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ABSTRACT 

 

This is a comprehensive study of protein-mediated membrane fusion through 

single-molecule fluorescence resonance energy transfer (smFRET). Membrane fusion is 

one of the important cellular processes by which two initially distinct lipid bilayers merge 

their hydrophobic cores, resulting in one interconnected structure. For example, 

exocytosis, fertilization of an egg by a sperm and communication between neurons are a 

few among many processes that rely on some form of fusion. Proteins called soluble 

N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) play a central 

role in fusion processes which is also regulated by many accessory proteins, such as 

synaptotagmin, complexin and Munc18.  

By a new lipid mixing method at the single-vesicle level, we are able to accurately 

detect different stages of SNARE-mediated membrane fusion including docking, hemi 

and full fusion via FRET value of single donor/acceptor vesicle pair. Through this 

single-vesicle lipid mixing assay, we discovered the vesicle aggregation induced by 

C2AB/Ca2+, the dual function of complexin, and the fusion promotion role of 

Munc18/SNARE-core binding mode.  

While this new method provides the information regarding the extent of the 

ensemble lipid mixing, the fusion pore opening between two vesicular cavities and the 

interaction between proteins cannot be detected. In order to overcome these limitations, 

we then developed a single-vesicle content mixing method to reveal the key factor of 

 ii



pore expansion by detecting the FRET change of dual-labeled DNA probes encapsulated 

in vesicles. Through our single-vesicle content mixing assay, we found the fusion pore 

expansion role of yeast SNAREs as well as neuronal SNAREs plus synaptotagmin 1.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Membrane fusion 

A biological membrane is a lipid bilayer made of two layers of lipid molecules, 

which forms a continuous barrier around cells to keep ions, proteins and other molecules. 

Natural bilayers are usually made mostly of phospholipids with a hydrophilic head and 

two hydrophobic tails. When phospholipids are exposed to water, they arrange 

themselves into a two-layered sheet (a bilayer) with all of their tails pointing toward the 

center of the sheet. Membrane fusion is a process by which two initially distinct lipid 

bilayers merge their hydrophobic cores, resulting in one interconnected structure. When 

fusion proceeds completely through both leaflets of both bilayers, a water-filled bridge is 

formed and the solutions contained by the bilayers can mix. Many important cellular 

processes, such as exocytosis, fertilization of an egg by sperm and communication 

between neurons, rely on some form of membrane fusion.  

Four fundamental steps are in the fusion process [1]. First, two membranes approach 

each other to within several nanometers. Second, the two membranes come into very 

close contact (less than one nanometer). Third, a destabilization nucleates at one point 

between the two membranes with a highly localized rearrangement of the two bilayers. 

Finally, as this point defect grows, the components of the two membranes mix and 

diffuse away from the site of contact. At this point, the internal contents of the 

membranes may start to mix.  
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Biological fusion is almost always regulated by the action of membrane-associated 

proteins with one of them called soluble N-ethylmaleimide-sensitive factor attachment 

protein receptors (SNAREs) which play a critical role in eukaryotic cell system. SNARE-

mediated membrane fusion is a ubiquitous process involved in a wide variety of 

important life activities, such as neurotransmitter release [2]. Neurons communicate 

through molecules called neurotransmitters which relay messages across the synaptic 

cleft between two neurons at the synapse. Synaptic vesicles in the axon bulb containing 

neurotransmitters are produced by the neuron and are released in the submillisecond time 

scale by exocytosis into the synaptic cleft (Figure 1.1). This fast neurotransmitter release 

is triggered by calcium influx and is tightly controlled by a number of regulators, such as 

SNARE proteins, synaptotagmin, complexin, and Munc18 [3,4,5,6].  

 

1.2 SNARE proteins 

With extensive evidence of proving them as minimal fusion machinery [7,8], 

SNARE proteins have been accepted as the engine that can pull the opposing membranes 

together and then somehow merge them into one continuous bilayer structure [9,10]. We 

mainly focus on two SNARE systems; either yeast mediated post-Golgi protein 

trafficking on the plasma membrane or synapse mediated neurotransmitter release 

triggered by calcium ions. Both of these SNARE systems consist of three components. 

According to their compartment distribution in the cell, they are classified as v-SNARE 

including synaptobrevin in neuron and Snc2p in yeast, and t-SNARE, which are 

composed of SNAP-25 & syntaxin in neuron and Sec9 & Sso1p in yeast (Figure 1.2). 
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As shown in Figure 1.2, the three SNARE components can form a ternary complex 

in the ratio of 1:1:1 via the association of their ‘SNARE motifs’. In this ternary complex, 

three ‘SNARE motifs’ from t-SNARE proteins and one ‘SNARE motif’ from v-SNARE 

assemble into a four-helix bundle composed of 15 hydrophobic layers [11,12].  

 

1.3 SNARE-mediated fusion pathway 

Membrane fusion involves a concerted assembly of proteins and an exquisite 

rearrangement of lipid bilayers. It has been suggested that multiple steps are needed to 

accomplish membrane fusion. First, the assembly of the SNARE ternary complex brings 

opposing membranes together and achieves the intimate contact of the outer leaflets. 

Then, the contacting outer leaflets merge and form a lipid ‘stalk’, an intermediate state 

called hemifusion in which the opposing outer leaflets merge together while the inner 

leaflets remain intact [13,14,15,16]. Next, the rupture of the hemifusion diagram leads to 

a fusion pore. At last, the expanding of the fusion pore enables content mixing and 

finishes the full fusion (Figure 1.3). The essence of this hemifusion model is that the 

initial connection of two merging outer leaflet is lipids. An alterative model suggests that 

there exists a protein hemi-channel lined with the SNARE transmembrane segments in 

each membrane [17,18]. The assembly of the trans-SNARE complex brings the two 

opposing membranes close and connects the protein channels to form a protein fusion 

pore, directly leading to the content communication. 

The evidence of the protein pore was provided by combined amperometry 

capacitance measurements. Jackson’s group suggested that a protein pore was formed by 

a circular arrangement of five to eight syntaxin transmembrane segments in the plasma 
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membrane [18]. However, in a previous study using the same PC12 cells, Hua and 

Scheller deduced that only three syntaxin-containing complexes are required for Ca2+-

triggered excocytosis [19]. Based on the protein pore model, a vesicle-membrane 

counterpart formed by VAMP transmembrane segments was needed to complete their 

model, the EPR data from Dr. Shin’s laboratory in Iowa State University indicated that 

there is no strong interaction between the transmembrane domains of VAMP, which did 

not support the protein pore model. 

Hemifusion to full fusion transition is an accepted model for viral systems 

[20,21,22,23]. With viral fusion, proteins in only one of the opposing membrane were 

minimally required. Hemifusion intermediate was also visualized indirectly using x-ray 

diffraction [24]. By modifying the transmembrane domain or lowering the concentration 

of the fusion protein, a hemifusion intermediate was observed in Dr. Shin’s laboratory 

[16]. After that, a large amount of evidence was provided in different laboratories to 

support that SNARE protein-mediated membrane fusion transits through a hemifusion 

intermediate state [15,25,26,27].  

 

1.4 SNARE accessory proteins 

It has widely accepted that SNARE proteins play a central role in membrane fusion. 

In living cells, the neurotransmitter release finishes in the submillisecond time scale upon 

coming to calcium ions. However, in vitro studies show that the lipid mixing induced by 

SNARE proteins needs hours to finish. Thus, it is reasonable to predict that the assembly 

of the SNARE complex and the fusion pathway are regulated extensively by other 

accessory proteins in vivo [3]. As identified by in vivo knockout method, three SNARE 
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accessory proteins, synaptotagmin, complexin, and Sec1/Munc18, are the most important 

regulators for the membrane fusion related to the fast neurotransmitter release (Figure 

1.4).  

 

1.4.1 Synaptotagmin 

Synaptotagmin is a synaptic vesicle protein with a transmembrane domain on the N-

terminal. It has been regarded as a calcium sensor to control the stimulus-coupled 

exocytosis. Synaptotagmin contains two cytoplasmic C2 domains, C2A and C2B, and 

both of them act as Ca ion binding sites [28]. These two C2 domains can also interact 

with negatively charged lipid membranes. With a membrane-associated SNARE complex, 

C2AB (C2A & C2B, the cytoplasmic part of synaptotagmin) can bind simultaneously to 

the lipid bilayer, as well as the SNARE complex, to form a quaternary SNARE-

synaptotagmin-Ca2+-phospholipids complex, which significantly increases the neuronal 

SNARE-mediated membrane fusion [29,30,31]. However, some in vitro experiments with 

full-length synaptotagmin have not been able to observe the Ca2+-evoked acceleration of 

SNARE-mediated membrane fusion [32,33]. Through our single-vesicle lipid mixing 

technique, we found that C2AB and Ca2+ mainly induce vesicle aggregation [34].  

 

1.4.2 Complexin  

Complexin is a water soluble protein which can tightly bind to the SNARE complex 

to form an alpha helix [35]. It was suggested that the complexin works as a fusion clamp 

to the membrane-anchored SNARE complex. With the help from calcium ions, 

synaptotagmin can replace complexin and induce the synchronization membrane fusion 
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[36,37,38]. However, some results show that complexin plays a positive role in 

membrane fusion as well. Recently, our lab revealed a dual function of complexin, as, on 

one hand, it inhibits the formation of SNARE complexes, while on the other hand, once 

SNARE complexes are formed, it enhances membrane fusion [39].  

 

1.4.3 Sec1/Munc18  

Sec1/Munc18 is crucial for SNARE-mediated membrane fusion. Neurotransmitter 

release was totally abolished in Munc18 knockout mice [40,41]. Munc18 binds tightly to 

the closed conformation of syntaxin, which stabilizes the syntaxin during its 

transportation process to the plasma membrane in vivo [42,43]. In addition, it has been 

suggested that the N-terminal segment of syntaxin, Habc domain, is necessary for 

interacting with Munc18 to promote SNARE complex assembly [44,45,46,47,48]. Most 

recently, our single-pair vesicle-vesicle lipid mixing experiments indicated that Munc18 

could increase the lipid mixing both for full-length syntaxin and syntaxin without Habc 

domain [49]. 

 

1.5 Questions 

As summarized by Table 1, the main players of fast neurotransmitter release have 

been identified so far. Almost all membrane proteins for fusion have been identified, 

however, a detailed mechanism still remains ambiguous. Through the single-vesicle and -

molecule technique, we hope to solve some important questions for SNARE-mediated 

membrane fusion, such as  
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1. The fundamental role of SNARE proteins,  

2. The regulation of accessory proteins, 

3. The interaction between SNARE and accessory proteins. 

 

Table 1. Key proteins involving in the SNARE-mediated membrane fusion. 

 

Name Family Location Function 

synaptobrevin SNARE Synaptic vesicle 

SNAP-25 SNARE Target membrane

syntaxin SNARE Target membrane

To form SNARE complex, 
which is known as the minimum 

fusion machinery 

complexin  Free Dual-functional regulator 

synaptotagmin  Synaptic vesicle Calcium sensor 

Munc18 SM Free Docking and priming regulator 
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Chapter 1 Figures:  

 

 

Figure 1.1. Neurotransmitter release cycle. Steps highlighted by red lines are regulated 

by SNAREs and accessory proteins involved in the thesis. (Modification based on: 

http://www.wormbook.org/chapters/www_synapticfunction/synapticfig1.jpg)  
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Figure 1.2. Neuronal SNARE proteins. (Modification based on: 

http://en.wikipedia.org/wiki/File:Exocytosis-machinery.jpg)  
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Figure 1.3. SNARE-mediated membrane fusion pathway. 
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Figure 1.4. Neuronal SNARE accessory proteins. 
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CHAPTER 2 

METHODOLOGY 

 

2.1 Biological aspect 

Traditionally, most studies rely on two major techniques, in vivo knockout and in 

vitro reconstitution methods [3,9]. While these two methods have many advantages, they 

come short in either isolating the function of the single contributing factor or revealing 

the fast and transient fusion dynamics.  

 

2.1.1 Yeast SNARE proteins  

Plasmid construction, protein expression and purification for yeast SNAREs were 

described in detail previously [50]. In brief, Sso1pHT (amino acids 185-290), which the 

N-terminal α-helical Habc domain was truncated and full-length Snc2p (amino acids 1-

115) were expressed as the N-terminal glutathione S-transferase (GST) fusion proteins. 

Sec9c (amino acids 401–651 of Sec9) was expressed as a C-terminal His6-tagged protein. 

Recombinant proteins were expressed in E. coli Rosetta (DE3) pLysS (Novagen). The 

glutathione-agarose beads (Sigma) were used to purify Sso1pHT and Snc2p. The protein-

bound GST beads were washed excessively with washing buffer (PBS, pH 7.4) 

containing 0.2% (v/v) Triton X-100. Following the buffer exchange with (PBS, pH 7.4) 

containing 0.8% (w/v) n-octyl-D-glucopyranoside (OG, Research Product International), 

the protein of interest was cleaved on column by thrombin in cleavage buffer (50 mM 

Tris/HCl, 150 mM NaCl, 0.8% OG, pH 8.0). His6-tagged Sec9c was purified using the 

Ni-NTA agarose beads (QIAGEN). The beads were washed with washing buffer (25 mM 
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HEPES, 100 mM KCl with 20 mM immidazole, pH 7.4), and then the protein was eluted 

out by the elution buffer (25 mM HEPES, 100 mM KCl with 150 mM immidazole, pH 

7.4). 

 

2.1.2 Neuronal SNARE proteins  

Recombinant neuronal SNARE proteins syntaxin 1A (amino acids 1-288), SNAP-25 

(amino acids 1–206), and VAMP2 (amino acids 1-116) are from rat. All of these proteins 

were expressed as N-terminal GST fusion proteins in E. coli Rosetta (DE3) pLysS. The 

cells were grown at 37 oC in LB medium with 100 mg/ml ampicillin until OD600 reached 

0.6-0.8. The cells were further grown for 6 hours after adding IPTG (0.5 mM final 

concentration) at 16 oC for syntaxin 1A and VAMP2 or at 24 oC for SNAP-25. Cell 

pellets were resuspended in 10 ml PBS buffer, pH 7.4, containing 0.5% (v/v) Triton X-

100, with a final concentration of 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride 

(AEBSF), 2mM DTT. Cells were lysed by the sonication in an ice bath and centrifuged at 

13,000 g for 20 minutes at 4 oC. The supernatant was mixed with glutathione-agarose 

beads in PBS buffer and nutated in the cold room (4 oC) for 2 hours. Proteins were 

cleaved by thrombin in cleavage buffer (50mM Tris/HCl, 150 mM NaCl, pH 8.0) with 

0.8% OG. 

 

2.1.3 Accessory proteins 

Complexin 1: The plasmid for complexin 1 (amino acids 4-134) from rat was kindly 

provided by Dr. Josep Rizo (University of Texas Southwestern Medical Center). 

Complexin 1 was expressed as a glutathione S-transferase fusion protein. Recombinant 
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proteins were expressed in E. coli Rosetta (DE3) pLysS (Novagene, Madison, Wisconsin). 

The cells were grown at 37 °C in LB with 100 g/ml ampicillin until OD600 reached 0.6-

0.8. The cells were further grown for 4-6 hours after adding isopropylthio-b-d-

galactopyranoside (0.5 mM) at 24 °C. Recombinant proteins were purified using 

glutathione-agarose chromatography. Cell pellet was resuspended in 10 ml PBS buffer 

(phosphate-buffered saline with 0.5% (v/v) TritonX-100, pH 7.4) with the final 

concentrations of 1 mM AEBSF, 5 mM DTT. Cells were broken by sonication on the ice 

bath and centrifuged at 13000 g for 20 minutes at 4 °C. The supernatant was mixed with 

2 mL glutathione-agarose beads in PBS and nutated in cold room for 2 hours. The 

proteins were then cleaved by thrombin in HEPES buffer (25 mM HEPES, 100 mM KCl, 

pH 7.4). Purified proteins were examined with 15% SDS-PAGE, and the purity was at 

least 90%. 

C2AB: The plasmid for C2AB (amino acids 140-421) of rat Synaptotagmin 1 was a 

kindly gift from Dr. Josep Rizo (University of Texas South Western Medical Center). 

The C2AB was inserted into PGEX-KG expression plasmid and expressed in E. coli 

Rosetta (DE3) pLysS (Novagen). To purify C2AB, cell pellet was resuspended in 10 mL 

PBS buffer (pH 7.4, with 0.5% (v/v) TritonX-100) with the final concentrations of 2 mM 

AEBSF, 2 mM EDTA, and 2 mM DTT. The cell was broken by sonication on the ice 

bath and centrifuged at 13000 g for 20 minutes at 4 ºC. The supernatant was mixed with 2 

ml glutathione-agrose beads and nutated in cold room for 2 h. After nutation, the beads 

were washed with a high salt buffer (25 mM HEPES, 1 M NaCl, PH 7.4) four times. In 

the high salt buffer, 1 mM MgCl2, DNase (20 lg/ml) and RNase (4 lg/ml) were added and 

incubated for 6 h at 4 ºC. After washing by high salt buffer twice and low salt buffer (50 
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mM Hepes, 0.1M NaCl, PH 7.4) five times, the protein was cleaved from GST beads by 

thrombin in low salt buffer. 

Munc18-1: C-terminal His6-tagged Munc18-1 plasmid is a kind gift from Dr. James 

McNew at Rice University. The Mucn18-1 protein was expressed in E. coli Rosetta (DE3) 

pLysS (Novagene). The cells were grown at 37 oC in LB medium with 30 μg/ml of 

kanamycin until the A600 reached 0.6-0.8. Isopropyl-β-D-thiogalactopyranoside (IPTG) 

was added to a final concentration of 0.5 mM. The cells were grown further for three 

more hours at 37 oC, and then collected by centrifugation at 6000 r.p.m. for 10 minutes. 

The cell pellets were resuspended in lysis buffer (25 mM HEPES/KOH, 100 mM KCl, 20 

mM immidazole, 2 mM AEBSF, and 2 mM dithiothreitol (DTT), pH7.4). After 

sonication on ice, the cell lysate was centrifuged at 15000 g for 20 minutes at 4 oC. The 

supernatant was mixed with nickel-nitrilotriacetic acid-agarose beads (Qiagen) and 

nutated for binding at 4 oC for one hour. After binding, the beads were washed with 

washing buffer (25 mM HEPES/KOH, 100mM KCl, and 20 mM immidazole, pH 7.4). 

Then the protein was eluted out by elution buffer (25 mM HEPES/KOH, 100mM KCl, 

150 mM immidazole, pH 7.4). Purified proteins dialyzed overnight against dialysis buffer 

(25 mM HEPES/KOH, 200 mM KCl, 10% glycerol, and 1mM DTT, pH 7.4). 

 

2.1.4 Lipid mixing protein reconstitution  

Unilamellar vesicles containing 45:15:40 (mol/mol/mol) 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC):1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] 

(DOPS):cholesterol (Avanti Polar Lipids) and 2 mol% DiI (1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate, Molecular Probes/Invitrogen, Carlsbad, 
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California) were formed by the extrusion method (Mini-Extruder, Avanti Polar Lipids). 

The t-SNARE protein complexes, 1:1 (mol/mol) Syntaxin:SNAP-25, were then 

reconstituted in the unilamellar vesicles through dialysis. The v-SNARE protein (VAMP2) 

was reconstituted in a different population of unilamellar vesicles that were doped with 2 

mol% DiD (1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate, 

Molecular Probes) and 0.1 mol% biotinylated lipids 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (Biotin-DPPE, Avanti Polar Lipids). In both t- and v-

SNARE vesicles, the lipid to protein ratio was kept at 200:1. 

 

2.1.5 Content mixing protein reconstitution 

One tube of mixture of POPC, DOPS, and cholesterol (molar ratio of 45:15:40) in 

chloroform was dried to form a lipid film on the wall of the glass tube. The same 

procedures and lipid components were applied to prepare another tube of lipid mixture 

except containing 0.1 mol% biotinylated lipid. The dried lipid film was resuspended with 

Tris-HCl buffer (10 mM Tris/HCl, 50 mM NaCl, pH 8.0) containing 10 μM target DNAs 

or 2 μM Cy3-Cy5 dual-labeled DNA probes (Integrated DNA Technologies), separately. 

After 5 freeze-thaw cycles, unilamellar vesicles were prepared by extrusion through 

polycarbonate filters (100 nm pore size, Avanti Polar Lipids).  

For yeast SNARE system, Sso1pHT and Snc2p proteins were mixed with vesicles 

containing target DNA or vesicles containing dual-labeled DNA probes, separately, at a 

lipid/protein molar ratio of 200:1. The concentration of OG was kept at ~0.8% (w/v) 

during the reconstitution. After 4 oC incubation for 20 minutes, the protein/lipid mixtures 

were diluted two times to make the concentration of OG below the critical micelle 
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concentration (~0.6% w/v). The mixtures were then dialyzed overnight against HEPES 

buffer (25 mM HEPES/KOH, 100 mM KCl, pH 7.4) at 4 oC.  

For neuronal content mixing, syntaxin and SNAP25 were mixed together to pre-

form the t-SNARE complex for 1 hour at room temperature. Then, t-SNARE complex 

was mixed with vesicles containing target DNAs and v-SNARE proteins were mixed 

with vesicles containing dual-labeled DNA hairpin probes at a lipid/protein molar ratio of 

200:1 at 4 oC for 20 minutes (~0.8% OG). The protein/lipid mixtures were diluted two 

times. The t-vesicle mixture was dialyzed overnight against HEPES buffer (25 mM 

HEPES/KOH, 100 mM KCl, pH 7.4) at 4 oC. However, the v-vesicle mixture was 

dialyzed overnight against acetate buffer (20 mM HAc/KOH, 100 mM KCl, pH 4.5) and 

then transferred to the HEPES buffer (25 mM HEPES/KOH, 100 mM KCl, pH 7.4) for 

additional 5 hours of dialysis before use. For the synaptotagmin 1 study, DOPE and PIP2 

were used to recover the Calcium respond in vitro. 

 

2.2 Physical aspect 

Since 90’s, ensemble Förster Resonance Energy Transfer or Fluorescence 

Resonance Energy Transfer (FRET) [51] has been a standard in vitro tool for studying 

SNARE-mediated membrane fusion of protein-reconstituted liposomes. [7] Recently, the 

single-molecule FRET has been applied for protein-protein interactions and membrane 

fusion process [52,53].  

 

2.2.1 Förster Resonance Energy Transfer or Fluorescence Resonance Energy 

Transfer (FRET) 
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FRET is a popular biological technique because it is a non-invasive and powerful 

method to help observe reactions in biologically relevant conditions. Since the FRET 

degree changes only when fluorophore-labeled molecules are within the range of several 

nanometers, this helps us understand molecular interactions, such as protein-protein, 

protein-DNA and antibody-antigen. FRET contributes to the understanding of structural 

properties and dynamics of biomolecules.  

The basic mechanism of FRET is shown in Figure 2.1. When a fluorophore (dye 1) 

is excited by a photon, it enters an excited state when the photon brings enough energy. 

After a few nanoseconds, dye 1 emits another photon of longer wavelength due to the 

vibration levels of the molecule. This is called fluorescence. When another fluorophore 

(dye 2) is near dye 1 and the absorption spectrum of dye 2 significantly overlaps with the 

emission spectrum of dye1, dye 2 absorbs the energy of dye 1. This is called fluorescence 

resonance energy transfer (FRET). Dye 1 is called the donor, while dye 2 the acceptor. 

Then, the acceptor emits another photon with an even longer wavelength. The FRET 

efficiency follows the equation of 1/(1+(R/R0)6), where R0 is characterized by the spectral 

overlap, the quantum yield of donor and other factors. In single-molecule measurements, 

cyanine dyes are widely used because of their photostability. In our study, donor 

molecules (Cy3 or DiI) are excited by a 530 nm solid-state laser. Acceptors (Cy5 or DiD) 

are excited by Cy3 or DiI through FRET. The FRET value is ranging from 0 (donor only) 

to 1 (100% efficiency) [54].  

 

2.2.2 Single-molecule spectroscopy 
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There are numerous advantages of using a single-molecule spectroscopy. By 

watching the motion of single molecules, we can see all details that would have been 

averaged out in the ensemble measurement. Since different states in individual 

fluorescence traces can be distinguished, we can synchronize brief states during post-

experiment analysis, even when they are not synchronized during the measurement. This 

is called post-synchronization, which is one of the great advantages of the single-

molecule spectroscopy. 

The single-molecule detection requires that signals from background should be 

negligible compared to the intensity of the single molecule fluorescence. Thus, we use 

total internal reflection (TIR) microscopy for our study. The laser light is reflected on the 

interface between the glass and the water by TIR, but the evanescent wave goes into the 

water up to ~200 nm and excites the molecules immobilized on the surface. The 

fluorescence signals from dye molecules are collected by objective lens. And the signals 

are separated by a dichroic mirror to producet two side-by-side images of the same spot 

for donor (green) and acceptor (red) on a CCD camera for smFRET measurements 

(Figure 2.2) [55,56].  

The main advantage of single-molecule experiments is that they allow us to study 

the behaviour of a single or countable number of molecules. The observation of 

individual events allows us to perform statistical analysis of a population of individual 

trajectories that is not possible in bulk because of ensemble averaging [55,56].  

Through single-molecule FRET technique, several groups have developed single-

vesicle fusion assays in planar bilayers [53,57,58]. They were able to record single 

vesicle fusion events, however these studies based on planar bilayers suffered from 
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ineffectively reproducing the known physiology and biochemistry. For example, SNAP-

25 was not required in the acceptor t-SNARE complex [53,58] or fusion depended on 

calcium without the calcium sensor synaptotagmin [57]. Recently, several groups 

recovered SNAP-25 dependence of single-vesicle fusion assays in planar bilayers by 

directly inducing polyethylene glycol (PEG), a biologically irrelevant molecule, into the 

fusion system [59,60].  

The single vesicle fusion assay developed by our lab can unambiguously detect 

different stages of fusion including docking, hemi and full fusion via FRET, which was 

not able for previous ensemble assays (Figure 2.3). Comparing with single-vesicle fusion 

assays in planar bilayers, we have advantages on reproducing the known physiology and 

biochemistry, such as SNAP-25 dependence. 

 

2.2.3 Lipid mixing measurement 

Details of the single vesicle lipid-mixing FRET assay were previously reported [61]. 

A quartz slide is firstly processed with PEG molecules by the ratio of 99:1 (mol/mol) 

PEG:biotin-PEG (Laysan Bio) to eliminate non-specific binding of vesicles. The slide is 

then assembled into a flow chamber and coated with neutravidin in the concentration of 

0.2 mg/mL. Through the specific interaction between biotin and neutravidin, the v-

SNARE vesicles are immobilized on the PEG-coated surface by an incubation at vesicle 

concentration of 100~200 pM for 15 minutes. After washing the free v-SNARE vesicles 

in the chamber, the t-SNARE vesicles are diluted to a final vesicle concentration of 200 

pM with preset amounts of accessory proteins, and injected into the flow chamber for the 

reaction at 37 (±2) °C in the buffer (25 mM HEPES and 100 mM KCl, pH 7.4). After 
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washing the free t-SNARE vesicles and accessory proteins, the FRET measurements by a 

dual-color TIR fluorescence microscope are performed with the surrounding temperature 

of 37 (±2) °C or at room temperature.  

 

2.2.4 Content mixing measurement 

A quartz slide was first coated with PEG molecules (99:1 (mol/mol) mPEG-

SVA:biotin-PEG-SVA (Laysan Bio)) to eliminate non-specific binding of vesicles and 

DNAs [62]. The slide was then assembled into a flow chamber and coated with 

neutravidin by flowing in 0.2 mg/ml solution. Through the specific interaction between 

biotin and neutravidin, the v-SNARE vesicles with dual-labeled DNA hairpin probes 

encapsulated inside were immobilized on the PEG-coated surface by an incubation at 

vesicle concentration of 100~200 pM for 15 minutes. After washing out the free v-

SNARE vesicles in the chamber, the t-SNARE vesicles containing unlabeled single-

strand target DNAs were diluted to a final vesicle concentration of 200 pM with 

accessory proteins, and injected into the flow chamber for the reaction at 37 (±2) °C in 

the buffer (25 mM HEPES, 100 mM KCl, pH 7.4) for 30 minutes. After washing out the 

free t-SNARE vesicles and accessory proteins, the FRET measurements by a TIR 

fluorescence microscope were performed with an oxygen scavenger system (0.1 mg/ml 

glucose oxidase, 0.02 mg/ml catalase, and 0.4% (wt/wt) β-D-glucose) and Trolox to 

eliminate single-molecule blinking events [63]. The alternating laser excitation system 

(530 nm and 638 nm) was used for content mixing measurement (Figure 2.4A). The 

FRET histogram is plotted for green laser excitation while all spots are picked by red 
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laser excitation. The donor only peak at E = 0 can be excluded by using the green/red 

laser alternating excitation (Figure 2.4B and 2.4C). 

 

2.2.5 Data acquisition 

Experiments were monitored in a wide-field TIR fluorescence microscope (IX70, 

Olympus) using an electron multiplying charge-coupled device camera (iXon DV 887-BI, 

Andor Technology). Details of the wide-field TIR fluorescence microscope have been 

reported [62]. Briefly, the excitation beam was focused into a pellin broca prism (CVI 

Laser), which was placed on top of a quartz slide with a thin layer of immersion oil in 

between to match the index of refraction. Cy3 or DiI (donor) and Cy5 or DiD (acceptor) 

dyes were excited through a 530nm laser or the alternating laser excitation system (530 

nm and 638 nm) via TIR. The fluorescence signals from donor and acceptor that were 

collected by a water immersion objective lens (60X, 1.2 N.A. Olympus) went through a 

notch filter to block out excitation beams. The emission signals of acceptor dyes were 

separated by a 630 nm dichroic mirror (645DCXR, Chroma Technology) and detected by 

the electron-multiplying charge-coupled device camera (iXon DV 887-BI, Andor 

Technology) with a time resolution of 100 ms. The fluorescence signal, recorded in real 

time by using software written in Visual C++ (Microsoft), was amplified before camera 

readout, which produced an arbitrary unit for the recorded fluorescence intensity.  

 

2.2.6 Data analysis 

For lipid mixing, single fusion events were visually identified by an IDL program 

(Research Systems). A program written in Matlab (Mathworks) generated the time 
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trajectories of the donor and the acceptor fluorescence intensities and calculated the 

corresponding FRET efficiency by using the equation, IA/(ID+IA), where ID and IA are the 

donor and the acceptor fluorescence intensities, respectively. The average donor and 

acceptor fluorescence intensities measured before docking were considered as the 

background fluorescence for each fusion event and subtracted uniformly from the 

fluorescence signals. The leakage of donor fluorescence into the acceptor channel 

(~17.5% of the total intensity) was then taken into account. 

For content mixing, the data analysis was carried out by programs written in Matlab 

(MathWorks) and Origin (OriginLab). The FRET efficiency, E, was also calculated as the 

intensity of the acceptor channel divided by the total intensity, which is the sum of donor 

and acceptor channel intensities. To exclude donor only molecules, single-vesicle spots 

were identified by red laser excitation through software written in Visual C++ 

(Microsoft). 

 

2.2.7 Electronic Paramagnetic Resonance (EPR) 

EPR is a technique to measure the interaction between unpaired electrons. Since 

EPR signals are only from nitroxide spin labels, which are rare in biological systems, it is 

a sensitive technique for studying the macromolecular structure [64,65]. Through site-

directed mutagenesis, unique cysteines are introduced into the target protein, which are 

covalently attached to highly stable nitroxide spin labels. The EPR signal generated from 

the spin label reflects the information of local structures and environments [66,67,68,69].  

In our study, the seven cysteines in the wild-type Munc18-1 or four cysteine 

residues in wild type cytosolic part of synaptotagmin 1 (C2AB, amino acids 140-421) 
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were spin-labeled for EPR spectrum detection. After the cell lysate was incubated with 

beads and washed with HEPES buffer (25 mM HEPES/KOH, 100 mM KCl, pH 7.4) 

three times, DTT was added to a final concentration of 2 mM, and nutation was continued 

at 4 oC for another 30 min. The beads were then washed eight times with an excess 

volume of washing buffer to remove DTT. An approximately 20-fold excess of (1-oxy-

2,2,5,5-tetramethylpyrrolinyl-3-methyl) methanethiosulfonate spin label (MTSSL) was 

added into the column, and nutation at room temperature was continued for 40 min. The 

spin-labeled proteins were eluted by elution buffer and dialyzed overnight against dialysis 

buffer (25 mM HEPES/KOH, 200 mM KCl, 10% glycerol, pH 7.4). 

EPR spectra were obtained using a Bruker ESP 300 spectrometer (Bruker) equipped 

with a low-noise microwave amplifier (Miteq) and a loop-gap resonator (Medical 

Advances). The modulation amplitude was set to be no greater than one-fourth of the line 

width. Spectral data were collected at room temperature in first-derivative mode with 1 

mM microwave power.  

 

2.2.8 Molecular dynamics (MD) simulations  

In order to calculate the size of our DNA probes for content mixing in Chapter 4, we 

performed MD simulations. Two independent MD simulations were performed on single 

strand DNA with different sequences corresponding to Cy3/Cy5 dual-labeled DNA 

hairpin and unlabeled target DNA to probe their radius of gyration in equilibrium. Both 

starting structures were generated using 3D-DART [70] and VMD [71] with 

CHARMM27 topology [72]. The DNA hairpin was solvated using 22043 TIP3P water 

molecules and neutralized with 100 mM KCl in a water box of 89 Å × 89 Å × 89 Å. The 
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unlabeled target DNA was immerged in a simulation box of 100 Å × 100 Å × 100 Å 

including a POPC lipid patch, water, and 100 mM KCl. The DNA was kept in close with 

lipid using a virtual bond connecting the sugar ring oxygen of A30 at 3’ end of target 

DNA and the phosphate of a lipid. The all-atom MD simulations were performed using 

the developing version of program NAMD 2.7 [73] with the TIP3P model for explicit 

water and the CHARMM27 force field including the CMAP correction [72]. In all 

simulations, periodic boundary condition was applied with a time step of 1 fs. Non-

bonded energies were calculated using particle mesh Ewald full electrostatics and a 

smooth (1.0-1.2) cutoff of the van der Waals energy. Constant temperature was 

maintained using Langevin thermostat with a damping coefficient of 1 ps-1. A Nosé-

Hoover Langevin piston barostat was employed to maintain a constant pressure with a 

period of 200.0 fs and damping timescale of 100.0 fs. Each system was simulated for 75 

ns, where the last 25-ns data were taken to calculate the radius of gyration. 

The DNA hairpin probe composes of a 6bp stem and a poly-thymidine (T20) loop. 

The unlabeled target DNA has a complementary sequence of poly-adenosine (A30). The 

DNA hairpin stem was modeled with B-DNA-type geometry with a random 

conformation for the poly-T loop. K+ and Cl- ions were added to the water box to obtain a 

100 mM KCl solution. Additional K+ ions were added to neutralize the system. The 

resulting system contains 67229 atoms including DNA, water, and ions. The starting 

structure of target DNA was modeled by removing the complementary strand from a B-

form double helix DNA. A patch of POPC with 274 lipids was added to the system with 

the membrane normal along the z-axis. The distance between the oxygen of A30 at 3’ end 

of target DNA and the phosphate of one of lipids was harmonically restrained to be 10 Å 
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through a virtual bond. Such restrain mimic the 3’-cholesteryl TEG used in the 

experiment to prevent the target DNA from moving away from membrane while allow 

the target DNA diffuse along with the bonded lipid. Solvent was then added to both sides 

of the membrane, and the system was neutralized with 100 mM KCl using the Solvate 

and Autoionize plugins of VMD. The simulated system has about 183,000 atoms. 

The simulated system of DNA hairpin was subject to 4000 steps of conjugate 

gradient minimization and 500-ps NPT (constant pressure and temperature) equilibration 

with DNA harmonically restrained. The system then was subject to 10-ns annealing at 

500 K with the 6bp stem harmonically restrained in the NVT (constant volume and 

temperature) ensemble. After cooling the system down, the 75-ns production run was 

performed in the NVT ensemble at T = 310 K. The simulated system of unlabeled target 

DNA was subject to 4000 steps of conjugate gradient minimization first.  Then, lipid tails 

were melted in a 1-ns NVT simulation at 310 K during which all other atoms were fixed. 

The system was then equilibrated in the NPT simulation at 1 atm and 310 K for 1 ns with 

DNA harmonically restrained and followed by 1-ns simulation with all restraint released. 

Finally, the 75-ns production run was performed in the NPT ensemble with constant area 

of the lipid bilayer and a constant normal pressure of 1 atm. 
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Chapter 2 Figures: 

 

 

Figure 2.1. The FRET efficiency v.s. distance between donor and acceptor dye molecules. 

The FRET efficiency follows the equation of 1/(1+ (R/R0)6). R0 is characterized by the 

spectral overlap, the quantum yield of donor and other factors. 
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Figure 2.2. Total internal reflection (TIR) microscopy.  
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Figure 2.3. Schematics of the bulk fusion assay (A) and the single-liposome lipid mixing 

assay (B) for the mixture of vesicles and C2AB after 1 mM calcium. The FRET 

histogram is plotted by compiling FRET signals from over one thousand vesicles. Y-axis 

is normalized population, where we divided the distribution by the total number of 

vesicles measured and X-axis is FRET efficiency value. 
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Figure 2.4. A, The alternating laser excitation system for content mixing measurement. 

The FRET histogram is plotted for green laser (530 nm) excitation while all spots are 

picked by red laser (638 nm) excitation. Green laser excitation FRET histograms with (B) 

or without (C) this system. The donor only peak at E = 0 can be excluded through the 

alternating laser excitation system.  
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CHAPTER 3 

LIPID MIXING 

 

3.1 Technique 

In 2006, a single-liposome lipid mixing method based on FRET was developed in 

our lab [61]. The v- and t-SNARE proteins are reconstituted in two independent 

populations of liposomes that are labeled with acceptor (DiD) and donor (DiI) 

fluorophores, respectively. The liposomes containing v-SNAREs and acceptors (v-

SNARE liposomes) are tethered to the bottom surface of a flow chamber, which is also 

an imaging surface of TIR microscopy. Then, the liposomes containing t-SNAREs and 

donors (t-SNARE liposomes) are flowed into the chamber to induce assembly of SNARE 

complexes and membrane fusion between a single pair of t- and v-SNARE liposomes. 

Real-time fusion intermediates with different degrees of lipid mixing are reported via 

increasing values of the FRET efficiency. For example, the highest FRET value is 

obtained when full fusion occurs in which both leaflets, inner and outer, mix. An 

intermediate FRET is obtained for hemifusion where only the outer leaflets mix. From 

the hemifusion state, a fusion pore opens to mix content as well as the inner leaflets. If 

the fusion pore closes prematurely, FRET increase can stall until the pore opens again 

which we have observed as additional intermediates in single liposome fusion. 

Comparing with bulk fusion method, this new technique can separate intermediate states 

of docking, hemi-fusion, and full fusion, and detect the kinetic transition between 

individual intermediates, and post-fusion pathway such as the kiss-and-run event. 
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The detailed scheme of this single-liposome lipid mixing method is shown in Figure 

3.1. A quartz slide is firstly processed with PEG molecules to eliminate non-specific 

binding of liposomes. The slide is then assembled into a flow chamber and coated with 

neutravidin. Through the specific interaction between biotin and neutravidin, the v-

SNARE liposomes are immobilized on the PEG-coated surface by a 15-minute 

incubation. After washing the free v-SNARE liposomes in the chamber, the t-SNARE 

liposomes are diluted with preset amounts of accessory proteins, and injected into the 

flow chamber for the reaction at 37 °C in the buffer. The low concentration of t-SNARE 

liposomes can dramatically reduce the probability of multiple liposome interactions to 

warrant this method in single-liposome level. After washing the free t-SNARE liposomes 

and accessory proteins, the FRET measurements by a TIR microscope are performed. 

 

3.2 Study on complexin  

[Related publication: Yoon, T.-Y., Lu, X., Diao, J., Lee, S.-M., Ha, T. & Shin, Y.-K. 

Complexin and Ca2+ stimulate SNARE-mediated membrane fusion. Nat. Struct. Mol. Biol. 

15, 707-713 (2008).] 

The physiological studies of complexin, overexpression and knock out, yielded 

conflicting observations, initiating a debate as to whether complexin is a fusion inhibitor 

or stimulator. The three reports published in the 2006 primarily supported an inhibitory 

role and positioned complexin as a clamp for SNARE-driven membrane fusion 

[36,37,38]. Our single-vesicle FRET assay enables us to probe how individual fusion 

steps are modulated by regulatory factors, during parallel imaging of over 100 fusion 

events. We now directly show complexin 1 has indeed both inhibitory and stimulatory 
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effects on SNARE complexes: Inhibition of trans-SNARE complex formation and 

stabilization of once assembled SNARE complexes. However, only the stimulation effect 

becomes visible at physiologically relevant complexin concentrations, which accelerates 

SNARE-mediated fusion by two orders of magnitude via an externally applied Ca2+ wave. 

Our results suggest the existence of a ‘primed’ complex-consisting of trans-SNARE 

assemblies, complexin, and lipid membranes-providing an essential substrate for Ca2+ 

and Ca2+ sensors in the neurotransmitter release.  

 

3.2.1 Complexin inhibits docking between v- and t-SNARE vesicles 

We included recombinant full-length complexin 1 (residues 2-134) and 1 mM 

EGTA in the t-SNARE vesicle solution. We mixed t-SNARE vesicles with different 

amounts of complexin 1 (0.2, 2 and 20 μM) and then injected the mixture into a flow 

chamber with surface-immobilized v-SNARE vesicles (t = 0) (Figure 3.2A). After 12 

minutes incubation at 37°C, unbound t-SNARE vesicles and complexins in solution were 

removed by flow washing. We then counted the average number of t-SNARE vesicles per 

imaging area (50 × 100 μm2) that docked to individual v-SNARE vesicles (Figure 3.2A). 

By dividing this average number of docked t-SNARE vesicles by the average number of 

v-SNARE vesicles per imaging area (Figure 3.2B), we obtained the probability that a 

surface-tethered v-SNARE vesicle would be docked by a t-SNARE vesicle (Figure 3.2A). 

No docking was observed in the absence of v-SNARE vesicles or without SNARE 

proteins. Without complexin, the docking probability was 0.27. This probability was 

maintained up to the complexin concentration of 2 μM, but notably reduced to ~0.1 when 

20 μM complexin was used (Figure 3.2A). Therefore, complexin at this high 
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concentration inhibits SNARE complex formation, which may explain the phenotype of 

complexin overexpression. 

 

3.2.2 Complexin binding to SNARE complex stimulates fusion 

For the docked vesicle complexes, however, the FRET distribution analysis shows 

that an increasing amount of complexin 1 significantly enhances the full fusion 

population at E ≈ 0.7 (Figure 3.3A-3.3C). The normalized full fusion population was 0.18 

at [Cpx I] = 0.2 μM and increased to 0.32 at 2 μM and 0.45 at 20 μM after 15 minutes 

reaction each. To probe whether the complexin/SNARE complex interaction is directly 

involved in this fusion reaction, we engineered double-point mutation in complexin 1 

(C105A/R48C) to attach a nitroxide spin label at position 48, which is critically involved 

in complexin binding to the SNARE complex [35,74]. This spin labeled R48C mutant 

showed a minimal level of binding to the ternary SNARE complex. Consistent with this 

diminished binding, the stimulation effect was significantly reduced (Figure 3.3D) 

indicating complexin binding to the SNARE complex is essential for stimulation of 

fusion. Furthermore, the stimulatory effect is specific to the complete SNARE complex 

because drastically reduced full fusion population was observed without SNAP-25, even 

with reaction time of 60 minutes and 1 mM Ca2+ (Figure 3.3E). In addition, Ca2+-

independent stimulation of full fusion by complexin 1 continued beyond 15 minutes 

(Figure 3.3F). 

 

3.2.3 Ca2+ accelerates complexin-assisted fusion events 

The data described above suggests complexin is likely an independent fusion 
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stimulator, capable of directly lowering the fusion energy barrier without resorting to 

other proteins including synaptotagmin 1. Then, one immediate question is if such an 

independent stimulatory function of complexin even confers a Ca2+ sensitivity to the 

SNARE-mediated fusion. To probe potential Ca2+ responses, we used real-time tracking 

of single-vesicle fusion events. Here, we employed the vesicles of a physiologically 

relevant lipid composition containing 15 mol% PS (phosphor-L-serine) and 40 mol% 

cholesterol [75]. We incubated a solution of t-SNARE vesicles and complexin 1 (1-2 μM) 

with surface-immobilized v-SNARE vesicles for 5~7 minutes and introduced 1 mM Ca2+ 

in the imaging area at t = 0 (at the speed of 2 ml/min), while donor and acceptor signals 

from single-vesicle complexes were being recorded with the time resolution of 150 or 

200 ms. Surprisingly, we observed a substantial fraction of vesicle complexes showing 

fusion synchronized with the Ca2+ flow (Figure 3.4). 

In a typical real-time trace of Ca2+-evoked fusion (Figure 3.4A), the vesicle complex 

begins with the initial E value of ~0.35 that corresponds the hemifused state and starts 

lipid mixing at t = 0.4 second (orange arrow) that reaches the full fusion state at E ≈ 0.75. 

Likewise, many vesicle complexes start to show FRET increase following the arrival of 

the Ca2+ buffer (Figure 3.4C, orange arrows). The cumulative time histogram of these 

instances of initial FRET increase shows a rapid increase in number with the primary 

time constant of 8.8 seconds (Figure 3.4B, green symbols with a red curve). Overall, in 

the first 25-second window, 212 out of total 835 vesicle complexes imaged show the 

initiation of fusion, indicating a significant fraction of vesicle complexes (~25 %) 

undergoes Ca2+-evoked membrane fusion events synchronized on the seconds time scale. 

When the Ca2+ concentration is reduced to 20 μM, that is a conservative estimate on the 
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Ca2+ concentration at the presynaptic active zone during neuronal stimulation [76], more 

than 10 % of the total vesicle complexes show Ca2+-triggered fusion within the first 25 

seconds. These percentages of Ca2+-responding vesicle complexes, 26 and 11%, are 

underestimated values because we note that only ~30% of total vesicle complexes are 

available for Ca2+-triggered fusion at the moment of the Ca2+ addition. In the in vitro 

fusion assay, we find that on average 35% of total vesicle complexes are fusion-inactive 

probably due to the absence of the auxiliary proteins, and at the same time, 36% of total 

vesicle complexes become already fully fused before Ca2+ is added. Therefore, nearly 90 

and 35% of the remaining “fusible” pool of vesicle complexes respond to 1 mM and 20 

μM Ca2+ respectively, within the first 25-second window. In addition, the control 

experiment of introducing a different type of divalent ion, 1 mM Mg2+, showed minimal 

fusion activity (Figure 3.4B, red symbols). 

This Ca2+-triggered fusion mode should be attributed to the stimulatory effect of 

complexin because the fusion process mediated by solely SNARE proteins does not show 

any progression towards full fusion in response to 1 mM Ca2+. It is highly likely that the 

fusion energy barrier is first lowered by ternary SNARE complexes and complexin, and 

the addition of Ca2+ ions enables many vesicle complexes to finally overcome the fusion 

barrier, accelerating the fusion kinetics by additional two orders of magnitude (Figure 

3.4B, green v.s. blue symbols). The distribution of the initial E values for the vesicle 

complexes showing Ca2+-induced fusion has a major population between 0.2 and 0.5 

(Figure 3.4D), and this FRET range approximately corresponds to the hemifusion state 

[61].  

Reducing negatively charged PS (phospho-L-serine) lipids from 35 mol% to 15 
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mol% largely abolishes Ca2+-evoked fusion (Figure 3.4E, blue symbols), although the 

stimulation by complexin I in the absence of Ca2+ is still present. However, addition of 40 

mol% cholesterol while keeping PS concentration at 15 mol% to emulate the lipid 

composition of the native synaptic vesicle fully restores the Ca2+-triggered fusion (Figure 

3.4E, red symbols; see Figure 3.4F for real-time traces). Even when the Ca2+ 

concentration is reduced to 20 μM, which is close to the low level of intracellular Ca2+, 

more than 10% of the vesicle complexes show Ca2+-triggered fusion. Our observations 

suggest that high concentration cholesterols in synaptic vesicles potentiate the Ca2+-

responsiveness [75]. 

 

3.2.4 Fusion step-specific switching of complexin function 

As shown in Figure 3.5, we suggest a model of different complexin functions for 

each stage of the Ca2+-triggered neurotransmitter release along with the possible 

molecular mechanisms. Firstly, to gain a further insight into the inhibitory effect of 

complexin on the docking step, we produced double mutation in complexin 1 

(C105A/R56C) and attached a nitroxide spin label at position 56. The EPR spectrum of 

this construct shows relatively narrow peaks, typical of freely moving spin labels (Figure 

3.5A, left; black curve). However, when mixed with t-SNARE vesicles, the spectrum 

shows a broad spectral component, now reflecting the slow motion of the nitroxide side 

chain (Figure 3.5A left; blue arrow). No broadening is observed either when the same 

construct is mixed with syntaxin-only vesicles or when the spin label is attached to the 

native cysteine at 105 and incubated with t-SNARE vesicles (Figure 3.5A, right). It is 

thus highly likely that this spectral broadening probes tertiary contacts between 
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complexin and the t-SNARE proteins, consistent with a recent finding of the complexin/t-

SNARE interaction using a floatation assay [77]. Spectral subtraction analysis [78] gives 

the dissociation constant of ~50 μM, which is much weaker than that of the complexin 

binding to the ternary SNARE complex [37,74]. This weak interaction would lead to 

competition between v-SNARE and complexin for binding to t-SNAREs (Figure 3.5B). 

When highly expressed, complexin outnumbers v-SNARE thereby inhibiting SNARE 

complex assembly. This observation may explain the inhibitory phenotypes observed in 

complexin overexpression and in vitro assays [36,37,38,79,80]. 

However, it appears that the primary function of complexin is to stimulate SNARE-

mediated fusion using the specific binding mode to the ternary SNARE complex (Figure 

3.5C-F) [35,74]. Earlier structural studies positioned complexin as a potential fusion 

stimulator because complexin was thought to stabilize assembly of SNARE complexes 

[35,74]. By tracking the number of the docked t-SNARE vesicles in time, we indeed 

observed stabilization of the number of single vesicle complexes in the presence of 

complexin (Figure 3.6A). Without complexin 1, the number of docked t-SNARE vesicles 

significantly decreases with time (Figure 3.6A, green circles), reflecting disassembly of 

trans-SNARE complexes probably due to repulsion between t- and v-SNARE vesicles. In 

contrast, we observe even a moderate concentration of complexin 1 (2 μM) has a 

noticeable effect of keeping trans-SNARE complexes from being disassembled (Figure 

3.6A, blue triangle). Such complexin-stabilized SNARE complexes may more effectively 

transmit the tensions created during SNARE complex formation to fusing membranes. 

Our observation demonstrates that complexin is neither a simple inhibitor nor a 

stimulator, but has both functions in the same sequence. We note such dual roles have 
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been recently proposed for important presynaptic fusion regulators. A SM protein, 

Munc18-1 was long anticipated to be a fusion inhibitor by stabilizing closed syntaxin 1, 

but in vitro reconstitution experiments found Munc18-1 stimulates SNARE-mediated 

fusion through direct interaction with assembled SNAREpins [45,46,47]. It was also 

recently reported that complexin domains contribute differentially to rescuing its KO 

phenotype [81], attributing different functions to different domains. Remarkably, we 

observe both inhibition and stimulation of complexin in “one round” of single fusion 

events−not in two independent experimental designs−and show that the transition from 

inhibition to stimulation takes place “in phase with” SNARE complex assembly. Such 

dual roles could be a common and salient feature of presynaptic fusion regulators 

considering high degree of controllability required for neuronal exocytosis. Our 

observation that the switching between dual roles is a sharp function of SNAREpin 

assembly could be crucial because 1) as implied in the zippering model [82,83], the 

degree of SNARE complex assembly is one of the physical parameters that define the 

fusion step, 2) fusion regulators could then swap interaction modes across synergetic 

cooperation to negative feedback loop for different fusion steps, tightly regulating fusion 

progression to next steps and 3) our observation may provide a clue for understanding the 

previous conflicting complexin phenotypes.  

A noteworthy aspect of our results is the observation that the Ca2+ influx 

synchronizes fusion of single vesicle complexes on the seconds time scale (Figure 3.4), a 

totally unexpected finding that has been hidden in physiological analysis and in vitro 

ensemble measurements. The stringent control experiments involving the single point 

mutation in complexin, the SNAP-25-dependence of fusion, the different lipid 
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compositions, and the Ca2+-specificity test using Mg2+ ions argue that the observed Ca2+-

evoked fusion mode occurs in a way that is highly selective to physiologically relevant 

conditions. We cannot rule out the possibility that complexin is an active Ca2+-sensor and 

especially, the first 26 residues of complexin could play an active role upon Ca2+ influx 

[81]. However, we find the Ca2+-response diminished in the absence of cholesterol 

(Figure 3.4E) can be largely restored by increasing the PS concentration in the vesicle 

lipid composition, indicating the fusion triggering is in part largely mediated through 

interactions between divalent Ca2+ ions and negatively charged lipid membranes. On the 

basis of our data, we suggest that the supramolecular complex consisting of ternary 

SNARE complexes, complexin, and lipid membranes directly reacts with Ca2+ ions to 

achieve fusion triggering.  

This fusion mechanism is well described in the viewpoint of fusion energetics 

[84,85,86]. Although our observation of the inhibitory effect is reminiscent of the fusion 

clamp model [36,38], the underlying energetics suggested by our results is fundamentally 

different from that of the clamp model. In the fusion clamp model, SNARE complex 

assembly is thought to release sufficient free energy to overcome all the fusion energy 

barriers, so its energy release needs to be spring-loaded by a ‘clamp’ to gain control over 

the timing of fusion (Figure 3.6B, left). Our data suggest that the SNARE complexes 

dramatically decrease the free energy barrier of a fusion event that would otherwise 

exhibit negligible fusion progression on practical time scales (Figure 3.6B, right). The 

single vesicle FRET imaging does show even with the molecular action of SNAREs, 

there remains a significant energy barrier, giving the growth of the full fusion peak on the 

time scale of tens of minutes. Complexin further lowers the energy barrier, and the 
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interaction of Ca2+ ions and lipid membranes helps vesicle complexes finally pass the 

transition state on the seconds time scale (Figure 3.6B, right).  

How then do Ca2+ ions lower the fusion energy barrier? Ca2+ ions condense on a 

surface of a negatively charged membrane, attracted by the electrostatic interaction. 

Theoretical works suggest when the ion valency is higher than two, correlations between 

charges can drive the amount of the condensed charges to be larger than that of the 

membrane negative charge, making the membranes positively charged when looked from 

outside [87,88]. This charge inversion induces undulations of membranes, and entails 

dynamic instability and membrane fusion above a critical threshold. We observed Ca2+ 

ions effectively induce fusion events at concentrations as low as 20 μM, suggesting the 

threshold is smaller than 20 μM for our single vesicle complex. Moreover, plotting the 

percentages of the Ca2+-responding vesicles (in the 25-second window) at three Ca2+ 

concentrations higher than the threshold (20, 200, and 1,000 μM) gives a small 

cooperativity coefficient of ~0.25 to this fusion triggering mechanism (Figure 3.6C). In 

protein-free vesicles, the threshold is reported to be in a few millimolar range [88], so the 

molecular action of SNAREs and complex is essential in obtaining such a low 

cooperativity. 

 

3.2.5 Conclusion  

In summary, we demonstrated that complexin has both inhibitory and stimulatory 

effects and switching between these dual roles crucially occurs as a function of SNARE 

complex assembly. We also observed vesicle complexes primed by SNAREs and 

complexin can directly react with Ca2+ ions. Single vesicle fusion data enables novel 
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analyses, including assessing the synchrony level of given vesicle pools and finding the 

Hill cooperativity coefficient, which can be directly compared with physiological 

findings, positioning this new Ca2+-triggering pathway in relation to asynchronous release. 

Incorporation of full-length synaptotagmin 1 in our system may further accelerate our 

Ca2+-response and reveal the molecular details of synchronous release. The methodology 

established in this work can be used to study a wide range of membrane fusion regulators 

and uncover previously hidden molecular function. 

 

3.3 Study on Munc18-1 

[Related publication: Diao, J., Su, Z., Lu, X., Yoon, T.-Y., Shin, Y.-K. & Ha, T. Single 

vesicle fusion assay reveals Munc18-1 binding to the SNARE core is sufficient for 

stimulating membrane fusion. ACS Chem. Neurosci. 1, 168-174 (2010).]  

Munc18-1 interacts with SNARE proteins at least in two different modes, namely 

binding to Habc domain (amino acids 28–146) of syntanxin and binding to the SNARE 

core complex. In the first mode, Munc18 interacts with monomeric syntaxin through the 

N-terminal helical segment of syntaxin called the Habc domain to form a 

Munc18/syxntaxin binary complex [40,41,42,43]. This Habc binding mode stabilizes the 

closed conformation of syntaxin during its transportation to the plasma membrane in vivo. 

Without this stabilization effect, the syntaxin level in sensory neurons was reduced by 

70% in Munc18 knockout mice [89]. In the second mode, Munc18 also binds to the 

SNARE core, a four helical bundle formed by syntaxin, VAMP and SNAP25 

[44,45,46,47]. Ensemble proteoliposome fusion experiments showed that Munc18 binds 

preassembled SNARE complexes, and effectively promotes SNARE-mediated fusion 
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with full-length syntaxin [45]. An interaction called N-peptide binding between Munc18 

and N-terminal peptides (amino acids 1-24) of syntaxin besides this SNARE 

core/Munc18 interaction is believed to be critical for this fusion promotion effect [44,45]. 

However, how Munc18 activates fusion remains unclear in part due to the inability of the 

ensemble in vitro fusion assay to dissect different steps of fusion reaction. 

 

3.3.1 Munc18-1 promotes lipid mixing with SNARE core complex 

The resulting single vesicle FRET efficiency histograms of the reaction product 

showed that Munc18-1 promotes full fusion represented at the FRET efficiency > 0.5 in a 

concentration-dependent manner whether the full-length syntaxin 1A (syntaxin-full, 

amino acids 1-288) or the truncated syntaxin 1A lacking N-peptide and Habc domain 

(syntaxin-HT, Habc-truncated, amino acids 168-288) was used. After 20 minutes reaction, 

we observed more than 50% full fusion populations (Figure 3.7), which is much faster 

than the previous report of several hours [45]. The fusion promotion activity of Munc18-

1 is dependent on SNAP-25 for both syntaxin-full and syntaxin-HT cases because 

omitting SNAP-25 led to a significant reduction in full fusion population (Figure 3.7A 

and 3.7B). Because SNAP-25 is required for the formation of the complete SNARE 

complex, it is likely that the interaction between Munc18-1 and the SNARE core 

complex promotes fusion. Furthermore, this fusion promotion activity of Munc18-1 does 

not seem to require additional interactions with the N-peptide of syntaxin 1A. 

 

3.3.2 Munc18-1 interacts with the SNARE core complex reconstituted on vesicles 
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Spin labeling EPR has proven effective in detecting the intermolecular interaction 

such the one between syntaxin 1A and Munc18-1. The seven native cysteines in wild-

type Munc18 hamper the site-specific attachment of the nitroxide spin labels. However, 

we could at least non-selectively spin-label native cysteines to primitively probe the 

putative intermolecular interaction. For this purpose, wild type Munc18-1 was labeled 

with the methanethiosulfonate spin label. The EPR spectra for spin labeled Munc18-1 in 

solution, with syntaxin 1A (full length and HT), and with the SNARE complex in 

membrane were measured respectively at room temperature (Figure 3.8). The broadened 

line shape of the EPR spectrum indicates that the Munc18-1 bind to full-length syntaxin 

directly (Figure 3.8B, left panel). The EPR spectrum did not show any change when 

incubated with syntaxin-HT only (Figure 3.8C, left panel). These data are consistent with 

the previous conclusion that the Habc domain of syntaxin plays an important role in the 

interaction between monomeric syntaxin and Munc18 in solution.  

We found a different result when the EPR spectrum from Munc18 was measured 

with the SNARE complex in the context of membrane. After full-length syntaxin or 

syntaxin-HT was reconstituted into membrane and formed a ternary complex with SNAP-

25 and soluble VAMP 2 (amino acids 1-89), spin labeled Munc18-1 was added to the 

complex. The EPR spectra of Munc18-1 were broadened for both SNARE complexes 

containing full-length syntaxin and syntaxin-HT, indicating that the N-peptide of syntaxin 

1A is not necessary for Munc18-1 interaction with the membrane associated SNARE 

complexes (Figure 3.8B and 3.8C, right panels). Interestingly, Rothman’s group [45] also 

found that Munc18-1 still binds to the membrane associated SNARE complex even with 

the Habc domain removed (syntaxin-HT) or the N-peptide mutated (L8A). Overall, our 
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work shows that Munc18-1 could bind to the SNARE core complex reconstituted into the 

lipid membrane even in the absence of the N-peptide interaction, and this SNARE 

core/Munc18 binding mode is likely to be responsible for fusion acceleration by Munc18-

1. Meanwhile, the EPR analysis showed that there is no direct interaction between the 

membrane and Munc18-1 (Figure 3.8A, right panel) which rules out the possibility that 

the spectral broadening observed in the presence of SNARE complex (Figure 3.8C, right 

panel) was caused by lipid molecules. We note here that we not only have the EPR line 

broadening (Figure 3.8, indicated by arrows) due to the quaternary interaction between 

Munc18 and SNAREs, but we also see some extra line broadening (Figure 3.8, indicated 

by circles) due to the spin-spin interaction. The spin-spin interaction is most likely due to 

the clustering of spin labeled Munc18, perhaps reflecting the binding of several Munc18 

molecules to the oligomeric supramolecular SNARE complex [90]. 

 

3.3.3 Conclusion 

In conclusion, Munc18-1 promotes neuronal SNARE-mediated fusion not only with 

the full-length syntaxin 1A but also with Habc-truncated syntaxin 1A. The SNARE 

complex/Munc18 interaction is mainly responsible for this effect. Furthermore, Munc18-

1 accelerates vesicle fusion significantly more rapidly than previously observed. With the 

advent of new single molecule imaging technologies, these protein-protein interactions 

critical for fusion may also become observable. 

 

3.4 Study on C2AB  
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[Related publication: Diao, J., Yoon, T.-Y., Su, Z., Shin, Y.-K. & Ha, T. C2AB: a 

molecular glue for lipid vesicles with negatively charged surface. Langmuir 25, 7177-

7180 (2009).] 

C2AB, is the cytosolic part of synaptotagmin I, believed to be the primary calcium 

sensor in synaptic vesicle exocytosis, and has two C2 domains referred as the C2A- and 

C2B-domains [91,92]. C2A domain binds three calcium ions whereas the C2B domain 

binds two calcium ions with their calcium binding pockets formed by two protruding 

loops at the top of the beta sandwiches. The C2AB molecule interacts with both SNARE 

(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complexes, 

which is an essential part of the intracellular membrane fusion machinery, and negatively 

charged phospholipids, such as phosphatidylserine (PS). In response to the calcium, 

C2AB partially penetrates the membrane to deform the lipid bilayer and lower the 

activation barrier to assist the membrane fusion [93]. The detailed mechanism of C2AB 

binding on membrane with assistant from calcium ions has been studied by Rizo’s group 

[93]. Simply, after calcium ion binding, C2AB molecules containing multiple binding 

sites become very positively charged, which has a high affinity with negatively charged 

lipid molecules. 

 

3.4.1 C2AB and Ca2+ cause vesicle aggregation  

As shown in Figure 3.9A, in the absence of Ca2+, we could not see appreciable 

docking of the DiI-labeled donor liposomes. However, as this mixture was washed out by 

subsequent injection of 0.1 mM Ca2+, DiI-labeled liposomes began to dock to surface-

immobilized, DiD-labeled liposomes rapidly with a time constant of hundreds of 
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milliseconds. The negative stain transmission electron microscopy also verified that the 

separated liposomes containing 35 mol% PS plus 65 mol% PC clustered together quickly 

after adding 1 μM C2AB and 0.1 mM Ca2+ (Figure 3.9B and 3.9C).  

The negatively charged PS molecules play an important role in the interaction 

between C2AB molecules and calcium ions. When we reduced PS concentration from 35 

mol% to 5 mol%, the gluing of DiI liposomes was extinguished (Figure 3.10A). Since 

only 5 calcium ion-binding sites are associated with each C2AB molecule, the 0.1 mM 

Ca2+ was saturating for 1 μM C2AB. When calcium concentration was increased to 1 

mM, the docking number of DiI liposomes, which is the number of donor spots in each 

image area with the size of 25 μm × 50 μm, remained the same (Figure 3.10B). Under the 

calcium-saturated condition, we can control the results by adjusting the amount of C2AB. 

As shown in Figure 3.10B, the DiI-liposome docking number was greatly reduced when 

C2AB concentration was lowered to 0.1 μM. 

 

3.4.2 Factors influence C2AB and Ca2+ effect 

The effect of the C2AB is specific in terms of the response to calcium ions and the 

interaction between charged membranes. When we replaced calcium ions with the same 

concentration of magnesium ions, the glue function of C2AB totally vanished (Figure 

3.11A). This result indicates that this molecular glue is not simply caused by the 

electrostatic interaction of any divalent ion and specific binding of calcium to C2AB 

molecules is required [93]. When we partially destroyed pre-docked DiD liposome layer 

by an air bubble before DiI liposomes were injected, as demonstrated in the upper part of 

Figure 3.11B, no DiI liposome attachment was observed after calcium washing while the 
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lower part with intact DiD liposomes worked normally. We concluded that no DiI 

liposome docking was observed without DiD liposomes. This experiment illuminates the 

specificity of this molecular glue, which hints at wide applicability.  

This abrupt and stable appearance of the DiI-labeled liposomes is ascribed to 

specific docking to DiD-labeled liposomes because the FRET distribution peaked at a 

non-zero efficiency value, E = IA/(IA+ID) = 0.3, where IA and ID are the sensitized 

emission intensity of the acceptor and donor, respectively (Figure 3.11C). This FRET 

efficiency value, strongly suggests that a close packaging state of vesicles, in which the 

outer leaflets are about to mix, is induced by C2AB and calcium ions. As shown in Figure 

3.9C, this close packaging state is also observed through the negative stain transmission 

electron microscopy. After calcium ion binding, C2AB molecules become positively 

charged, which has a high affinity with negatively charged lipid molecules of the 

membrane [93]. We found that interaction between C2AB molecules with calcium ions 

and charged membranes is strong and stable. Even after ten-rounds buffer washing, 150 

μL for each round, more than 80% of the DiI liposomes still remained bonded on the 

surface (Figure 3.11D). 

 

3.4.3 Conclusion 

In conclusion, we reported on C2AB molecules containing calcium ions, specifically 

for aggregating negatively charged lipid vesicles. A high local concentration of lipid 

vesicles can be achieved rapidly.  
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Chapter 3 Figures: 

 

 

Figure 3.1. Schematics of the single-vesicle lipid mixing assay. (Left) DiD (acceptor) 

labeled v-SNARE vesicles are immobilized on the bottom surface of a flow chamber, 

which is also the imaging surface of the TIR microscopy. DiI (donor) labeled t-SNARE 

vesicles and accessory protein are introduced to the chamber space using a flow system. 

(Right) After a 37 oC incubation, some t-SNARE vesicles dock to single v-SNARE 

vesicles through formation of trans-SNARE complexes, and accessory protein binds to 

the trans-SNARE complexes. Membrane fusion between t- and v-SNARE vesicles and 

resultant lipid mixing will entail an increase in the FRET efficiency.  
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Figure 3.2. A, Docking probability of a single v-SNARE vesicle measured at t = 15 min 

as a function of the Cpx I concentration. Error bars, s.d. B, The number of v-SNARE 

vesicles in an imaging area can be counted by selectively exciting v-SNARE vesicles 

using a 633 nm red laser. (Left) An example image, directly obtained from TIR imaging, 

shows excited v-SNARE vesicles in the acceptor channel. (Right) The measured average 

is 1,052 ± 39 vesicles per imaging area. The docking probability of a v-SNARE vesicle 

can be simply obtained by dividing the number of docked t-SNARE vesicles with the 

average number of v-SNARE vesicles. 
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Figure 3.3. A-C, FRET histograms of single-vesicle complexes measured at t = 15 min at 

[Cpx I] = 0.2 (A), 2 (B), and 20 μM (C). D, Control data using the C105A/R48C-spin 

label complexin I mutant. The FRET population assay (green symbol: without complexin 

I, red: with 2 μM mutant; t = 15 min) shows the stimulation effect is largely diminished, 

coincident with the impaired complexin binding to ternary SNARE complexes. E, 

Control data without SNAP-25. t-SNARE vesicles with only syntaxin HT (lipid/protein 

ratio = 200:1) and [Cpx I] = 2 μM were used for incubation with v-SNARE vesicles. 

Green symbols show the FRET distribution measured at t = 15 min. (Red) 1 mM Ca2+ 

was injected subsequent to flow washing of t-SNARE vesicles and complexin I, and 
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FRET values were imaged at t = 60 min. F, Time-course change of the single-vesicle 

FRET histogram at [Cpx I] = 20 μM. Three FRET histograms, measured at t = 15 (green), 

30 (red), 60 min (yellow), are shown. 
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Figure 3.4. Ca2+-accelatrates, complexin-assisted single vesicle fusion events. t denotes 

the time elapsed after start of real-time tracking. A, Exemplary real-time fusion trace of a 

single-vesicle complex. (Upper panel) Shown are the changes in the donor (green) and 

the acceptor (red) fluorescence intensities. (Lower panel) The corresponding changes in 

the FRET efficiency are shown in blue. The initial and the final FRET states are marked 

by black bars and the instance of initial FRET increase is marked by an orange arrow. 

The data in A-D were measured using the lipid composition of 65:35 (mol/mol) 

POPC:DOPS. B, (Green symbol) Cumulative plot of the instances of initial FRET 

increase for 217 vesicle complexes in one imaging area.  With the first-order kinetics 

assumed, we used two exponentials, , to fit the plot after 

the Ca
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2

/
1
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2+ arrival at 4.4 sec (red curve). The time constants (t1, t2) and the corresponding 

normalized population (A1, A2) are (8.87 sec, 0.95 sec) and (0.37, 0.01), respectively. We 
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thus find that the cumulative plot exhibits mainly one time constant of ~8.9 sec. (Red and 

Blue symbols) Cumulative plots of the instances of initial FRET increase upon injection 

of 1 mM Mg2+ (Red) or fusion buffer without Ca2+ (Blue). Both cumulative plots are 

based on multiple numbers of flow experiments; Total number of vesicle complexes 

studied are 1,161 (Red) and 1,900 (Blue). C, Exemplary real-time traces showing 

synchronized FRET jumps. The instances of initial FRET increase, marked by orange 

arrows, are 5.8 and 6.2 sec (from upper to lower). D, Distribution of the initial E values 

for the single-vesicle complexes that show an FRET increase within the first 30 second 

window. Fitting with a Gaussian distribution gives the center at E = 0.35 and the standard 

deviation of 0.15 (red curve). Total 1,240 vesicles from five independent flow 

experiments are included in statistics, and the corresponding cumulative time plot is 

shown as green symbols in E. E, Cumulative plots of the instances of initial FRET 

increase for different lipid compositions: (green symbol) 65:35 (mol/mol) POPC:DOPS, 

(red) 45:15:40 (mol/mol/mol) POPC:DOPS:cholesterol, and (blue) 85:15 (mol/mol) 

POPC:DOPS. n = 1,240 (green), 835 (red), and 1,003 (blue). F, Exemplary real-time 

traces showing synchronized FRET jumps. The lipid composition of 45:15:40 

(mol/mol/mol) POPC:DOPS:cholesterol was used. The instances of initial FRET increase, 

marked by orange arrows, are 4.8 and 6.2 sec (from upper to lower). 
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Figure 3.5. Molecular model of complexin function for Ca2+-triggered neurotransmitter 

release. A, Room temperature EPR spectra of a spin-labeled complexin 1 mutant 

(C105A/R56C-spin label) when incubated in fusion buffer (black trace) or mixed with 

solution of t-SNARE vesicles (red trace). (Inset) For negative control, we attached a spin 

label to native cysteine at position 105 of complexin 1. The EPR spectra of the C105-spin 

label mutant do not show any change when incubated with t-SNARE vesicles, indicating 

the broadening observed for the R56C-spin label mutant specifically reflects the 

interaction between complexin 1 and t-SNARE proteins. B, Pre-docking stage: Through 

the direct interaction with t-SNARE proteins, complexin competes with v-SNAREs for 

binding to t-SNAREs. At a high expression level, complexin has the effect of suppressing 

formation of trans-SNARE complexes. C, Docking stage: Once trans-SNARE complexes 

are formed, synaptic vesicles are more tightly associated with the plasma membrane, and 

complexin binds to the ternary SNARE complexes. D, Priming stage: Complexin directly 

lowers energy barriers for synaptic vesicle fusion in cooperation with neuronal SNAREs. 

E and F, Fusion pore opening stage: The synaptic vesicles primed by complexin and 
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other non-synaptotagmin fusion stimulators directly react with Ca2+ to produce the 

asynchronous neurotransmitter release (E). The molecular action of Ca2+-bound 

synaptotagmin 1 further accelerates fusion pore opening, achieving the synchronous 

release (F). 
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Figure 3.6. A, Time-course change of the number of docked t-SNARE vesicles. The 

sequence of experiments is the same as that for Figure 3.3. The numbers of docked t-

SNARE vesicles at [Cpx I] = 0 (green circle), 0.2 (red square), and 2 μM (blue square) 

were measured at t = 15, 30, 60 min. Each case was normalized by the docking number 

measured at t = 15 min. B, Energy landscapes of SNARE-mediated fusion assisted by 

complexin for clamping model (left) and promotion model (right). C, Percentages of the 

Ca2+-responding vesicles (in the 25-second window) at three Ca2+ concentrations higher 

than the threshold (20, 200, and 1,000 μM). 
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Figure 3.7. Fraction of vesicle complexes showing full fusion for various reaction 

conditions. 1 μM Munc18-1 was used. Results obtained with the full length syntaxin (A), 

and with a syntanxin-HT (B). Controls without SNAP-25 led to a significant reduction in 

full fusion, likely due to the formation of incomplete SNARE complexes, which cannot 

mediate efficient fusion. Full fusion population is calculated by summing all normalized 

populations with E values > 0.5. Error bars denote the s.d. of 3 to 5 independent 

experiments with different batches of SNARE and Munc18-1 proteins. 
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Figure 3.8. Electron paramagnetic resonance (EPR) spectra of Munc18-1. A, Munc18 

only (left panel) and Munc18with protein free membrane in the fusion buffer (right panel). 

The same EPR sharp spectra indicate that there is no measurable interaction between 

Munc18 and membrane. B, Munc18 with syntaxin-full protein (left panel) and Munc18 

with membrane-associated SNARE complex containing syxtaxin-full (right panel). Both 
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EPR spectra are broadened in comparison to the spectrum of Munc18 only (A, left panel) 

indicating interactions. C, Munc18 with syntaxin-HT protein (left panel) and Munc18 

with membrane-associated SNARE complex containing syntaxin-HT (right panel). The 

sharp EPR spectrum on the left indicates that there is no interaction between Munc18 and 

syntaxin-HT, while the broadened EPR spectrum on the right suggests interactions. 

Arrows indicate the quaternary interaction between Munc18 and SNAREs, and circles 

show the spin-spin interaction due to the clustering of spin labeled Munc18. 
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Figure 3.9. A, TIR images before and after 0.1 mM Ca2+ influx. The images are split into 

donor and acceptor channels. Only a few fluorescent debris molecules were visible in 

donor channel before calcium influx. A large number of bright donor spots in the TIR 

image appeared shortly after calcium influx indicating the docking of DiI liposomes to 

the surface-immobilized DiD liposomes. The negative stain transmission electron 

micrographs of liposomes (35 mol% PS : 65 mol% PC) without (B) and with adding 1 

µM C2AB and 0.1 mM Ca2+, (C). 
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Figure 3.10. A, Average number of docked DiI-liposomes per imaging area (25 μm × 50 

μm). We studied two different lipid compositions for vesicles, one with 5 mol% and the 

other 35 mol% PS molecules. When the PS concentration was reduced to 5 mol%, the 

portion of PC lipids was accordingly increased to 95 mol%. 15 to 20 imaging spots were 

used to get these average values. 0.1 mM Ca2+ and 1 μM C2AB were used. B, Average 

number of docked DiI-liposomes for various C2AB and calcium concentrations. 
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Figure 3.11. A, Average number of docked DiI-liposomes after 0.1 mM Ca2+ and 0.1 

mM Mg2+ influx. B, A TIR image of a flow channel after 0.1 mM Ca2+ influx. The DiD 

vesicles on the upper part of this flow channel were removed by an air bubble before 

injecting DiI liposomes. C, The FRET distribution of DiI and DiD vesicle complexes 

after 0.1 mM Ca2+ influx. The FRET population peak at 0.3 represents close-docked state 

or the hemifusion state of vesicle complexes. D, Average number of docked DiI-

liposomes before buffer washing and after ten-rounds of buffer washing, 150 µL for each 

round. 
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Figure 3.12. A, A real-time fluorescent trace of donor (DiI) channel, averaged over all 

liposomes, upon the arrival of Ca2+ influx. B, TIR images for both donor and acceptor 

channels of the same trace shown in part A at different times. For more information, see 

the movie in supporting materials. 
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CHAPTER 4 

CONTENT MIXING 

 

4.1 Motivation 

The lipid mixing method developed in our lab has been shown as a useful technique 

through revealing the vesicle aggregation induced by C2AB/Ca2+, a dual function of 

complexin, and the role of Munc18/SNARE-core binding mode [34,39,49]. This method 

clearly shows the fusion process by observing the mixing of two lipid bilayers. Despite 

the success with assays based on lipid-mixing, they cannot directly detect the content 

release, which is one of the most rigorous definitions of membrane fusion [94]. Cellular 

studies showed that the content release can proceed in two pathways, kiss-and-run, where 

a small fusion pore opens transiently upon docking of an incoming vesicle, but closes 

again as the vesicle ‘runs’ away, and the full-collapse fusion pathway, where the small 

opening of the pore continues to expand to a large pore [95,96]. Unfortunately, both 

current ensemble and single-vesicle lipid mixing assays are blind to the fusion pore 

formation and expansion and, therefore, unable to tell how the regulatory proteins are 

involved in this critical step. 

There is a general assumption that the extent of lipid mixing between vesicles is 

directly proportional to the extent of the content release. However, a recent study on 

DNA-mediated vesicle fusion showed that high efficient lipid mixing (up to 80%) of both 

inner and outer leaflets can occur without mixing of content (less than 2%) [97]. A 

similar phenomena was observed with PEG-mediated membrane fusion [98]. These 
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studies suggest that lipid mixing is necessary for fusion, but lipid mixing alone is an 

insufficient indicator for content mixing. 

The original in vitro reconstruction of SNARE-induced membrane fusion used 33P-

labeled oligonucleotides and led to the conclusion that SNARE proteins constitute the 

minimal machinery for membrane fusion [99]. However in that study, because the 

content mixing signal was indirectly measured after vesicles were lysed by the detergent, 

their result could not clearly separate fusion from vesicle docking and aggregation. Other 

attempts of using small reporters, such as carboxyfluorescein, for the content mixing 

studies have mainly failed due to the membrane leakiness after the SNARE protein 

reconstitution at a physiological protein to lipid ratio (> 1:500) [98], unless a very low 

protein and lipid ratio (< 1:1000) was used [100,101].  

Thus, the formation of fusion pore, as well as the key factor of pore expansion, 

remains to be confirmed by a new content mixing method. We have developed a reliable 

and efficient single-vesicle content mixing assay for SNARE-mediated membrane fusion. 

The main advantage of single-molecule experiments is that they allow us to study the 

behaviour of a single or countable number of molecules. The observation of individual 

events allows us to perform statistical analysis of a population of individual trajectories 

that is not possible in bulk because of ensemble averaging [55,56,94].  

 

4.2 Experimental design 

To detect large fusion pores, with the inspiration from molecular beacons [102], we 

designed a DNA hairpin composed of five base-pairs stem and poly-thymidine loop (T20) 

labeled with a donor (Cy3) and an acceptor (Cy5) fluorophores at either ends of the stem 
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(Figure 4.1A). When the loop region of this Cy3/Cy5 dual-labeled DNA probe hybridize 

with a second DNA strand having a complementary sequence (A30), the formation of a 

longer double strand breaks apart the stem region, which moves apart the donor and the 

acceptor fluorophores from one another. As a result of this distance change, the FRET 

efficiency (E) switches from a high to a low value (Figure 4.1B and 4.1C). Dual-labeled 

DNA and the complementary poly-adenosine (poly-A) strands are encapsulated inside 

proteoliposomes reconstituted with vesicle SNARE (v-SNARE) and target membrane 

SNARE (t-SNARE), respectively, and the FRET signal is used to monitor the extent of 

the SNARE-mediated content mixing. 

Because many earlier attempts suffered from probe leakage, we first tested the 

stability of our dual-labeled DNA probe inside the vesicle. Dual-labeled DNA probe 

encapsulated vesicles reconstituted with yeast v-SNARE protein (Snc2p) (1:200 protein 

to lipid ratio) were immobilized on the polymer-coated imaging surface. Non-specific 

binding of dual-labeled DNA probes outside the vesicle was prevented by the PEG 

molecule coating flow cell surface, and these DNA molecules were washed away with 

excess buffer (Figure 4.2A). Single molecule fluorescence signals from DNA molecules 

in individual vesicles were collected and plotted as a histogram showing a distinct high E 

as expected (Figure 4.3A left). In order to verify that these probes were inside the vesicle, 

Deoxyribonuclease I (DNase) was added to the system. The number of molecules 

showing the high FRET signal before and after the treatment did not show a significant 

difference (Figure 4.3A) and no shift of the FRET distribution was observed. This shows 

that DNA probes are inside vesicles and are protected by lipid bilayer from DNase 

digestion. In contrast, DNase treatment effectively eliminated DNA probes unprotected 
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by vesicles (Figure 4.3B). These DNA probes did not leak out of vesicles over the course 

of 60 minutes (Figure 4.3C), and showed stable high FRET distribution at 37 oC 

incubation as well as in the presence of free poly-A DNA outside the vesicles (Figure 

4.2B). These control experiments show that Cy3/Cy5 dual-labeled DNA probe could be 

used as a reliable content mixing indicator [103].  

A reliable and an efficient content-mixing assay based on the FRET switch caused 

by the DNA hybridization has been developed at the single vesicle level. The DNA 

hairpin probe used is thirty nucleotides long with a molecular weight of ~11 kD, whereas 

most neurotransmitters are much smaller (~0.1 kD). A transient opening of fusion pores 

allows passage of small molecules, but the larger molecular weight probes used here may 

be difficult to pass. Our assay is most likely to report the content mixing resulting from 

the stably expanded pore that results from the complete collapse of vesicle membranes. 

 

4.2.1 Content probe size simulation 

In order to estimate the minimal required fusion pore size, we performed a 

Molecular Dynamics (MD) simulation to calculate the radius of gyration of both 

Cy3/Cy5 dual-labeled DNA hairpin and unlabeled target DNA in equilibrium condition. 

The average Rg over the last 25 ns of simulation for DNA hairpin is 1.91 ± 0.53 nm, 

while 1.80 ± 0.28 nm for target DNA (Figure 4.4). We conclude that the radius of the 

pore has to be ~2 nm for either DNA to pass through. In principle, the single-stranded 

DNA can go through a narrow pore with a large Rg as in the case of stretched out. 

However, in our case, it is unlikely for the unlabeled target DNA to adopt such extended 

configuration without external force if one considers its high flexibility.  
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For a general membrane fusion process, the outer monolayer of a phospholipid 

vesicle coalesces with the contacting monolayer of the planar phospholipid bilayer 

membrane forming a trilaminar structure (hemifusion). A small fusion pore is formed in 

this area. Once formed, the fusion pore can close again or expand to some critical size 

when further expansion becomes irreversible [104]. For the critical size of pore, as 

estimated by Jackson, the lipidic fusion pore has an energy minimum at a radius of ~0.5 

nm [105,106]. Since the minimal fusion pore size (2 nm radius) to pass through our 

content-mixing indicator is much larger than this critical size, fusion pore expansion, the 

very late step of membrane fusion, is most likely reported through this assay. 

 

4.3 Study on yeast SNARE 

[Related publication: Diao, J., Su, Z., Ishitsuka, Y., Lu, B., Lee, K.S., Lai, Y., Shin, Y.-K. 

& Ha, T. A single vesicle content mixing assay for SNARE-mediated membrane fusion. 

Nat. Commun. 1, 54 (2010).] 

We first applied our content mixing assay to the yeast SNAREs (Sso1p, Snc2p and 

Sec9c) that mediate constitutive fusion of transport vesicles to the plasma membrane 

[107]. Figure 4.5A shows the basic scheme of our assay. The v-SNARE vesicles, with 

Snc2p in the membrane and DNA hairpin encapsulated inside, are immobilized on a 

polymer-coated quartz surface via biotinylated lipids [61]. The t-SNARE vesicles 

containing Sso1pHT and harboring multiple poly-A DNAs with a cholesterol 

modification are added together with soluble Sec9c (1 μM), and the sample is incubated 

at 37 oC. The average number of dual-labeled DNA probes inside the v-SNARE vesicle 

quantified from the number of photobleaching steps is ~0.4 (Figure 4.6). Cholesterol 
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modification increases the incorporation efficiency of poly-A DNA in the t-SNARE 

vesicle membrane, thus increasing the probability of two vesicles with DNA probes to 

react (Figure 4.7). When two vesicles, both ~100 nm in diameter, dock and a large 

enough fusion pore forms between them, the two DNA molecules should hybridize to 

switch the FRET efficiency (E) between Cy3 and Cy5 from a high (Figure 4.3A) to a low 

value (Figure 4.1C). 

Figure 4.5B and 4.5C show actual E distributions before and after addition of t-

SNARE vesicle/Sec9c to the flow cell and incubated for 30 minutes at 37 oC. The E 

distribution measured from thousands of single DNA hairpin probes clearly switched 

from ~0.8 to ~0.2 (Figure 4.5B and 4.5C). We repeated the same experiment using DNA 

without the cholesterol link to the target DNA and observed a similar shift in the E 

distribution, but with a reduced extent of FRET population shift due to a lower DNA 

encapsulation efficiency (Figure 4.7). To further ensure that the DNA hybridizations are 

taking place inside vesicles, the sample was treated with DNase after the fusion reaction. 

The E distribution remained the same and the average number of fluorescent spots did not 

decrease, indicating that all observed signals came from DNA probes inside vesicles 

(Figure 4.8A). 

The formation of these stable pores was not caused by the surface immobilization 

step. We verified this by first performing the fusion reaction in bulk solution, and then 

immobilizing the product onto the surface. As shown in Figure 4.8B, the major low 

FRET peak from DNA hybridization was observed as in the standard experimental 

scheme. This FRET shift was driven in the DNA sequence dependent manner - and not 

by protein or vesicle aggregation - for when we replaced target poly-A DNAs in t-
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vesicles with non-complementary poly-T DNAs, no FRET switch was observed under the 

same reaction condition on the surface (Figure 4.8C).  

 

4.3.1 Real time content mixing 

Through our single vesicle content mixing assay, we can also monitor single content 

mixing event in real-time. For this experiment, we switched the surface immobilization 

configuration. t-vesicles with the target DNAs are surface immobilized and v-vesicles 

containing FRET beacons are flown into the solution. To eliminate DNA molecules 

outside vesicles, DNase I treatment was applied before reactions. A typical real-time 

content-mixing time traces are shown in Figure 4.9. Upper panel shows fluorescence 

intensities, green curve representing the donor and red curve representing the acceptor 

intensity. The lower panel shows the corresponding FRET efficiency in blue. Initially, the 

surface immobilized vesicles containing unlabeled target DNAs shows no donor and 

acceptor signals. Upon binding of the v-vesicle with FRET beacon is seen as a sudden 

appearance of the fluorescence signal associating to a high FRET value. After a certain 

time, DNA hybridization caused by content mixing decreases FRET value to ~0.2. 

 

4.3.2 Yeast SNAREs are sufficient to induce content mixing. 

The E shift we observed with our content mixing assay is SNARE dependent. A 

control experiment without Sec9c showed no change in E, while lowering the Sec9c 

concentration (0.1 μM) reduced the vesicle population with expanded pores (Figure 

4.10A). Interestingly, 0.1 μM Sec9c, corresponding to ~2:1 Sec9/Sso1 ratio, showed a 

much lower degree of content mixing than lipid mixing [61]. This seems to suggest that 
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in some instances, lipid mixing could progress without formation of stable pores across 

the membrane. A time course study showed a progressive shift from E~0.8 population to 

E~0.2 population over 30 minutes (Figure 4.10B).  

Two helices of Sec9c both contribute in formation of the four-helix bundle 

necessary for membrane fusion, but play slightly different roles. The N-terminal helix 

(SN1) plays more dominant role in the initial docking of the vesicle, while the C-terminal 

helix (SN2) drives the membrane lipid mixing [108]. Helix-breaking proline mutations 

(L626P, L647P) on SN2 helix showed significantly stronger inhibitory effect on the lipid 

mixing efficiency in comparison to the docking efficiency, but their effect on pore 

formation has been unclear [108]. We also tested these mutants using our content mixing 

assay and found a similar inhibitory effect on the pore formation efficiency (Figure 4.9C). 

The proline mutation close to the C-terminal end of the helix (L647P) showed a stronger 

inhibitory effect than what the L626P mutant did on both lipid and content mixing 

supporting that complete engagement of SN2 helix in the SNARE complex is necessary 

for completing membrane fusion. 

 

4.3.3 Conclusion 

Yeast SNARE proteins has been known to induce efficient and rapid lipid mixing 

[109]. Our results further show that yeast SNARE proteins are necessary and sufficient 

for expansion of the fusion pore. 

 

4.4 Study on neuronal SNARE 
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[Related publication: Diao, J., et al. Ha, T. Protein facilitated membrane fusion pore 

expansion. (in preparation) ] 

We applied this single vesicle content mixing assay to neuronal SNAREs, which 

constitute the minimal machinery for membrane fusion [7]. However, the conclusion has 

being questioned due to its rather slow fusion rates and its inability to distinguish 

between various intermediate statuses and the full fusion for the release of vesicle 

contents.  

 

4.4.1 Neuronal SNAREs are able to induce content mixing inefficiently 

As shown in Figure 4.11, few FRET switch was observed after a 30-minute 

incubation of v- and t-SNARE vesicles at 37 oC, while a small low FRET peak 

corresponding to content mixing was observed after a 60-minute incubation. This 

indicates that neuronal SNAREs are much less efficient for fusion pore expansion, which 

an essential step for full collapse fusion, in the absence of the fusion regulators while one 

SNARE interaction is sufficient for vesicle docking [53]. It is still possible that a fusion 

pore opens, but the pore is either too transient or too small for passage of our large DNA 

probes. 

Our previous results further showed that yeast SNARE proteins are necessary and 

sufficient for expansion of the fusion pore [103]. For the neuronal SNARE on the other 

hand, although a limited extent of lipid mixing does occur [39], SNAREs alone are 

inefficient to form stable pore for passage of our large DNA probes. SNARE complex has 

been regarded as the minimal machinery for membrane fusion [7]. However, the 

conclusion has being questioned due to its rather slow fusion rates, which is due to a slow 

 73



full complex formation rate or a block effect by a 2:1 (syntaxin:SNAP-25) t-SNARE 

complex [110]. Thus, how to effectively form fully-assembled SNARE complexes is 

essential for SNARE-mediated fusion. Recent studies showed that fully-assembled 

SNARE complexes facilitated by VAMP fragments or N-terminal mutant are able to 

induce fast full fusion [110,111].  

For SNARE proteins only, a recent single molecule force study shows that breaks of 

only 7 N-terminal hydrophobic layers are required for rupture of the neuronal SNARE 

complex compared to 15 hydrophobic bonds for rupture of the Syntaxin1A-VAMP2 

binary complex [112]. This study indicates some major differences in the layers of the 

SNARE complex between yeast and neuronal cases, especially, in the membrane-

proximal half of the complex, which could affect the kinetics of assembly and driving full 

fusion events. As shown recently, these membrane proximal layers play an important role 

in Ca2+ triggered fusion assisted by synaptotagmin [113].  

 

4.4.2 Synaptotagmin 1 expands fusion pores by facilitating SNARE formation 

We also tested v-vesicle co-reconstituted with full-length synaptotagmin 1, an 

additional peak at E~0.2 emerged at the expense of the high E fraction (Figure 4.12A) 

after a 10-minute incubation with t-vesicles plus 10 μM Ca2+. Due to a similar E value as 

the DNA hairpin hybridized to the target strand in solution and the FRET stoichiometry 

change (Figure 4.13), this new low FRET population is interpreted as the product of 

fusion reactions that proceeded through the expansion of large pore. The possibility of 

hybridization reaction taking place outside of the vesicles was rule out using the DNase I 

treatment (Figure 4.14). In contrast, incubating with the VAMP mutant without the 
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transmembrane region (6 μM, amino acids 1-92) or omitting synaptotagmin 1, during the 

SNARE complex formation step significantly inhibited the increase in the low E fraction 

(Figure 4.12B). A reduced low E fraction was observed when we removed Ca2+ ions 

(Figure 4.12A).  

Most recently, using a single-vesicle lipid mixing assay, H.-K. Lee et al. showed 

that the membrane anchor synaptotagmin 1 and Ca2+ induce fast fusion through a trans-

conformer [114], which is the first in vitro study showing the fusion promotion from full-

length synaptotagmin 1 plus Ca2+. In vivo, the neurotransmitter release happens in the 

submillisecond time scale and is induced by calcium with synaptotagmin 1 being the 

calcium sensor. However, in vitro experimental results with full-length synaptotagmin 1 

showed a Ca2+-independent promoted effect, while adding Ca2+ ions inhibits vesicle 

fusion [29,32]. Furthermore, recent studies using native synaptic vesicles from the rat 

brain showed that the final step in fusion is calcium independent even though the synaptic 

vesicles contained endogenous synaptotagmin 1 [33]. Here, through our new single-

vesicle content mixing assay, we confirm that the fusion induced by synaptotagmin 1 and 

Ca2+ by a trans-conformer is also associating with mixing of large contents, which is a 

sign of expanded fusion pore. This observation agrees with previous in vivo studies 

showing that synaptotagmin 1 promotes full fusion while synaptotagmin 4 stimulates 

kiss-and-run events [115].  

We observed some pore expansion processed by synaptotagmin 1 in the absence of 

calcium, which also agrees with previous in vitro studies for full-length synaptotagmin 1 

[29,32,33]. Since fully-assembled SNARE complexes are able to induce fast full fusion 

[110] and synatotagmin 1 promotes SNARE complex formation through a Ca2+-
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independent interaction with t-SNAREs [116,117,118,119], we conclude that 

synaptotagmin 1 expands fusion pores by promoting SNARE complex formation. Ca2+ 

ions dramatically accelerate this interaction into a synchronized manner through a 

structure reformation [120,121]. By using SNARE proteins purified directly from the 

bovine brain, Rickman et al. also showed that synaptotagmin 1 binds to the SNARE 

complex in a calcium-independent manner [122]. Through Electron paramagnetic 

resonance (EPR), the Ca2+-independent interaction between synaptotagmin and SNARE 

(Figure 4.15) is confirmed. Because of the Ca2+-independent interaction, the 

synaptotagmin 1 binding blocked by complexin in the absence of Ca2+ is essential for the 

synchronized fusion process [37]. Furthermore, a doubled content mixing observed in the 

presence of Ca2+ ions (Figure 4.12A) also implies an additional fusion promotion by 

Ca2+-bound synaptotagmin 1, for instance, membrane bending [30,123] or adhering 

[29,93]. 

 

4.4.3 Conclusion  

Based on our content mixing current results presented in this paper, we suggest that 

synaptotagmin 1 expands fusion pore by facilitating SNARE complex formation. 

Calcium ions are important to synchronize the pore opening events by accelerating the 

synaptotagmin-facilitated SNARE complex formation. 
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Chapter 4 Figures: 

 

 

Figure 4.1. Dual-labeled DNA hairpin probes are single-stranded oligonucleotide 

hybridization probes that form a stem-and-loop hairpin structure. The loop contains a 

probe sequence (poly-T, 20mer long) that is complementary to a target sequence (poly-A, 

30mer), and the 5 base pair stem is formed by the annealing of complementary arm 

sequences that are located on either side of the probe sequence (GGGGG & CCCCC). A 

Cy3 donor is covalently linked to the end of one arm and a Cy5 acceptor is covalently 

linked to the end of the other arm. A, Illustration of the configuration change for dual-
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labeled DNA probes. B, Ensemble fluorescent trace for Cy3 (green) and Cy5 (red) 

channels of dual-label DNA probes before and after hybridization obtained in a cuvette 

via manual addition of the probe strand at 5th minute. C, The FRET efficiency, E 

distribution obtained outside vesicles with poly-A targets inserted into the membrane via 

the cholesterol link and externally added dual-labeled DNA hairpin probes. The peak at E 

= 0.15 corresponds to the DNA hairpin annealed to the target DNA. 
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Figure 4.2. A, 532 nm laser excited images of experimental channels after 160 pM v-

vesicles with DNA probes or 2 nM free DNA probes. Lower panel only shows dim spots 

in the donor and acceptor channels, demonstrating that the nonspecific adhesion of the 

free DNA probes to the surface is minimal. B, E distributions of v-vesicles at room 

temperature, at 37 oC, and after incubating with 2 μM poly-A DNA at 37 oC for 30 

minutes. Vesicle encapsulated DNA probes are not sensitive to either temperature or free 

target DNA in solution. Scale bars are for 25 µm.  
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Figure 4.3. Stable encapsulation of DNA probes inside SNARE protein reconstituted 

vesicles. A, Histograms of FRET efficiency, E, (left) and average numbers (right) of 

molecules per imaging area (25 μm X 50 μm) before and after a DNase treatment of 

DNA probes encapsulated inside surface immobilized v-SNARE (protein:lipid = 1:200) 

vesicles. For histograms of FRET efficiency, Y-axis is normalized population, where we 

divided the distribution by the total number of vesicles measured and X-axis is FRET 

efficiency value. B, Average count of molecules per imaging area before and after a 
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DNase treatment of DNA probes immobilized outside vesicles. (Corresponding 

representative images for A and B are shown in Supplementary Fig. S2.) C, Relative 

count of molecules per imaging area for surface immobilized v-vesicle encapsulating 

DNA probes after incubating at 37 oC for 60 min. The number of molecules at 0 min was 

set as 1. Error bars denote the standard error.  
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Figure 4.4. The time evolution of the gyration radius (Rg) for Cy3/Cy5 dual-labeled 

DNA hairpin (green) and unlabeled target DNA (red). The average Rg over the last 25-ns 

simulations for each DNA molecule is shown in black dash line yield a value of 1.91 ± 

0.53 nm and 1.80 ± 0.28 nm for labeled DNA hairpin and unlabeled target DNA, 

respectively. The Rg of target DNA collapses rather quickly from a relatively extended 

configuration because the starting structure is similar to the one in double helix for 

minimizing the effect of initial condition. The results consist with the known high 

flexibility of single-stranded DNA (persistent length 1.5 nm). The insets are snapshots of 

equilibrated system of the dual-labeled DNA hairpin (left) and the unlabeled target DNA 

(right) resulting from 75-ns MD simulations. The simulated systems include waters (blue 

box), K+ ions (brown spheres), Cl- ions (cyan spheres), lipid bilayers (orange head and 
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cyan tails) and DNA molecules colored by type of nucleotide (yellow: G, orange: C, 

purple: T, blue: A). The water boxes have a dimension of 89 Å × 89 Å × 89 Å and 100 Å 

× 100 Å × 186 Å for the dual-labeled DNA hairpin and the unlabeled target DNA, 

respectively. 
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Figure 4.5. Single molecule content mixing assay for yeast SNARE-mediated fusion. A, 

Schematics of the assay. Vesicles reconstituted with Snc2p proteins (v-vesicles) and 

encapsulating dual labeled DNA probes are immobilized on the surface of the flow cell. 

Vesicles reconstituted with Sso1pHT proteins (t-vesicles) and encapsulating poly-A DNA 

strands are flown in along with soluble Sec9c proteins, and the sample is incubated at 37 

oC. B, E distributions of v-vesicles before the reaction, and C, after incubating for 30 min 

with t-vesicles and 1 μM Sec9c protein. 
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Figure. 4.6. Single-molecule analysis of encapsulated DNA after protein reconstitution. 

A, The distribution of the number of molecules inside a vesicle. Solid bars are 

experimental results. Red dots indicate the Poisson fitting, by which we obtain the bar 

represents 0 molecule. Based on that, we estimate that the average number of DNA 

probes inside a vesicle is ~0.4. B, Representative time records for two vesicles. The 

number of encapsulated DNA molecules can be determined by counting the digital 

photobleaching events. In the upper trace, the Cy5 intensity reduces to its background 

level in two discrete steps, which implies that there are two molecules entrapped within 

this vesicle, whereas in the lower trace photobleaching occurs in a single step, indicating 

occupancy by a single DNA molecule. 
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Figure 4.7. Yeast SNARE content mixing: E distributions of yeast SNARE-mediated 

fusion products for t-vesicles containing free poly-A DNA and fixed poly-A DNA 

through a cholesterol molecule. The distinction of low FRET peak change is due to the 

difference on DNA encapsulation rate. Cholesterol linked target DNA dramatically 

increases the degree of content mixing. 
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Figure 4.8. A, DNA annealing take place inside vesicles. E distributions (left) and 

average numbers (right) of molecules per imaging area (25 μm × 50 μm) of fusion 
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products before and after a DNase treatment. B, E distribution of the fusion product with 

1 μM Sec9c performed in the bulk solution and subsequently immobilized on the quartz 

surface for observation. DNase treatment was applied to both v- and t-vesicles to 

eliminate free DNA molecules before reaction. C, E distribution after fusion reaction 

using non-complementary poly-T DNA inside t-vesicles. 
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Figure 4.9. A typical real-time content-mixing time trace of fluorescence intensity (green 

curve for donor & red curve for acceptor) and corresponding FRET efficiency (blue 

curve). For this experiment, we switched the surface immobilization configuration. t-

vesicles with the target DNAs are surface immobilized and v-vesicles containing FRET 

beacons are flown into the solution. To eliminate DNA molecules outside vesicles, 

DNase I treatment was applied before reactions. A typical real-time content-mixing time 

traces are shown here. Upper panel shows fluorescence intensities, green curve 

representing the donor and red curve representing the acceptor intensity. The lower panel 

shows the corresponding FRET efficiency in blue. Initially, the surface immobilized 

vesicles containing unlabeled target DNAs shows no donor and acceptor signals. Upon 

binding of the v-vesicle with FRET beacon is seen as a sudden appearance of the 

fluorescence signal associating to a high FRET value. After a certain time, DNA 
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hybridization caused by content mixing decreases FRET value to ~0.2. The dwell time in 

the high FRET state is designated as the fusion time.  
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Figure 4.10. A, E distributions of fusion products for different Sec9c concentrations. B, 

E distributions of yeast SNARE-mediated fusion with different incubation times ranging 

from 0 min to 30 min with 1 μM Sec9c. C, Pore expansion efficiency quantified by low 

FRET peak (E = 0-0.4) percentage for wild type and mutant Sec9c, L626P and L646P. 1 

μM Sec9c and its mutants were used. Error bars denote the standard deviation of three 

independent experiments. 30 min incubation at 37 oC was applied for all experiments in A 

and C.  
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Figure 4.11. Neuronal SNARE-mediated membrane fusion. V-SNARE vesicles 

(Cy3/Cy5 dual-labeled DNA probes) reconstituted with VAMP2 proteins are 

immobilized on the surface. T-SNARE vesicles (poly-A DNAs) reconstituted with 

SNAP-25 and Syntaxin1A proteins were flown into the channel, followed by an 

incubation at 37 oC. E distributions for v-vesicles only and after incubating with t-

vesicles for 30 minutes and 60 minutes are shown. 
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Figure 4.12. Synaptotagmin expands fusion pore by helping SNARE complex formation. 

A, E distributions of v-vesicles with synaptotagmin before the reaction, after incubating 

with t-vesicles, and after incubating with t-vesicles plus 10 μM Ca2+. B, E distributions of 
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v-vesicles incubating with t-vesicles plus 10 μM Ca2+, and v-vesicles with synaptotagmin 

incubating with t-vesicles, 10 μM Ca2+, and soluble VAMP2. 
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Figure 4.13. The E distributions with corresponding stoichiometry of v-vesicles with Syt 

before the reaction (A) and after incubating with t-vesicles plus 10 μM Ca2+ (B). The 

FRET stoichiometry value around 0.5 corresponds to 1:1 donor (Cy3) and acceptor (Cy5) 

ratio. The low FRET peak in (b) with ~0.5 FRET stoichiometry value confirms the 

conformational change of Cy3/Cy5 probes caused by DNA hybridization.   
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Figure 4.14. 633 nm laser excited images of acceptor channels for vesicle encapsulated 

(A) and surface immobilized (B) DNA probes before and after a DNase treatment. 

Comparing to (B), the number of florescent spots in (A) did not change significantly, 

which confirms that the DNA hybridization is inside vesicles. 
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Figure 4.15. EPR spectra analysis of C2AB (I367C) with membrane (A), and membrane-

associated SNARE complexes in the presence (C) or absence (B) of 1 mM calcium ions. 

Black arrows indicate the major change of spectrum due to the protein-protein interaction. 
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CHAPTER 5 

OUTLOOK 

 

In order to overcome limitations of conventional methods, we have developed new 

techniques based on the single molecular approach using liposomes, which are artificial 

vesicles reconstituted with SNARE proteins.  

Through our single-vesicle lipid mixing assay, we discovered the vesicle 

aggregation induced by C2AB/Ca2+, the dual function of complexin, and the role of 

Munc18/SNARE-core binding mode. By using our single-vesicle content mixing assay, 

we found the fusion pore expansion role of yeast SNAREs and neuronal SNAREs plus 

synaptotagmin 1.  

Our data are very encouraging and it is very likely that these studies will provide a 

better understanding of the SNARE-mediated membrane fusion process. New 

configurations based on the initial studies will be designed. Ultimately, we hope that our 

studies will shed light on the molecular mechanism of SNARE-mediated membrane 

fusion.  

 

5.1 Remaining issues 

Studying membrane fusion based on protein-reconstituted liposomes has achieved 

tremendous success. However, due to conflicting results [124], several issues regarding 

this technique have been raised, such as lipid composition, protein association rate, and 

protein orientation [125,126]. In order to overcome those issues, new approaches are 

demanded.  
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5.2 Future work 

For single-vesicle lipid and content mixing assays described above, we are actually 

working on an assumption that all proteins are at the right position for inducing 

membrane fusion. Since all proteins are unlabeled, we are not able to tell the real story on 

the protein side, which is also an important part for the study of SNARE-mediated 

membrane fusion. Thus, in the future, I will continue working on a protein-fusion method 

to monitor protein-protein interactions and the content mixing simultaneously, which will 

give the ultimate power to study the detailed mechanism of the whole neurotransmitter 

release process.  

Dye labeled proteins and molecular beacons will be used to probe protein-protein 

interactions and indicate fusion evens, respectively. The size of our liposomes is about 50 

~ 100 nm in diameter, which is smaller than the half wavelength of emission light (500 ~ 

700 nm). According to the Abbe’s rule of diffraction limit, direct optical observation is 

not able to separate signals from multiple sources within that range. In order to see 

multiple proteins on one liposome, a super resolution imaging technique, stochastic 

optical reconstruction microscopy (STORM), is required. The STORM, a single photo-

switchable molecule is turned on and off, repeatedly, to measure its position accurately 

with ~20 nm resolution by determining the center position of the point-spread function 

from reconstructed images (Figure 5.1) [127,128]. Red and green lasers are usually used 

alternatively for turning dye molecules on and off to avoid overlapping of different 

fluorophores, which results a high accuracy of imaging. This technique will be adopted 

for our study with a modification on triggering fluorophores on and off. With a red laser 
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excitation in BME buffer, Cy5.5 dye undergoes a spontaneous on and off process like 

blinking [128]. Thus, by using a STORM image reconstruction program on images 

obtained from Cy5.5 labeled proteins with a red laser excitation, we should be able to 

locate the protein position at the sub-hundred-nanometer level. 

Since STORM requires single dye illumination on one liposome for each frame, 

multi-dye labeled lipid mixing is not suitable for indicating fusion evens. The content 

mixing based on molecular beacons will be used for showing fusion events through the 

donor detection channel, while the acceptor detection channel is looking at Cy5.5 labeled 

proteins. As shown in Figure 5.2, through an image reconstruction program, we can fit 

the Cy5.5 labeled protein within ~100 nm range, which is the size of liposomes used in 

our study. Right images are reconstructed point-spread functions of three small dots (red) 

in left image that is one imaging spot with a red laser illumination. 

The STORM technique, together with a three-color TIR setup, would be an ultimate 

tool to study protein-protein interactions during the SNARE-mediated membrane fusion 

process. 
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Chapter 5 Figures:  

 

 

Figure 5.1. Stochastic optical reconstruction microscopy (STORM) with photo-

switchable fluorophores. 
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Figure 5.2. STORM testing on yeast SNARE-mediated fusion by using Cy5.5 labeled 

Sec9c proteins. 
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