialoganglioside G M1

-

All lipids were used without further purification. DOPC, DMOPC, DOEPC, MCCDOPE and NBD-DOPE were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Texas Red-DHPE was purchased from Biotium (Hayward, CA, USA).

GM1

(Monosialoganglioside GM1) was purchased from Sigma-Aldrich. Among them, NBD-
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DOPE and Texas Red-DHPE are head group labeled lipids for fluorescence detection
(Figure 2-4).
All lipids were dissolved and stored in chloroform stock solutions (clipids = 1-10 mg /
mL) in a freezer at -20 °C.

Figure 2-4 Structure (left) and spectrum (right) of fluorophore used in this work. (a) Texas redDHPE. Excitation/Emission: 595/615 nm.22 (b) NBD-DOPE. Excitation/Emission: 460/535 nm.23

2.2.2 CHEMICALS
All the chemicals were high-grade and used without further purification. Chloroform
(CHCl3), hydrofluoric acid solution (HF, 35 wt% in water), ammonium hydroxide solution
(NH3·H2O, 25% in water), hydrogen peroxide solution (H2O2, 30 wt% in water), tris(hydroxymethyl) aminomethane hydrochloride (Tris/HCl), sodium chloride (NaCl),
potassium chloride (KCl), calcium chloride (CaCl2) and 4-(2-Hydroxyethyl)piperazine-1ethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich. Sodium phosphate
dibasic anhydrous (Na2HPO4·2H2O) was bought from AppliChem (Gatersleben, SaxonyAnhalt, Germany).
22
23

Spectrum is taken from http://probes.invitrogen.com/media/spectra/1395lip.jpg.
Spectrum is taken from http://www.avantilipids.com/images/Spectra/810145_Spectra.gif.
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Deionized (DI) water used for all experiments was filtered by a Millipore system
(MilliQ System from Millipore, Molsheim, France; resistance > 18 MΩ cm-1).

2.2.3 BUFFER

Table 2-2 Abbreviation, compositions, pH value of buffers or solutions used for different
applications.
Abbreviation

Composition

pH

Application
Peptide modification;

PB buffer

Na2HPO4 50 mM

6.8

Tris buffer

Tris/HCl 10 mM
NaCl
50/100/300 mM

7.4

Elliposometry for parameter
optimization

Tris buffer

Tris/HCl 10 mM
NaCl
300 mM

7.4

Preparation of membrane-coated
beads

HEPES buffer

CaCl2 solution

HEPES

50 mM

KCl

150 mM

CaCl2

100 mM

Fix the beads for CLSM

Fixing the beads for CLSM;
7.4

Reducing electrostatic repulsion
between beads
Ca2+ triggered membrane fusion

DI water was used for all the buffer and solution preparation. Besides, it is also used
for lipid film hydration, rinsing of beads and standard solution for membrane fusion assay.
All the buffers or solutions in this work were degassed in case of introducing air
bubbles that might exposure the bilayer to air and destroy it.
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2.2.4 SILICA BEADS

Figure 2-5
microbeads.

Scanning Electron Microscope image of Bangs Laboratories’ (4.1 μm) silica

Silica microbeads are frequently used as support for a variety of applications,
including isolation of nucleic acids, cell separation, and immuno- and DNA-based
assays.[13-15] In this work, the silica beads were used for preparing sealed supported
bilayer, termed membrane-coated beads, as a model membrane.
These uniform, non-porous silica beads were obtained from Bangs Laboratories
(Fisher, IN, USA) with mean diameters of 4.7 µm referred to as small beads (SBs), 6.5 µm
classified so-called large beads (LBs) and 7.3 µm defined as LLB (Figure 2-5 ). Silica
beads were stored in DI water at 4 °C and used as received without any further
modification.
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2.3 M EMBRANE-COATING OF BEADS

2.3.1 VESICLE PREPARATION
The vesicle preparation was carried out according to the protocol of Brian and
McConnell. [16] The lipids with desired composition were first mixed in a glass test tube
from chloroform stock solutions (clipids = 1-10 mg/mL). To form dry lipid films, mixture
was put under a stream of nitrogen for about 30 min and in vacuum for at least 3 h to
evaporate the solvent. Afterwards, the dry lipid film were hydrated in desired solvent (DI
water) above the phase transition temperature for about 20 min and vortexes the
suspension periodically, resulting a turbid MLV suspension. Finally, the MLVs were
reduced in size by sonication (30 min, 50 W, 0.4 s pulse) in a vessel resonator (Sonoplus
HD 2070, Bandelin, Berlin, Germany), resulting in a clear and transparent SUV solution.
The lipid compositions are all given in mol% throughout the following text according
to the different experiments and applications. LB was usually labeled with fluorophore
(0.5% Texas Red-DHPE or 1.0% NBD-DOPE) while as SB not. In size-dependent assay,
two populations of beads are labeled with NBD and Texas Red, respectively.

2.3.2 SLB ON SILICON WAFER
Elliposometry was used to monitor the process of SLB formation on silicon wafer
with different compositions of lipids and various osmotic pressures of vesicles.
The silicon wafer (Active Business Company GmbH, Brunnthal, Germany; 525 nm
thickness, 5.6-10.4 cm) was firstly cleaned by rinsing with isopropanol and deionized
water. Afterwards, incubating the wafer in dilute HF solution (1%, v/v) for 15 min to
remove the native SiO2 layer from the surface and activated in NH3·H2O/H2O2/H2O (1:1:5,
v/v) at 75 °C for 20 min, forming an active oxide layer. The hydrophilized wafer was
rinsed with DI water thoroughly and used immediately. In order to enhance the
hydrophilicity, oxygen plasma (plasma cleaner, Harrick, NY) can be applied for 1 min just
before usage.
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Because the purpose of this experiment is to optimize the experimental conditions of
preparing membrane-coated beads rather than to study mechanism of SLB formation,
which has been well investigated, thus the time regime of vesicle spreading is the only
parameter of interest. Experiments were performed with a commercial ellipsometer
(EP³-SW, Nanofilm Technology, Göttingen, Germany) as decribed obviously.[17, 18] All
measurements were performed in a closed chamber with fixed incident angle of 60°. SLB
was formed by spreading SUVs (0.2-0.3 mg/mL) in bulk solution onto silicon wafer. In
order to change the osmotic pressure, different buffers were used for SUV preparation
(inside of vesicles) and spreading (outside of vesicles), the detailed composition of buffer
is described in chapter 3. The spreading buffer (Tris buffer) was used throughout the
whole experiment. Data was collected with six data points/min. The following
experimental procedure of preparing membrane-coated beads was based on the results of
ellipsometry with optimized experimental condition.

2.3.3 PREPARATION OF SLB ON SILICA BEADS
Membrane-coated beads were prepared via the same vesicle adsorbing/spreading
process as successfully applied to planar substrates and previously reported by Groves and
coworkers.[19,

20]

Bared silica microbeads were suspended in DI water with a final

concentration of 10 wt%. Equal volumes (250 µL each) of a SUV solution (cSUV = 1
mg/mL in DI water) and buffer (10 mM Tris, 300 mM NaCl, pH 7.4) were combined in a
small centrifuge tube. Afterwards, 10 µL of the silica beads suspension (10 wt% of beads)
were added and the resulted mixture was pulse vortexed for 20 min. During this time, a
solid supported membrane was formed on the beads. Excess vesicles were removed by
rinsing twice with DI water. For each rinsing step, the bead suspension was centrifuged
using a mini centrifuge (LMS CONSULT, Brigachtal, Germany, maximum speed of 6000
rpm) and the supernatant was exchanged. The final volume was 200 µL; hence, the final
concentration of resulting stock solution was 0.5 wt% of membrane-coated beads.
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2.4 PEPTIDE MODIFICATION
2.4.1 PEPTIDE SYNTHESIS AND PURIFICATION24

Table 2-3 Schematic drawings, names and primary sequences of peptides.
Illustration

Name
i-E3Cys

N-Terminus

Sequence

C-terminus

Ac‐ (KELAAIE)3 ‐GWGGGC‐NH2

i-K3Cys

Ac‐WG‐ (EKLAAIK)3 ‐GGGGC‐NH2

K3Cys

Ac‐WG‐ (KIAALKE)3 ‐GGGGC‐NH2

Solid phase peptide synthesis (SPPS), invented by Robert Bruce Merrifield in 1963, is
an intensively used method in the lab for creating peptides. [21] In this work, all peptides
were synthesized manually with Fmoc-strategy improved by as described obviously.[22, 23]
Synthesis proceeded in a C-terminal to N-terminal fashion and amino acids with Fmoc
group protected N-terminals were used. After cleaving the rude peptide from the
polystyrene resin, reversed phase high-performance liquid chromatography (RP-HPLC)
with linear gradient elusion was applied for purification. The resulting peptides were
characterized by electrospray ionization mass spectrometry (ESI-MS).[18,

24]

Using this

protocol, a pair of coiled coil forming peptides i-E3Cys and i-K3Cys was synthesized as
well as K3Cys that shares the inverted sequence of i-K3Cys. The detailed sequences of
peptides are shown in Table 2-3.

24

Dr. Gesa Pähler synthesized and purified the peptides in this work; the details are described in her
doctoral thesis (2012): Lateral organization and thermodynamics of coiled-coil lipopeptides—
implications for docking and fusion efficiency, University of Göttingen, Germany.
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2.4.2 IN SITU COUPLING REACTION OF PEPTIDE

Figure 2-6 (a) Chemical structure of maleimide-functionalized lipid MCC-DOPE. (b) In situ
coupling reaction of a peptide with a terminal cysteine moiety to a maleimide-functionalized lipid.

In situ coupling between terminal cysteine bearing peptides and maleimidefunctionalized lipids have been intensively used for synthesis of lipopeptides, cell
attachment, and modification of SLBs. [24-30] The reactions were based on Michael addition
of free cysteine (exposing thiol group) to maleimide (thiol reactive group), which was one
of the most widely used Michael acceptors in cysteine alkylation because of its high
selectivity and reactivity under essentially neutral aqueous solution (Figure 2-6 a).[25, 31-33]
Hence, the conjugation of cysteine-terminated peptides to maleimide-functionalized
membranes provides a versatile and robust way to in situ modified membranes with
peptides (Figure 2-6b).
In the former studies of membrane fusion, such conjugation strategy was employed to
prepare fusogenic liposomes, while fusogenic membrane-coated beads were synthesized
along the same way in this work.[18, 34] In situ coupling of peptides to planar SLBs were
monitored with time-resolved ellipsometry in previous work of Dr. Pähler, hence, the
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experimental procedure of preparing fusogentic membrane-coated beads in this work was
developed according to the previous result. [18]
MCC-DOPE was used as maleimide-based lipid incorporated into the membranes on
the beads (Figure 2-6a), and all peptide used in this work were cysteine-terminated
peptides. The peptides were covalently coupled to the membrane-coated beads by
incubating the beads with peptides (final cpeptide = 100 µM) in phosphate buffer (50 mM
Na2HPO4, pH 6.8) for 3 h at room temperature with gentle continuous mixing (vortexing).
Excess peptide was removed by rinsing twice with DI water using a mini centrifuge.
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2.5 DATA COLLECTION AND ANALYTICAL METHODS

Figure 2-7 Schematic design of single fusion assay based on membrane-coated beads. CLSM,
FRAP are used to determine and confirm the fusion events, while optical microscopy is employed
to obtain statistical data on the fusion events.

Based on these monodisperse peptide-modified beads, a novel bead supported
membrane fusion assay was established (Figure 2-7). In order to distinguish the two
populations of beads with different fusogens, two sizes of beads were used so that only
one fluorophore is enough in this case. Three kinds of characterization methods performed
via CLSM and optical microscopy were applied to determine and quantify the fusion
events for assay in various conditions. In this section, these three methods are introduced
including detailed protocols and corresponding specific analytical method.
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2.5.1 CLSM
CLSM was used to take fluorescent images and perform FRAP experiments in this
work. In this section, the experimental protocol and relative intensity analysis are
introduced.

2.5.1.1 PROTOCOLS
Peptide-modified stock solutions of LBs and SBs were first combined with the desired
concentration in a centrifuge tube with DI water to prevent aggregation. Afterwards, the
mixture of beads was transferred to a petri dish in DI water (total volume 3.5 mL). The
petri dish was left undisturbed on the microscope stage for about 90 min, allowing the
beads to settle down and find reaction partners by Brownian motion. However, the
Brownian motion may produce unwanted drift of beads since imaging of CLSM is
scanned line by line. Thus, HEPES buffer (0.5 mL) was adding 5 min before imaging to
terminate the lateral mobility of the beads due to the electrostatic interaction between the
beads and substrate. Note that ionic buffer must be added carefully in case of stirring up
the beads and separating the connected beads.
Fluorescent images containing exactly one LB and one SB were taken by an upright
confocal laser scanning microscope (CLSM) equipped with a water immersion objective at
63× magnification (LSM710, Zeiss, Jena, Germany). LB was labeled with 0.5% Texas
Red-DHPE in this measurement while SB not. All the incubations and imaging were
performed in the dark at room temperature.

2.5.1.2 R ELATIVE INTENSITY ANALYSIS
In order to distinguish hemifusion and full fusion quantitatively, intensity analysis
was applied to fluorescent images of a tethered pair analyzed by Image J software. Firstly,
rotate the original image to horizontal position (the centers of beads are in a horizontal
line) and select a rectangular profile crossing the pair with a width roughly equivalent to
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the width of “visual” contact zone (the contact zone shown in the image other than the real
contact zone of LB and SB which is unable to be seen). Afterwards, plot the profile
displaying a two-dimensional graph of the intensities of pixels along the rectangular
profile within the image, where the x-axis represents the horizontal distance through the
selection and the y-axis is the vertically averaged pixel intensity. The peaks in the graph
are corresponding to intensity of SB (ISB), merged area and LB (ILB). Here, only value of
ISB and ILB are considered to calculate the relative intensity (IRI) by equation

In this work, the ideal IRI values for hemifusion and full fusion are 0.4 and 1.0
respectively, the detailed calculation is described in the following text.

Figure 2-8 Schematic steps of intensity analysis by Image J.

2.5.1.3 I DEAL RELATIVE INTENSITY
The ratio of fluorescence intensities of SB and LB (relative intensity) after hemifusion
and full fusion are generally computed based on the assumption that the system is under
ideal conditions. For one thing, the lipid diffusion of both single leaflet and merged leaflet
is “in equilibrium” meaning the distribution of fluorescent molecules is uniform; second,
there is no detectable “flip-flop” between outer and inner leaflets.
Since after full fusion a merging of both leaflets occurred, which corresponds to an
equal distribution of the fluorophore, the ratio of fluorescence intensity between SB and
LB should be 1:1.
Hemifusion leads to a different picture. Here, the inner and outer leaflets of both
beads need to be considered separately. Before the beads are in contact (t = 0 s), following
intensities I can be defined:
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Here, the subscripts indicate the bead size (LB or SB) while the superscripts refer to
corresponding leaflet (out = outer leaflet, in = inner leaflet). Furthermore, it should be
noted that before hemifusion, the intensities of outer and inner leaflet for SB and LB,
respectively, are identical.
After hemifusion, the inner leaflets of the membrane remain unaltered in fluorescence
intensity, while the outer leaflet of the membrane-coated LB undergoes dilution due to
mixing with the outer leaflet of membrane-coated SB. Because of this dilution and the size
difference between the two beads, the fluorescence intensity after hemifusion is different
from 2:1. Since the area difference of the two populations of beads needs to be taken into
account. The following calculation holds after merging of outer leaflets after without
participation of inner leaflets:

From these calculations, a final fluorescence intensity ratio of 0.83:0.33 concerning
LB to SB can be defined, that the SB irradiates at 40% of the intensity produced by the
LB.

2.5.2 FRAP
FRAP experiments were originally intended to characterize the motion of
fluorescently labeled molecules of a single cell membrane, but nowadays are used to study
lateral diffusion of artificial lipid membranes. In this work, on the one hand, FRAP was
used to measure the fluidity of lipid bilayer on single silica bead; on the other hand, it was
applied to confirm that whether lipid-mixing (hemifusion/full fusion) did occur between
LB and SB in a tethered pair. If recovery happens for lipid-mixing pair, meaning that the
bilayers of the two beads are connected.

59

EXPERIMENTAL AND ANALYTICAL METHODS
The sample preparation and instrument were the same as fluorescent imaging by
CLSM but NBD-DOPE was used for LB labeling since Texas Red-DHPE is too
photostable to be bleached.

Figure 2-9 Schematic illustrating the FRAP experiment performed on a lipid-mixing (hemifusion
or full fusion) pair of beads. A total SB is fully bleached (ROI, red circle) and a single bead far
away is chosen as reference due to photobleaching. The time sequence fluorescent images (a) prior
bleaching, (b) directly after bleaching and (c) after fluorescence recovery are recorded.

For FRAP on single bead, a tiny ROI was selected on the top of the bead and the
similar area was chosen as reference on the other single bead. For FRAP on a lipid-mixing
pair (hemifusion/full fusion), SB was bleached totally a single bead nearby was chosen as
a reference for taking into account of photobleaching (Figure 2-9). For both of the cases,
time-lapse images were taken and analyzed with supplier’s ZEN 2008 software. Besides,
the regime of recovery time of these two cases were compared to estimate the impact of
contact zone on lipid diffusion between LB and SB in a lipid-mixing pair.

2.5.3 OPTICAL MICROSCOPY

2.5.3.1 PROTOCOLS
Peptide-modified stock solutions of LBs and SBs were uniformly mixed in a
centrifuge tube and then the mixture (total volume 250 µL) was pipetted into one well of a
96-well-plates (TPP, Switzerland, 92696). Generally, the fill-height of bead solution in
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one well is about 8 mm and the beads take around 15 min to gravitationally down to the
bottom (diameter ~ 4.7 µm). Incubation time of 90 min was necessary that allowed a
sufficient number of tethered pairs for the following statistic analysis. Both bright-field
and fluorescence images at the same positions were acquired with 40× air objective, at
room temperature using an inverted fluorescence microscope (Axiovert 200, Zeiss, Jena,
Germany) equipped with a sCMOS camera (ORCA-Flash 2.8, Hamamatsu, Tokyo, Japan)
read out with the proprietary HCImageLive acquisition software.

2.5.3.2 S TATISTICAL ANALYSIS OF FUSION EVENTS
Even though the membranes on the SBs are not fluorescently labeled, both bead
populations can be readily distinguished by size discrimination using an optical
microscope (Figure 2-10a, left). The fluorescence label embedded in the lipid bilayer
covering the LBs, allows us to detect fusion events by fluorescence microscopy of the
same area (Figure 2-10a, right). This enables simultaneously quantification of docking,
hemifusion, and full fusion.
The envisioned read-out of membrane fusion is illustrated in Figure 2-10b, which is
corresponding to the experimental results shown in Figure 2-10a. Starting with two bead
populations differing in size and lipid composition of membranes, all connected bead pairs
consisting of exactly one LB and one SB are considered, which are called tethered pairs in
the following. From these tethered pairs, the three main steps of membrane fusion, e.g.
docking, hemifusion and full fusion, can be easily distinguished by reading out the
fluorescence intensity of the lipid membranes covering connected LB and SB pairs, while
simultaneously taken bright field microscopy images allow the detection of all beads. A
fluorescent membrane on a LB in contact with a dark SB characterizes docking without
fusion. In this thesis, the term “hemifusion” is used synonymously with merging of the
two outer membrane leaflets. Therefore, this term is not thoroughly precise since the
molecular organization concerning incipient stalk formation and a fully formed
diaphragm-shaped hemifusion in the contact area is yet unknown.
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Figure 2-10 Principle of the 2D fusion assay based on membrane-coated beads. (a) Bright field
(left) and corresponding fluorescence image (right) of LBs and SBs modified with coiled coil
forming peptides. From the distribution of the fluorophore, docked pairs (grey box), hemifused
pairs (green box) as well as fully fused pairs (blue box) can be clearly distinguished. (b) Schematic
illustration of scenarios after mixing of LBs and SBs. Plain docking (1) followed by hemifusion
(2) and eventually full fusion of the bilayer (3). All pairs consisting of exactly one LB and one SB,
regardless of interaction state of the employed lipid bilayers, are considered as tethered pairs.25

Statistical analysis consisted of two steps. First, the number of tethered pairs (Ntethering)
was counted manually in bright field images, and was compared with tethered pairs in the
fluorescence image to distinguish the docked pairs (Ndocking) from hemifused and fully
fused pairs (Nhemifusion, Nfull fusion). Naturally, Ntethering is the sum of Ndocking, Nhemifusion and
Nfull

fusion.

Calculation of the tethering efficiency, hemifusion efficiency as well as full

fusion efficiency proceeds as follows: docking efficiency = Ndocking/Ntethering, hemifusion
efficiency = Nhemifusion/Ntethering, full fusion efficiency = Nfull fusion/Ntethering.

25

Figure is taken from Bao, C. X., Pähler, G., Geil, B., and Janshoff, A. (2013) Optical fusion assay
based on membrane-coated spheres in a 2D assembly, J Am Chem Soc 135, 12176-12179.
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3 RESULTS AND DISCUSSION
In this chapter, the results and discussion of both experimental and theoretical work
are described, including (1) preparation and characterization of monodisperse membranecoated beads; (2) the fusion assay under different conditions; (3) simulation of tiny contact
zone between beads in a lipid mixing pairs; (4) cons and pros of this novel method
compared to traditional assays.

3.1 SLB FORMATION ON SILICON SUBSTRATE
The preparation of monodisperse membrane-coated beads is the basis of this work.
The planar SLB preparation has been well studied. The experiments were always
performed by incubating planar substrates in desired vesicle buffer for minutes up to hours
depending on the properties of both vesicles and substrate. [1-4] However, this protocol may
cause problems for membrane-coated bead preparation although they share the same
mechanism of vesicle spreading on a solid support. In this section, the optimization of
experimental conditions for membrane-coated beads and its characterization including the
Brownian motion are introduced.

3.1.1 HYPOTHESIS OF LIPID PATCH INTEGRATION ON BEADS
For planar substrates, once a bilayer patch has been formed accompany by an
exposure edge. In order to minimize its edge length, it then interacts with the neighboring
patches or vesicles, resulting a larger bilayer patch and finally a complete SLB. [5-9]
However, the process of bilayer patch growth and coalescence is not exactly the case for
SLB formation on silica beads (Figure 3-1). After mixing the SUVs and silica beads, the
SUVs adsorb and rupture onto the surface of beads like on the planar substrates; but the
patch propagation may occur in different ways depending on where the “neighboring
patches” come from. The first way is that the patches coalesce with other patches on the
same bead or vesicles in the solution, forming a complete sealed bilayer over the bead.
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The resulting membrane-coated beads are the desired monodisperse beads because of the
electrostatic repulsion between beads (Figure 3-1, pathway 1).

Figure 3-1. Illustration of hypothetic pathways of lipid patches integration on silica beads. Once
vesicles and silica beads are mixed, there is a transition state during which the beads are partially
covered by lipid patches (dashed box). The monodisperse membrane-coated beads are desirable
(pathway 1, green) while three-dimensional (3D) aggregation may occur because the patches from
different beads coalesce (pathway 2, blue) if the total surface area of vesicles is sufficient. The
polydisperse bead collection cannot be converted into a monodisperse collection.

Alternatively, the existing patches extend by assembling the patches on other beads in
bulk solution; this may cause irreversible three-dimensional (3D) aggregation that cannot
be redispersed by sonication (Figure 3-1, pathway 2). This 3D aggregation is mainly
caused by two factors. One factor is the total surface area of SUVs. If it is insufficient for
covering the total surface of the beads, the patches on different partial-covered beads have
to merge in order to reduce the edge effect, forming a multi-bead cluster covered with one
continuous bilayer. Therefore, excess vesicles are always used in the experiments to offer
sufficient bilayer area. The other factor is that the kinetic time of SLB formation is so long
that the patch assembly occurs between different beads due to the random, fast and
continuous bead collision.
In order to optimize the experimental conditions for preparing monodisperse
membrane-coated beads, the investigation of vesicle spreading process on silica beads is
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necessary. However, it is hard to perform experiments on silica beads via common
methods such as QCM, SPR and ellipsometry. Therefore, silicon wafer was used as an
alternative substrate because both have extremely similar surface chemistry. Ellipsometry
was used to monitor the vesicle spreading process upon various lipid compositions,
buffers, etc. The main goal of the ellipsometry experiments was to figure out the optimal
experimental conditions for SLB formation, including vesicle adsorption, rupture, and
lipid patch evolution. The faster the SLB forms on silica wafer, the better the
monodisperse of membrane-coated beads is.

3.1.2 SLB FORMATION ON FLAT SUBSTRATE

3.1.2.1 PATHWAYS OF VESICLE DEPOSITION [5]
From the perspective of vesicle stability, Richter and co-workers classified four main
pathways of vesicle deposition by dissipation monitoring of the process with QCM-D
(Figure 3-2).[5,

8, 10-13]

When a planar silica substrate is incubating in a vesicle bulk

solution, the first scenario is that vesicle do not adsorb at all (Figure 3-2a). Besides, the
vesicles adsorb onto the substrate either remain intact (Figure 3-2b) forming a supported
vesicular layer (SVL) or give rise to a SLB when a large amount of vesicles adsorb as an
intermediate state (Figure 3-2c). The last pathway is that the vesicles adsorb and rupture
instantaneously, triggered by the interaction with the solid support (Figure 3-2d).
In general, which pathway will be taken is determined by the “nature of the support
(surface charge, chemical composition, and roughness), the lipid vesicles (composition,
charge, size, and physical state), as well as the aqueous environment (the pH and ionic
strength).”[14] In this work, silicon wafer was used as support since it is the best alternative
of silica beads; the role of vesicle with various charges and buffers with different ionic
strength were studied.
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Figure 3-2 Schematic pathways of vesicle spreading on flat substrate. (a) Vesicles do not adsorb.
(b) Vesicles adsorb but do not rupture, forming a supported vesicular layer (SVL). (c) Vesicles
adsorb and rupture at high vesicular coverage, SLB forms. (d)Vesicles adsorb and rupture
instantaneously, forming a continuous SLB. 26

3.1.2.2 V ESICLE SPREADING ON

SILICON WAFER

Electrostatic interaction plays an important role in SLB formation, which has been
studied by several research groups mainly based on the charge of support and vesicles as
well as ionic strength of the solution.
The SLB formation using vesicles with different charges were first investigated. In
these experiments, both inside and outside solution of the vesicles is DI water, hence there
is no osmotic pressure. Figure 3-3 shows typical temporal variations of Δdel that is
proportional to the thickness of the film. Obviously, the 10% negative vesicles (black

26

Figure is adapted and redrawn from Richter, R. P., Berat, R., and Brisson, A. R. (2006) Formation
of solid-supported lipid bilayers: an integrated view, Langmuir 22, 3497-3505.
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curve) were almost not adsorbed over the whole time regime since the Δdel value did not
change, due to the electrostatic repulsion between the negative vesicles and the negative
substrate (pathway (a) in Figure 3-2a). When 0.5% positive vesicles were used, they
initially adsorb without rupturing (for t < t1 ≈ 15 min) and start to rupture after reaching a
critical vesicular coverage, then a lipid bilayer is formed (pathway in Figure 3-2c). The
bilayer is saturated and stable at t > t2, that is, the thickness is no longer increasing. When
the positive charge increases up to 10%, the strong electrostatic attraction dominates the
interaction between the vesicles and substrate hence the vesicle adsorb and rupture
instantaneously (t1 ≈ t2), the bilayer is complete after t2 (pathway in Figure 3-2d). This is
the desired pathway in this work since the process has the shortest time of vesicle
adsorption (t1 ≈ 3 min), and of vesicle rupture and patches assembly (Δt ≈ t2 - t1 ≈ 0 min).
It should therefore effectively prevent from aggregating. The ion strength of solution was
investigated by using 0.5% positive charge vesicles (Figure 3-2b). Obviously, both of t1
and t2 are dramatically shortened in ionic buffer (10 mM Tris, 50 mM NaCl, pH 7.4)
compare to DI water. This is because the increased ionic strength shrinks the electric
double layers, which allows the vesicles to get closer without being repelled.
The above results clearly show that the vesicle to bilayer transformation is influenced
by ion electrostatic interaction involving the charge of vesicles and the ion strength of
buffer. Further investigations were performed on vesicles that were used in the following
work for peptide modification (10% negative charge, DOPC/MCC-DOPE 90/10). Figure
3-3c shows results of vesicle spreading process in Tris buffer (10mM Tris, pH 7.4) but
with different concentrations of NaCl (0-300 mM). The transformation time decreases as
the ionic strength increases. 300 mM NaCl allows the fastest transformation and is
therefore used in the following preparation of membrane-coated beads. Note that the ionic
strength investigation in this work could also be considered as different osmotic pressure
since the internal solution of vesicles is DI water for all experiments. Reimhult and
co-workers proved that “osmotic pressure promotes bilayer formation, especially when the
external salt concentration is higher than the internal one”. [12]
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Figure 3-3 Kinetic process of vesicle deposition onto silicon wafer monitored by ellipsometer.
Curves are presented for (a) vesicles carry various charges: 10% negative charge
(MCC-DOPE/DOPC 10/90), 0.5% positive charge (DMOPC/DOEPC/Texas Red-DHPE/GM1
97.5/1.5/0.5/0.5), 7.0% positive charge (DMOPC/DOEPC/Texas Red-DHPE 92.0/7.5/0.5) and
11.0% positive charge (DMOPC/DOEPC/Texas Red-DHPE 88/11.5/0.5). All fractions are given in
mol% and both internal and external solution of vesicles are DI water. (b) Vesicles of 0.5%
positive charge in different external buffer: DI water (black) and 10 mM Tris, 50 mM NaCl, pH
7.4), the internal buffer is DI water.

Figure 3-4 Kinetic process of vesicle deposition onto silicon wafer at four different bulk
concentrations of NaCl (in Tris 10 mM, pH 7.4). The vesicles carried 10% negative charge and the
solution inside the vesicles was DI water.
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3.2 M ONODISPERSE MEMBRANE-COATED BEADS 27
The membrane-coated beads were characterized by bright field microscopy,
fluorescence microscopy and FRAP. Microscopy was used to investigate the dispersion of
bead collection and FRAP was used to proof the fluidity of the lipid bilayer coating. [15]

3.2.1 MICROSCOPY
In this work, bright field microscopy and fluorescent microscopy were used. Bright
field microscopy offers the information of dispersion of bead collections while
fluorescence microscopy gives membrane coating information. Sometimes, the
comparison of both images is used to determine whether the beads really stick together.
In order to characterize the 2D dispersion of the sedimented beads, experiments were
performed on peptide free beads of different sizes (LBs and SBs) in DI water (Figure 3-5).
Since the SBs in this work are not fluorescence labeled, only bright field images are taken
(Figure 3-5a). Obviously, both SBs and LBs have a good dispersion due to the
electrostatic repulsion between the negatively charged bilayers. Since the source of lipid
patches can come from different beads as described in last section (Figure 3-1), very a few
dimmers are reasonable to be seen (yellow arrows). These dimmers do not separate into
single beads over time and move as a whole. However, there are also some beads showing
different behavior in bright field and fluorescence images (white arrows). Those are
tethered like a dimer in bright field image but separated in the corresponding fluorescence
image. This phenomenon is due to the Brownian motion during the very short interval
(about ten seconds) between subsequently bright field and fluorescence images. The two
beads just collide but are not coated by one complete bilayer, so called “apparent dimer”.
In all fusion assays, these “apparent dimers” (contains one LB and one SB) are common
but can be distinguished easily when comparing bright field image and fluorescence

27

Most of the data in this section has been published in Bao, C. X., Pahler, G., Geil, B., and
Janshoff, A. (2013) Optical fusion assay based on membrane-coated spheres in a 2D assembly, J
Am Chem Soc 135, 12176-12179.
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image. Thus, they will not cause an error in statistical analysis that taking them as a
tethered pair. Relatively, if the beads in a dimer maintain stick to each other in both
images, the dimmer is considered as a tethered pair.

Figure 3-5 Microscopy of membrane-coated beads without peptide modification. Lipid
composition of small beads (SBs) is DOPC/MCC-DOPE 90/10 while in large beads (LBs) it is
DOPC/MCC-DOPE/Texas Red-DHPE 89.5/10/0.5. (a) Bright field images of SBs. The beads are
monodisperse but with dimer occasionally. Two images are taken at different positions of the
sample. (b) Bright field and (c) the corresponding fluorescence images of LBs. White arrows point
to “apparent dimers” where two beads are detached in the bright field image but look like a dimer
in the fluorescence image.
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3.2.2 FRAP
In order to characterize the fluidity and continuity of the bilayer on the beads, FRAP
experiments are performed on top of a single membrane-coated LB. In this case, the
recovery of fluorescence is achieved around 10 s. The incomplete recovery is not only due
to the immobile fraction of lipid bilayer but also originates from an exhausting membrane
reservoir on the bead.[16] The resulting fluidity of membrane is as expected for solid
supported lipid bilayers.[17, 18] This result indicates that the bilayer is separated from the
underlying bead by the water film and the natural structure and biological functionality are
conserved.[19]

Figure 3-6 Fluorescence recovery after photobleaching (FRAP) experiment performed on single
LB. (a) Fluorescence micrographs prior to bleaching the NBD fluorophore, directly after bleaching
and after fluorescence recovery (from left to right). (b) Corresponding plot of the normalized
fluorescence intensity of the bleached area as a function of time. Brownian motion of membranecoated beads

Time sequences of micrographs showing membrane-coated beads in DI water are
presented in Figure 3-7. The pictures were collected 20 min after the beads gravitationally
rested on the bottom of a sample well. Since the incubation time of all experiments was set
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to 90 min, the beads had enough time to interact. The images were taken slightly out–of–
focus, which makes it easier for tracking the beads in self-written software.

Figure 3-7 Time-dependent images from gravitationally sedimented membrane-coated beads in
DI water. Size of bead is 4.7 µm (SB) and membrane composition is DOPC/MCC-DOPE/Texas
Red-DHPE 89.5/10/0.5. Time of the image taken is given in the right corner of each micrograph
(yellow). In the red rectangle, motion of single beads is highlighted, while in the blue rectangle the
motion of a bead dimer is visible.

From the micrographs, collected in a time-span of 100 s, it becomes obvious that
beads display Brownian motion, which allows them to self-assemble in a two dimensional
way according to their interparticle-affinity. In the red box, single beads are highlighted
during their movement. In the blue box, a bead dimer is highlighted. This dimer also
undergoes Brownian motion (slowed down due to its increased size); however, the beads
usually do not separate into single beads.
Brownian motion is dramatically decreased when ions are introduced into the medium
due to the increasing electrostatic attraction between beads and substrate. The beads do not
move at all in 10mM NaCl solution. Therefore, the fusion assay experiments are always
performed in DI water in order to allow the beads to interact with others. If salt is
necessary for the experiments, e.g, Ca2+ triggering fusion, the ions are always introduced
after the beads settled down to the bottom and react with their partners (about 90 min).
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Note that 3D aggregation is observed if the salt solution is injected to the bulk bead
solution directly.
However, the immobile beads in salt solution offer an extremely simple strategy for
fixing the beads comparing to the complex fixation method of SUVs or GUVs. [20-25] In
those experiments, the vesicles were always tethered to PEG-coated substrate via biotinavidin interactions. Therefore, salts are used in all CLSM/FRAP experiments to ensure
that the beads cannot move during the measurement.
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3.3 FUSION ASSAY BASED ON LB/SB28

Figure 3-8 Schematic presentation of four strategies that can be employed by this new method.
The experiments were performed (a) in DI water, (b) in the presence of Ca2+, (c) with inhibitor and
(d) in the presence of an inhibitor and Ca2+. The LBs were modified with i-K3 (LB-i-K3) while the
SBs were decorated with i-E3 (SB-i-E3). The zipping coiled coil of i-K3Cys and i-E3Cys could
force the two beads into close proximity allowing fusion to occur.

Based on the new method introduced in last chapter, the detailed strategies can be
employed by this method are described in this section, including basic fusion assay in DI
water and external stimulation such as Ca2+ triggering or/and inhibition (Figure 3-8).
Microscopy, intensity analysis, FRAP and statistical analysis were used to characterize the
fusion events.
As a proof of concept, the well-established fusogenic E-peptides (i-E3Cys) and
K-peptides (i-K3Cys) were coupled to the lipid anchor MCC-DOPE forming SB-i-E3 and

28

Most of the data of this section have been published in Bao, C. X., Pahler, G., Geil, B., and
Janshoff, A. (2013) Optical Fusion Assay Based on Membrane-Coated Spheres in a 2D Assembly,
J Am Chem Soc 135, 12176-12179.
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LB-i-K3 respectively. These peptides are known to form heterodimeric coiled coil
structures, which initiate docking between two lipid bilayers and facilitate membrane
fusion.[26-28] When SB-i-E3 and LB-i-K3 contacts, the coiled coil forms in zipping fashion
that is the only coiled coil orientation when native membrane fusion occurs. The zipping
orientation arises when parallel coiled coil formation take place between two peptides.

3.3.1 NEGATIVE CONTROL

Figure 3-9 Bright field images (left) and corresponding fluorescence images (right) of LB-i-K3
and SB-i-E3 without peptides on their surface. (a) and (b) were taken in different positions of one
sample.

Fusion assays based on beads without peptides are used in a negative control
experiment. In Figure 3-9, the LBs and SBs are in a good dispersion. This indicates that
the interaction between the two populations of beads is much smaller than the thermal
motion. Furthermore, since the lipid MCC-DOPE carrying negative change, the
electrostatic repulsion forces the beads separating from others.
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3.3.2 FUSION ASSAY IN WATER
Membrane fusion assay based on peptide-modified, membrane-covered beads was
firstly performed in DI water, which allows the most freely motion of beads.

3.3.2.1 M ICROSCOPY

Figure 3-10 Bright field images (left) and corresponding fluorescence images (right) of LB-i-K3
and SB-i-E3 on a surface. From the distribution of the fluorophore, lipid-mixed pairs (green box)
can be clearly identified and considered as hemifused pairs of beads. (a) and (b) were taken from
different positions of one sample.

Optical microscope is standard equipment in common laboratory and it plays
important role in this work. Even though the membranes on the SB-i-E3 are not
fluorescently labeled, both bead populations can be readily distinguished by size
discrimination using an optical microscope. The fluorescence label embedded in the lipid
bilayer covering the LBs allows us to detect fusion events by fluorescence microscopy of

80

RESULTS AND DISCUSSION
the same area (Figure 3-10). Obviously, lipid leaflets merged under this experimental
condition since the SB-i-E3 could be seen in the fluorescent images the tethered pairs in
green rectangular box. Interestingly, the fluorescence intensity of SB-i-E3 seems weaker
than LB-i-K3, it is considered “hemifusion” that only outer leaflet merged.

3.3.2.2 R ELATIVE I NTENSITY ANALYSIS

Figure 3-11 Intensity analysis using a broad line profile of a pair consisting of LB-i-K3/SB-i-E3
shown in fluorescence micrograph. White arrow indicates course of analyzed line profile shown in
graph. Peaks correspond to relative fluorescence intensity of SB-i-E3 (ISB), merged area and
LB-i-K3 (ILB). Scattered line shows calculated mean ISB 0.43 ± 0.04 (16 hemifused pairs are
considered).

The conclusion from the microscopy that hemifusion occur between LB-i-K3 and
SB-i-E3 in DI water was proved by analyzing the fluorescence intensity. Unequivocal
identification of docking, hemifusion, and full fusion was accomplished by intensity
analysis across the corresponding LB-i-K3/SB-i-E3 pair. Based on the previous
discussion, lipid fused pairs with a fluorescence intensity ratio of 0.4:1 (SB:LB) were
assigned to hemifusion, while an intensity ratio of 1:1 was attributed to full fusion.
However, in the case presented here, the average fluorescence intensity of SB-i-E3 was
found to be 0.43 ± 0.04 (Figure 3-11).
In a previous study concerning fusogenicity of E- and K-peptides based on liposome
fusion assays, the parallel coiled coil formation using lipopeptides made of i-E3Cys and
i-K3Cys exhibited slight content mixing, which could not be found here in this 2D assay

81

RESULTS AND DISCUSSION
that membrane merging arrested in the hemifused state.[1] This was attributed to an
additional energy contribution needed to be supplied for detachment of the supported
membrane from the beads and the lack of energy gain due to loss of binding energy upon
fusion. This additional energy might be released from reducing the contact area between
the hydrophobic acyl chains of the phospholipid monolayer pointing towards the aqueous
phase and the van der Waals attraction between the two silica beads. Since the van der
Waals energy scales with bead size, full fusion is expected to come into reach for larger
beads.

3.3.2.3 FRAP

Figure 3-12. FRAP experiment proving membrane connection between LB-i-K3/SB-i-E3 in DI
water. (a) Fluorescence images of LB-i-K3/SB-i-E3 before bleaching, shortly after bleaching and
10 min after bleaching the entire SB-i-E3. (b) Corresponding normalized fluorescence recovery of
SB-i-E3 as a function of time.

In order to investigate the connection between LB-i-K3 and SB-i-E3 in a (hemi)fused
pair, FRAP experiments are performed on SB-i-E3.
The formation of a continuous membrane structure along the contact zone as well as
its fluidity could be studied by FRAP experiments (Figure 3-12). After fully bleaching the
fluorophores on the SB-i-E3, the intensity of SB-i-E3 recovered to nearly 60% of its initial
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fluorescence. Interestingly, the recovery process is slowed down by two orders of
magnitude compared to the diffusion from geometrically unrestricted membranes, which is
attributed to the small contact zone between the beads consisting of non-bilayer structures
that form a bottleneck for lipid diffusion. [17, 18]

3.3.2.4 E FFICIENCIES OF FUSION EVENTS

Figure 3-13 Illustration of 2D the fusion assay with LB-i-k3 and SB-i-E3 in DI water. (a)
Schematic illustration of scenarios after mixing of LB-i-k3 and SB-i-E3. The membrane merging
can be arrested in the docked or the hemifused state. (b) Corresponding statistical analysis shows
the efficiency of various fusion events.

Fusion event efficiency is analyzed by comparing all docked LB-i-K3/SB-i-E3 pairs
(Ndocking) to hemifused pairs (Nhemifusion) and fully fused pairs (Nfull

fusion),

respectively.

However, in this experimental condition, the membrane merging process terminate at
hemifusion (Figure 3-13a) hence the full fusion efficiency is 0. Figure 3-13b clearly shows
that the hemifusion efficiency provided high values around 98.5%, implying that docking
within the period of our experiments leads predominantly to hemifusion.
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3.3.3 CALCIUM -TRIGGERED FULL FUSION
Ca2+ is known as the final trigger in many vesicle trafficking events that directs the
complete fusion process.[29-33] However, the commonly used in vitro bulk assays only
observe the average fluorescence intensity and cannot distinguish docking, hemifusion and
fusion hence not allowed monitoring the exactly fusion transitions such as the process
from hemifusion to full fusion triggered by Ca2+. Single vesicle-vesicle assay overcome
this limitation by monitoring both content and lipid-mixing starting from a metastable
state of interacting vesicle pairs before the Ca2+ injection.[34, 35] A similar strategy can be
achieved by the membrane-coated bead-based assay, which thus offers an alternative
method to study Ca2+ triggered membrane fusion.
In this work, full fusion could be achieved if additionally Ca2+ ions were added, as
was recently found to lead to content mixing in vesicle assays.[1] This was attributed to the
described bridging effect of calcium ions binding to PC and non-reacted MCCDOPE
carrying a negative charge. This is an important breakthrough for the bead assay since it
can now distinguish docking from hemifusion and full membrane merging. The results of
this 2D fusion assay applied to Ca2+ mediated fusion events are discussed in the following
section.

3.3.3.1 M ICROSCOPY
Prior to the addition of Ca2+, only docking and hemifusion is observed. Surprisingly,
all types of fusion events occur after addition of 12 mM Ca2+ including docking,
hemifusion and full fusion (Figure 3-14). These different fusion events can be easily
distinguished by the fluorescence intensity of SB-i-E3: in docked pairs (Figure 3-14, grey
box), SB-i-E3 do not show fluorescence; in hemifused pairs (Figure 3-14, green box),
SB-i-E3 show less fluorescence intensity compared to LB-i-K3; in full fused pairs (Figure
3-14, blue box), SB-i-E3 appears with similar fluorescence intensity as LB-i-K3.
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Figure 3-14 Bright field images (left) and corresponding fluorescence image (right) of LB-i-K3
and SB-i-E3 on a surface triggered by 12 mM Ca2+. From the distribution of the fluorescent probe,
docked pairs (gray rectangular box) and hemifused pairs (green rectangular box) as well as fully
fused pairs (blue rectangular box) can be clearly distinguished. (a) and (b) were taken from
different position of the sample.

3.3.3.2 FLUORESCENCE INTENSITY ANALYSIS
Fluorescence intensity analysis was used to analyze Ca2+ triggered full fusion events
in images taken by CLSM. Figure 3-15 shows the normalized intensity of hemifused pair
(Figure 3-15a) and a fully fused pair (Figure 3-15b), the relative intensities are 0.43 ±
0.045 and 0.99 ± 0.046 respectively, which are consistent with the observation in
microscopy. Interestingly, a reduced intensity is found in the contact zone of the fully
fused pairs, which is attributed to lipid depletion in the contact area. Combing the results
of microscopy and intensity analysis, the conclusion can be drawn that all fusion events
can be observed directly at the same time in one experiment, which is an important
innovation of this 2D bead-based fusion assay.
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Figure 3-15 Classification and proof of principle considering membrane−membrane interaction
triggered by coiled coil formation between LBs and SBs. Intensity analysis using a broad line
profile (white arrow) across a pair consisting of LB-i-K3/SB-i-E3 imaged with a confocal laser
scanning microscope. Peaks correspond to relative fluorescence intensity of SB-i-E3, merged area,
and LB-i-K3. Scattered line shows calculated ISB. Hemifusion is shown in (a) with a relative
intensity ratio between SB and LB IRel 0.43 ± 0.045 as expected (16 pairs were considered), while
(b) shows full fusion of both leaflets, IRel is 0.99 ± 0.046. (16 pairs were considered).

3.3.3.3 FRAP
FRAP experiments were performed on hemifused and fully fused pairs respectively
(Figure 3-16). After bleaching the total SB-i-E3, the intensity recovery in both cases is
very similar to the experiments performed in DI water (around 60% of the original
intensity). In addition, the recovery time is up to 10 min, which is much longer than
recovery times obtained from geometrically unrestricted membranes. Again, this is
attributed to the tiny contact zone between the beads forming a bottleneck for lipid

86

RESULTS AND DISCUSSION
diffusion. This experimental finding is supported by Monte Carlo simulations that are
discussed in the following section.

Figure 3-16 FRAP experiment proving membrane connection between LB-i-K3/SB-i-E3 trigged
by Ca2+. (a, c) Fluorescence images of LB-i-K3/SB-i-E3 before, shortly after and 60 min after
bleaching the entire SB-i-E3 (b. d) Corresponding normalized fluorescence recovery of bleached
area as a function of time. (a, b) was performed on the pair that LB-i-K3 are brighter than SB-i-E3
while (c, d) was performed on the pair with similar brightness.

3.3.3.4 S TATISTICAL ANALYSIS
Based on the above discussion of Ca2+ triggered full fusion, Figure 3-17a shows the
schematic illustration of a scenario of the complete fusion process. After mixing of
LB-i-K3 and SB-i-E3 in DI water, the recognition of peptides causing the plane docking of
beads, due to the accumulated coiled coil formation, the majority of the docked pairs
(92.2%) evolve into hemifusion, finally, upon the addition of Ca 2+, a small part (9.3%) of
hemifused pairs transfer into full fused pairs (Figure 3-17b). Comparing to the values in
DI water, the docking efficiency (7.8%) increases a bit (1.5% in DI water), this may be
caused by the existence of ions (Ca2+) which reduce the electronic double layer and allow
more beads to get in close contact without being repelled.
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Figure 3-17 (a) Illustration of 2D fusion assay with LB-i-K3 and SB-i-E3 triggered by Ca2+ and
(b) corresponding statistic analysis shows the efficiency of all fusion events including docking
(grey), hemifusion (green) and full fusion (blue).

Only after administration of calcium ions, full fusion was observed in good
accordance with a previous study employing liposome assays.[36] In this previous study,
only observed fusion induced by E- and K-peptides in parallel orientation and in the
presence of calcium ions. Even in this case, only 3% fusion efficiency was recorded,
which is similar to what is found in this bead assay (7.8%). This implies that bead pairs as
well as liposomes are mainly arrested in the hemifused state.
In liposome assays, fusion is driven by the gain in bending energy released by
annihilation of one spherical bilayer structure. In this bead assay, the energy gain is
inherently missing. However, the gain in energy could originate from the van der Waals
attraction between the two silica beads, which come into close contact after fusion,
removing all the water in between the two beads.
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3.3.4 INHIBITION BY I-E3CYS
A general design of fusion inhibitors is that they can bind selectively to any
conformation of the fusion protein during the fusion pathway. [37] Inhibition of viral fusion
by preventing assembling of coiled coil complexes is a state key strategy to abolish viral
infection in an early state.[38-41]
E3Cys peptides was used as a competitive inhibitor for the i-K3Cys displayed on LBs
(ci-E3Cys = 15 μM added to the suspension of beads) in presence/absence of Ca2+.[42]
Efficiencies concerning docking, hemifusion and full fusion after incubating the two bead
populations for 90 min at different conditions are shown in Figure 3-18. The (hemi)fusion
efficiency is significantly decreased. When i-E3Cys was added into the fusion assay
performed in water, the hemifusion efficiency was dramatically reduced from 98.5% to
11.5%, implying that the external i-E3Cys forms coiled coils with most of the surface
bounded i-K3Cys (Figure 3-18a). More interestingly, in the presence of Ca2+, full fusion
event is absolutely abolished after adding i-E3Cys while hemifusion is also decreased a lot
(from 82.9% to 33.2%). This suggests that i-E3Cys is a very efficient inhibitor for full
fusion. It may block or change the zipping conformational of coiled coil structure, which
is necessary for the viral infection of host cells.
However, the KD value as determined by ellipsometry measurements is about 25 μM,
but fusion is inhibited already at lower inhibitor concentrations (15 μM), probably because
of limited lateral mobility after dimer formations. [1] The association of beads was
attributed the to multivalency effects boosting the association constant of two beads
attracting each other and nonspecific electrostatic interactions originating from the
peptides themselves. The data show that indeed the assay allows classification and
quantification of fusion inhibitors, thereby emphasizing its feasibility for high-throughput
and high-content screening of potent viral fusion inhibitor.
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Figure 3-18 Statistical analysis of fusion events inhibited by 12 mM i-E3Cys in various
conditions. Experiments were performed (a) without and with (b) Ca2+. (c) Efficiency of docking
(gray), hemifusion (green), and full fusion (blue) of LB-i-K3/SB-i-E3 pairs in the presence or
absence of Ca2+ administration to trigger full fusion and presence of externally added inhibitor
(i-E3Cys). Control experiments with membrane-coated beads in the absence of peptides attached
to the membrane shell do not show fusion events and rarely show docking (beyond statistically
formed pairs).
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3.3.5 MULTIPLE FUSION

Figure 3-19 Multiple fusion of poly beads where lipid-mixing occurs at least twice results the
poly beads, which contains at least three beads including at least one LB-i-K3 and one SB-i-E3.
Bright field images (a), (c) and corresponding fluorescent images (b), (d) are taken from the
mixture of on LB-i-K3 and SB-i-E3 in DI water but of different samples. The green box highlights
the common hemifused pair, while the ellipses refer to poly beads. The scale bar is 10 µm.

In vitro fusion assays including traditional bulk vesicle assays and recent popular
single vesicle assays reveal the molecular mechanism of fusion since they allow
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manipulations and observations that are not possible in vivo. Although single-vesicle assay
offer a powerful method to study the completely dynamic fusion process, observations of
both kinds of assays are by means of fluorophore-fluorophore interaction no matter
fluorescent spectrometry or fluorescent microscopy are used. For example, lipid mixing is
usually monitored by FRET that is a distance-dependent interaction between donor and
acceptor fluorophores.[43] From this perspective, the typical assays may cause problems
when multiple fusions take place, since both of the assays are based on the assumption that
the ratio of two fusogenic vesicles are 1:1 and the fusion occurs when two partner vesicles
react. However, if one donor labeled vesicle react with more accepter labeled vesicles, the
efficient FRET may not be observed due to the over dilution of fluorophore. In other word,
these vesicle-based assays are indirect method for membrane fusion that cannot quantify
multiple fusion in which fusion occurs at least twice simultaneously or in succession.
However, the membrane-coated bead-based assay in this work overcomes the limitation
due to its size-discrimination.
Figure 3-19 shows typical multiple fusion events as observed in this work by
microscopy. Ellipse 1 and 2 (Figure 3-19a, b, blue) highlight hemifusion in which the
hemifusion between LB-i-K3 and SB-i-E3 allows i-K3Cys crossing the contact zone to
SB-i-E3 and react with i-E3Cys on the second SB-i-E3 hence inducing the second
hemifuison and resulting a poly bead cluster. The bead cluster in ellipse 4 (Figure 3-19c
and d, yellow) has the same “composition” (number of LB-i-K3 and SB-i-E3 in one poly
bead cluster) and “configuration” (how the LB-i-K3 and SB-i-E3 connect) with this ellipse
1 and 2, but hemifusion occurs only once followed by docking. In ellipse 3 (Figure 3-19a
and b, blue), poly bead cluster has the same composition but different configuration. Here,
one LB-i-K3 is connected with two SB-i-E3 and hemifusion took place twice. Other bead
clusters with various compositions and configurations were also observed (data not shown
due to numerous combinations). Here as much hemifusion take place in majority of them
like ellipse 1 and 3.
The bead-based assay can quantitatively (composition and configuration) and
qualitatively (docking, hemifusion and full fusion) characterized by a poly bead cluster
undergoes multiple fusion. The fusogenic populations can be distinguished by
size-discrimination while the fusion events can be identified by fluorescence intensity of
beads since only one fluorophore was used in this work and its intensity is proportional to
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its concentration in the bilayer. Due to the complexity and diversity of multiple fusion,
only tethered pairs containing exactly one LB and one SB were considered in this work.

3.3.6 ORIENTATION OF COILED COIL
Through the assembly of the SNAREs, the two opposing membrane are brought in
proximity and could facilitates their fusion. According to the “zipper” model, the SNARE
core complex zips from the N-terminal towards C-terminal and this stable “trans”
structure containing a four-helix coiled coil motif which can overcome the repulsive forces
between opposing membranes and induce membrane fusion.[29,
co-workers

showed

that

antiparallel

binding

of

SNAREs

44, 45]

does

Brunger and
not

induce

vesicle-membrane fusion.[46] Here, if the parallel orientation of the coiled coil is a
prerequisite of membrane fusion was investigated based on the membrane-coated bead
model system.
The strategy is based on the design of K3Cys that shares the opposite amino acid
sequence with i-K3Cys, therefore, an antiparallel coiled coil arises when it reacts with
i-E3Cys (Figure 3-20a). Interestingly, the hemifusion was induced even with these
antiparallel coiled coil forming and the efficiency is extremely similar to parallel
orientation when 10% MCC-DOPE is employed (Figure 3-20b). This demonstrates that
the orientation of the coiled coil does not influence the fusion process in this
membrane-coated bead model system. This conclusion is consistent with several studies
where they used the reduced model system for membrane fusion such as Versluis’ peptidebased model.[27] This may be due to the coiled coils in reduced models are much smaller
than native SNARE proteins so that the spatial dimensions are likely too small for its
orientation to play an important role.
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Figure 3-20 (a) Illustration of docking (left) and hemifusion (right) employing different peptide
combinations that allows antiparallel (top) and parallel (bottom) coiled coil formation. (b)
Quantification of membrane-membrane interaction depending on amount of used MCC-DOPE
(0.1%, 1% and 10%) and different coiled coil orientation. LB-i-K3 and SB-i-E3 was used for
parallel (pink) while LB-K3 and SB-i-E3 was used for antiparallel coiled coil formation.

Besides, other control experiments were performed by varying the number of
fusogenic peptides decorating the membranes. Three orders of magnitude of the amount of
MCC-DOPE (0.1%, 1% and 10%) were used in these experiments. Obviously, hemifusion
efficiency increases as the number of fusogenic peptides raises due to higher possibility of
coiled coil formation. However, the high value around 80-100% for both peptides
geometries implies that the docking within the time regime leads to predominantly
hemifusion (Figure 3-20b).
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3.3.7 CONTACT ZONE OF LIPID FUSED PAIRS29

3.3.7.1 S IMULATION OF FRAP CONTACT ZONE
The ultimate proof that a continuous membrane has been formed after docking of two
beads is provided by FRAP experiments. Moreover, the experiment also allows us to
estimate the size of the contact zone by comparing the data to simulations assuming the
same geometry.
Figure 3-21a (black curve) shows FRAP data acquired on a single LB, showing
membrane fluidity as expected for solid supported lipid bilayers. After fully bleached the
fluorophores on the SB-i-E3 that is in contact to a LB-i-K3 either hemifused or fully fused
(Figure 3-21a, green and blue curves). The intensity recovery is slowed down by more
than two orders of magnitude compared to the diffusion from geometrically unrestricted
membranes (Figure 3-21a, black curve). This is attributed to the small contact zone
between the beads forming a bottleneck for lipid diffusion. This experimental finding is
supported by Monte Carlo simulations assuming identical geometry and initial conditions
such as a fixed diffusion constant (Figure 3-21b). By assuming a contact angle of 10°
corresponding to a contact radius of aFRAP ≈ 1000 nm, experimental findings such as the
spread in time scales could be largely reproduced, assuming unaltered lipid diffusion
constant.

29

The simulation was done by Prof. Burkhard Geil, University of Göttingen, Germany
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Figure 3-21
FRAP experiments/simulations proving membrane connection between
LB-i-K3/SB-i-E3 through a small contact zone. (a) FRAP experiment of LB-i-K3/SB-i-E3 pairs
after bleaching the entire SB-i-E3 (blue/green) compared to a reference experiment showing
fluorescence recovery of a single LB after bleaching a spot on the bead (black). The green curve
corresponds to the hemifused pair, while the blue graph represents data from the fully fused one.
(b) Monte Carlo simulations of FRAP on a single bead (curves B and C) serving as a reference and
dimers sharing one continuous membrane (curve A).

In these simulations of lipid diffusion, two beads are in contact and covered with a
membrane (inset, top left). The membrane detaches from one bead at a "contact" angle α
and spans a "belt" to the second bead. Initially, one of the beads is coated with a mobile
fluorophore while the other "bleached" bead is label free. Figure 3-21b (curve A) shows
the fluorescence recovery of this geometry using α = 10°. As a reference, the diffusion of a
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fluorophore on a single bead is also shown (same diffusion coefficient, same bead radius,
and same "contact angle"). Curve B is the situation where the fluorophore initially covers
most of the bead and only the contact area is photobleached. Both reference experiments
demonstrate the FRAP on the surface of a single bead is 100 times (up to 1000 times,
depending on α, the smaller the contact angle the slower the recovery) faster than the
FRAP between the two tethered beads. This suggests that the slowing down in the
fluorescence recovery is a pure geometric effect that arises from passing the bottleneck
that forms the obstruction in the contact zone between the beads.
Interestingly, compared with the contact radius predicted by Hertzian contact
mechanics (aHertz ≈ 37 nm), a significant larger contact zone after hemifusion or full fusion
was observed. The time delay between FRAP of single beads and dimers of beads can
therefore be mapped directly to the contact area formed between the two beads. Notably,
almost the same contact zone size for either hemifused or fully fused pairs was found. It is
also important to mention that changing the contact angle from 0° to 90° (cylinder
geometry) does not exceed the area dilatation beyond 5%, which is uncritical for bilayer
integrity.

3.3.7.2 E STIMATING THE SIZE OF CONTACT ZONE
Hertz’s classical theory of contact mechanics is used to estimate the size of the
contact zone. Hertzian mechanics assumes non-adhesive contact, small strains within the
linear elastic limit, each body being considered as an elastic half-space with continuous
and non-conforming surfaces, and the bodies being in frictionless contact. The theory of
contact between elastic bodies can be used to easily find contact areas and penetration
depths for simple indenter geometries. The contact radius aHertz can be calculated using:

√

.

Assuming a Young’s modulus EY of the membrane of 10 MPa, an effective bead radius
Reff of 2.73 µm and an adhesive force of F = 250 pN, a contact radius is arrived of aHertz =
37 nm, which is the lowest conceivable limit. FRAP analysis, i.e. comparison of
experimental data with Monte Carlos simulations, suggests that the size of the contact
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zone (contact radius) must exceed 1000 nm to explain the shift in time scales observed in
recovery curves compared to bleaching a spot on a single sphere.
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3.4 SIZE-DEPENDENT MEMBRANE FUSION

Figure 3-22 Schematic of size-dependent membrane fusion governed by van der Waals
interaction. (a) Schematic illustration of scenarios after mixing membrane-coated beads, which are
labeled with Texas Red (red) and NBD (green) respectively. Plain docking is followed by
hemifusion and eventually by full fusion of the bilayer. All pairs consist of exactly two beads
modified with complementary peptides. (b) Van der Waals interaction-controlled (size-dependent)
fusion assays employed beads with different sizes. Five pairs of beads were investigated (from left
to
right)
including
SB-i-K3/LB-i-E3,
LB-i-E3/LB-i-K3,
LB-i-K3/LLB-i-E3
and
LLB-i-K3/LLB-i-E3 with increasing van der Waals interaction. The diameters of SB, LB and LLB
are 4.7 µm, 6.5 µm and 7.3 µm, respectively.

The DLVO theory, named after Derjaguin and Landau, Verwey and Overbeek,
established the typical model towards interactions between colloidal particles that
superimposes an attractive van der Waals interaction onto an electrostatic repulsion.[47]
The electrostatic component of this theory, also termed electrical double layer force
(FEDL), originates from the surface charges and the repulsion between two charged
particles. Salt concentration mainly affects the FEDL (higher salt concentrations reduce the
electrical double layer repulsion). The van der Waals interaction is determined by
dielectric constants (Hamaker constant) and geometry of the system. According to
Derjaguin approximation, FvdW between two spheres can be calculated by the equation
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Where A is the Hamaker constant, D is the shortest distance between two surfaces and R1,
R2 are the radii of two hard beads. The van der Waals interaction (FvdW) is not influenced
by presence of salt and but can be adjusted by the radius of particles.
In previous sections, membrane-coated beads were used to investigate membrane
fusion driven by coiled coil formation. Full fusion was only achieved in the presence of
Ca2+ when LB-i-K3 and SB-i-E3 were employed. In this section, the native interaction–
van der Waals interaction–between charged membrane-coated beads was considered as a
factor for affecting the membrane fusion. In addition to SBs and LBs, LLBs were used to
adjust the van der Waals interaction. As the interaction increases, the main fusion event
changes from docking to full fusion in the absence of Ca2+. This size-dependent van der
Waals force will provide a tool to manipulate the interaction between model membranes to
study the influence on membrane fusion.
Five distinct pairs of beads with the increasing van der Waals interaction are
employed

including

SB-i-E3/SB-i-K3,

SB-i-K3/LB-i-E3,

LB-i-E3/LB-i-K3,

LB-i-K3/LLB-i-E3 and LLB-i-K3/LLB-i-E3 (Figure 3-22b). High concentrations of salts
(50 mM HEPES, 150 mM KCl, pH 7.4) are introduced to efficiently reduce the FEDL.
i-K3Cys and i-E3Cys modified beads were labeled with NBD and Texas Red respectively,
thus, the fusion events can be distinguished by fluorescent colors even when the same size
of beads were used (Figure 3-22a). All experiments were characterized by CLSM
including microscopy and FRAP. Only tethered pairs composed of different bead
populations were considered for data collection and analysis.
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3.4.1 MICROSCOPY AND INTENSITY ANALYSIS
Since the two bead populations were labeled with NBD and Texas Red respectively,
green channel and red channel images are taken simultaneously (Figure 3-23, left) and
fusion events can be determined by the corresponding intensity analysis (Figure 3-23,
right).
Obviously, docking occurs upon SB-i-E3/SB-i-K3 mixing since only one bead can
been observed in single channel images. Correspondingly, only one sharp peak appears at
the position of the boarder of each bead (peak 1 and peak 3) in intensity curves. This
means there is no lipid mixing (Figure 3-23a). The tiny red peak 1 is attributed to the cross
talk of fluorophores due to the overlap of their emission spectra. In LB-i-E3/SB-i-K3
assays, as discussed in previous sections, hemifusion events were observed. Both beads
can be observed in both channels but with less intensity (Figure 3-23b). Most interestingly,
full

fusion

occurs

in

assays

of

LB-i-E3/LB-i-K3,

LLB-i-E3/LB-i-K3

and

LLB-i-E3/LLB-i-K3 mixtures. Both beads are observed with similar intensity in both
channels, which indicates that both leaflets are merged and fluorophores are evenly
distributed. This size-dependent membrane fusion from docking to full fusion is attributed
to increasing van der Waals interactions.
The distance between intensity peaks of green and red channels (ΔPeak 1, ΔPeak 2
and ΔPeak 3) are calculated based on fluorescence intensity curves and summarized in
Table 3-1. Although these values cannot represent the actual distance between lipid
leaflets due to the limited resolution of CLSM, the comparison of ΔPeak is able to provide
the relative distance under different fusion events. Especially ΔPeak 2 demonstrates the
contact zone of the tethered pairs. For docked SB-i-E3/SB-i-K3, ΔPeak 2 is up to ten
pixels (271.5 nm) while the value is maximal four pixels (104.1 nm) in the other cases.
This indicates that the two opposed membranes are docked with a tiny separation and are
not in close contact. However, these two cases are not distinguished in this work and
collectively called docking.
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Figure 3-23 Images (left) and corresponding fluorescence intensity analysis (right) of sizedependent fusion assays including (a) SB-i-E3/SB-i-K3, (b) SB-i-K3/LB-i-E3, (c)
LB-i-E3/LB-i-K3, (d) LB-i-K3/LLB-i-E3 and (e) LLB-i-K3/LLB-i-E3. The images from left to
right are green channel image (NBD, excited by laser 488 nm), red channel image (Texas Red,
excited by laser 595 nm) and combination of two channels. The intensity analysis is based on the
two channel images and is normalized to the intensity of two channels at the same pixel. The three
peaks correspond to the border of the first bead, contact zone of two beads and the border of the
second bead.
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Table 3-1 Peak difference between green channel and red channel for various sizes of
fusogenic beads.
Fusion
events

Resolution
of image

ΔPeak 1

ΔPeak 2
(contact zone)

ΔPeak 3

nm/pixel

nm

pixel

nm

pixel

nm

pixel

(a) SB/SB

docking

27.146

27.2

1

271.5

10

--

--

(b) LB/SB

hemifusion

26.020

26.0

1

104.1

4

52.1

2

(c) LB/LB

full fusion

30.929

61.8

2

92.8

3

61.9

2

(d) LB/LLB

full fusion

33.243

0

0

66.5

2

0

0

(d) LLB/LLB

full fusion

36.721

0

0

36.7

1

0

0

3.4.2 LIPID DIFFUSION IN FULLY FUSED PAIR
FRAP experiments were performed on the three full fused pairs (Figure 3-24).
Arbitrary beads were bleached in LB-i-E3/LB-i-K3 and LLB-i-E3/LLB-i-K3 pairs while
LB-i-K3 was bleached in LLB-i-E3/LB-i-K3. The fluorescence recovery of all three cases
is extremely similar and is slowed down by more than two orders of magnitude compared
to the diffusion in geometrically unrestricted membranes (single membrane-coated bead).
This is consistent with the previous results of FRAP on hemifused and full fused
SB-i-E3/LB-i-E3. These results indicate that the dynamic contact zone enlarging (fusion
pore opening) of lipid mixing is independent on the size of the beads.
In addition, real-time monitoring of fluorescence intensity was performed on a fully
fused LB-i-E3/LB-i-K3 pair to study the process of lipid diffusion (Figure 3-25). At t =
0 s, LB 1 and LB 2 are observed with high relative fluorescence intensity in both channels
and their own fluorescence “flow” into each other as time goes by. Finally, lipid diffusion
is “accomplished” (in equilibrium) at t = 6180 s where both beads show similar intensities
in both channel images indicating a homogenous of both fluorophores in a continuous
bilayer.
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Figure 3-24 FRAP experiments proving membrane connection between two beads in a fused pair
through a small contact zone. (a) Fluorescence micrographs prior to bleaching the NBD, directly
after bleaching and after fluorescence recovery (from left to right) of fully fused LB-i-E3/LB-i-K3
(top), LLB-i-E3/LB-i-K3 (center) and LLB-i-E3/LLB-i-K3 (bottom). The scale bar is 5 μm. (b)
FRAP experiments of fully fused pairs after bleaching the arbitrary LB of LLB-i-E3/LB-i-K3 pair
(black curve), LB-i-K3 of LLB-i-E3/LB-i-K3 pair and arbitrary LLB of LLB-i-E3/LLB-i-K3
(green curve).

Comparing the time regime of FRAP (≈ 10 min) and real-time intensity analysis
(≈ 100 min), conclusion can be drawn that the contact zone (fusion pore) is changing
during lipid mixing.
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Figure 3-25 Real-time monitoring of lipid diffusion between LB-i-K3 and LB-i-E3 in a fully
fused pair. A single Texas Red-labeled LB-i-E3 (Ref_Red) and NBD-labeled LB-i-K3
(Ref_Green) are chosen as references. (a) Fluorescence photographs of green channel (Green_CH,
left), red channel (Red_CH, middle) and addition of two channels (Two_CH, right) at t = 0 s (top)
and t = 6180 s (bottom), where LB-i-K3 is named LB 1 and LB-i-E3 is named LB 2, t = 0 s is
defined 20 minutes after mixing the two populations of beads. (b) Curves of intensity vs time (left)
of both beads (LB 1 and LB 2) with both channels (Green_CH and Red_CH) indicate the lipid
diffusion between two beads. (c) Relative intensity curves that are obtained from curves in (b),
where the relative intensity of the red channel (red triangle) is the ratio of LB 1_Red_CH and
LB 2_Red_CH while the relative intensity of the green channel (green triangle) is the ratio of
LB 2_Green_CH and LB 1_Green_CH.
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3.4.3 STATISTICAL ANALYSIS OF IRI

Figure 3-26 Relative intensity analysis of LB-i-K3/LB-i-E3 pairs at different periods. (a)
Principle of relative intensity analysis based on green channel (NBD). Since the bead population is
unable to identify when same sizes of beads are used, IRI is the ratio of small value and large value.
(b) Statistical analysis of IRI during 20 min < t < 40 min (blue) and 150 min < t < 180 min (red), t
is referred the time after mixing of the two populations of beads. 95 pairs and 102 pairs are
counted, respectively.

Statistical analysis of relative intensity (IRI) is performed on LB-i-K3/LB-i-E3 in
different time regimes in order to evaluate the efficiency of fusion events (Figure 3-26).
Different from the statistical method in SB-i-K3/LB-i-K3 assay, the histograms of IRI
provide distribution of IRI of all tethered pairs other than classify the tethered pairs as
docking, hemifuion and full fusion. Figure 3-26b shows the efficiency of full fusion of
LB-i-K3/LB-i-E3 is up to 40% (if 0.9 < IRI ≤ 1.0 is defined as full fusion). On the other
hand, in SB-i-K3/LB-i-K3, only hemifusion occurs in the absence of Ca2+ while the
efficiency of full fusion is 9.3% in the presence of Ca2+. Again, this high efficiency of full
fusion in LB-i-K3/LB-i-E3 mixture is attributed to van der Waals interaction between
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charged membrane-coated beads, which contributes the additional energy needed for
detachment of the supported membrane from the silica bead and thus facilitates full fusion.

3.5 PROS AND CONS
In the section, pros and cons of this 2D membrane-coated bead-based fusion assay are
summarized comparing to the liposome-based assays including GUV-based assay and
single vesicle assays. The disadvantages of bulk liposome-based assay are described in
chapter one hence not be discussed here.

3.5.1 CONS
Obviously, there are two main disadvantages of this bead-based method. One is that
it cannot measure content mixing, which is an important criterion for membrane fusion
since lipid mixing can occur without or with notably delayed content mixing.[34, 48] For
example, content mixing starts several seconds after lipid mixing in the process of
influenza virus membrane.[49] This may be solved by using porous beads or polymer
coated beads like the polymer cushion-supported bilayer used in single vesicle-SLB assay.
The other disadvantage is that this bead-based assay do not allow the kinetic investigation
of fusion process due to the tiny bottleneck contact zone, so that the lipid diffusion is
extremely slow than in the native surroundings. This may be improved by the mechanism
study of fusion pore opening and using microscope with higher resolution and sensitivity.

3.5.2 PROS
Albeit the limitations of bead-based assay, it also provides several advantages
compared to liposome-based assays, such as simpler preparation, easy operation, direct
observation and less labeling. Besides, this assay offers some information that the other
method cannot offer, e.g. multiple fusion. Notably, it is advantageous in indentifying and
screening inhibitors for inhibiting fusion in prefusion state.
In single vesicle assay, LUVs are always used for high encapsulated volume and lipid
incorporation of fluorophore (up to four kinds of fluorophore with high concentrations).
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To monitor the fusion process, sometimes a complicated TIRF with three-color excitation
and two CCDs are employed.[34, 35] The extensive labeling and high intensity excitation
might cause problems in the detection of fluorescence distinct for light-scattering artifacts
and might compromise the fusogenic properties or peptides and proteins by altering the
zeta potential of the liposomes and changing the microenvironment of the decisive
constituents.[50] However, in bead-based assay, only one fluorophore (Texas Red) with
0.5% is necessary and the experiments can be easily performed in any standard biological
laboratory. The populations of fusogenic membrane-coated beads can be clearly
distinguished by size by normal optical microscopy.
GUVs are frequently used as a model membrane since their sizes are comparable to
an entire cell.[51] They have been used for visualization of membrane fusion assays and
conceivably as an attractive replacement for beads.[52, 53] However, this membrane-coated
bead-based approach cannot be realized with GUVs. Firstly, GUVs are considerably more
polydisperse and display thermally excited membrane undulations, which requires very
strong attractive forces to overcome the barrier posed by the so-called Helfrich repulsion.
Moreover, two GUVs merge into a single, larger vesicle, preventing the ability to
reconstruct the history with only one fluorophore. This is because GUVs display large size
differences and are hardly visible in conventional microscopy without labeling. Also often
ignored are the inevitable osmotic gradients between the interior of the liposome and the
external solution. Considering that area dilatation of lipid bilayers is limited to only few
percent, a change in osmolarity of 5-10 mM is sufficient to rupture the GUVs in a size
regime of 50-100 μm, not to mention that stress fosters fusion. Last but not least, GUVs
need to be sedimented and fixed on the substrate as well as LUVs in single vesicle assay.
This exerts pre-stress and requires sedimentation and attachment strategies that might
interfere with fusion.[54] However, the fixation problem was perfectly solved in this bead
assay by introducing ions.
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4 CONCLUSION
A novel assay of membrane fusion is established based on membrane-coated beads in
a 2D assembly. This assay allows identifying the different stages of the fusion process.
Membrane fusion driven by heterodimeric coiled coil formation as a proof of concept
using fusogenic K- and E-peptides provided results comparable to those obtained with
conventional liposome assays, but with additional information on docking efficiency. [1]
In this fusion assay, LBs and SBs are modified with i-K3Cys (LB-i-K3) and i-E3Cys
(SB-i-E3) respectively and LBs are fluorescent labeled. The populations of fusogenic
beads can be distinguished by size discrimination. When LB-i-K3and SB-i-E3 are mixed
in water, the fusion process terminates in hemifusion. Interestingly, all fusion events
including docking, hemifusion and full fusion are observed in the presence of Ca2+ in one
experiment. This may due to the bridging effect of calcium ions binding to PC and nonreacted negative MCC-DOPE.
Block or change the zipping conformational of coiled coil structure is necessary for
the viral infection of host cells. In this bead-based assay, the introduction of inhibitors
(i-E3Cys) efficiently decreases the hemifusion efficiency and abolishes full fusion (in the
presence of Ca2+). Therefore, this approach is expected to be an invaluable tool to identify
small-molecule inhibitors of viral fusion with unprecedented accuracy in prefusion state.
Multiple fusion could be observed and distinguished, which takes place among more
than two fusogenic membrane-coated beads. The orientations of coiled coil formation,
including parallel and antiparallel orientations, are shown to have no effect on the fusion
process in this bead-based assay. Most interestingly, size-dependent assays employed
beads with increasing diameter scale, demonstrate that van der Waals interaction could
provided energy for supported membrane detaching from the silica beads, hence promote
membrane fusion.
In conclusion, comparing to the typical liposome-based assay, this bead-based assay
can distinguish among docking, hemifusion and full fusion without interference from light
scattering and use of a single fluorophore at very low concentration.[2, 3] In addition, the
curvature of fusogenic membranes can be easily controlled and through variation of the
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employed bead sizes, differences in fusogenity can be addressed. Furthermore, sizedependent assays open a door to controllable membrane fusion. At last, this bead-based
assay, however, can be realized with ordinary laboratory, and is compliant with highthroughput multi-well techniques, e.g., inhibitor screening.
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ABBREVIATIONS

ABBREVIATIONS
AFM

Atomic force microscopy

CD

Circular dichroism

CH

Cholesterol

CLSM

Confocal laser scanning microscopy

DOEPC

1,2-dioleoyl-sn-glycero-3-ethylphosphocholine

DMOPC

1,2‐dimyristoleoyl‐sn‐glycero‐3‐phosphocholine

DOPC

1,2-dioleoyl-sn-glycero-3-phosphocholine

ESI-MS

Electrospray ionization mass spectrometry

FRAP

Fluorescence recovery after photobleaching

FRET

Fluorescence resonance energy transfer

GUV

Giant unilamellar vesicles

HEPES

4‐(2‐hydroxyethyl)‐1‐piperazineethanesulfonic acid

i‐E3Cys

Peptide Ac‐(KELAAIE)3‐GWGGGC‐NH2

i‐K3Cys

Peptide Ac‐WG‐(EKLAAIK)3‐GGGGC‐NH2

K3Cys

Peptide Ac‐WG‐(KIAALKE)3‐GGGGC‐NH2

LB

Large beads (diameter 6.5 µm)

LLB

Larger beads (diameter 7.3 µm)

LUV

Large unilamellar vesicle

MCC-DOPE
MLV

1,2‐dioleoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐[4‐(pmaleimido
methyl)cyclohexane‐carboxamide
Multilamellar vesicle

MVV

Multivesicular vesicle

NBD

N-(7-nitro-2,1,3-benzoxadiazol-4-yl))

PC

Phosphatidylcholine

PE

Phosphatidylethanolamine

POPC

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPE

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

PS

Phosphatidylserine

QCM

Quartz crystal microbalance
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ABBREVIATIONS
ROI

Region of interest

RP-HPLC

Reversed phase high-performance liquid chromatography

SB

Small beads (diameter 4.7 µm)

SLB

Solid supported bilayer

SNARE
SPPS

Soluble N‐ethylmaleimide‐sensitive‐factor
receptor
Solid phase peptide synthesis

SPR

Surface plasmon resonance

SUV

Small unilamellar vesicle

Texas Red

Texas Red‐1,2‐dihexadecyl‐sn‐glycero‐3‐phosphoethanolamine

TIRF

Total internal reflection fluorescence

vdW

van der Waals (interaction)

attachment

protein
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