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Neurotransmitter release is a central event in interneuronal communication. The release 

machinery includes three SNAREs (soluble N-ethylmaleimide sensitive factor adaptor 

protein receptor) and Munc18-1 as core components. Munc13, synaptotagmin and complexin 

underlie the exquisitely tight regulation of synaptic exocytosis. The SNAREs form the 

SNARE complex that brings synaptic vesicles and plasma membrane together. This complex 

is disassembled by NSF/α-SNAP (soluble N-ethylmaleimide sensitive fusion protein/NSF 

attachment protein). Munc18 binds to syntaxin, which keeps syntaxin in its closed 

confirmation and prevents to form the SNARE complex. Interactions between Munc13, 

Munc18, and syntaxin perform a vital role in regulation of the SNARE complex formation. 



 

Tight regulation of the release machinery requires other factors such as Ca
2+

 sensor 

Synaptotagmin-1 and negatively charged lipids. Synaptotagmin interacts with the SNARE 

complex and the negatively charged lipids, and initiates the synchronous fast release by 

sensing the Ca
2+

 influx.  

It is crucial to investigate functions of individual proteins to understand the mechanism of 

membrane fusion and neurotransmitter release. Therefore, we investigated the mechanism of 

membrane bridging by synaptotagmin.  Our cryo-electron microscopy (cryo-EM) images 

showed that a majority of synaptotagmin fragment containing both C2A and C2B domains 

(C2AB) molecules bridge membranes directly. Fluorescence spectroscopy demonstrates that 

the bottom of the C2B domain contacts the membrane in a substantial population of 

membrane-bound synaptotagmin fragments. NMR analysis of C2AB-nanodiscs shows that a 

fraction of C2AB molecules binds to membranes with antiparallel orientations of the 

C2 domains. Together with previous studies, these results show that direct bridging 

constitutes the prevalent mechanism of membrane bridging by synaptotagmin, suggesting 

that this mechanism underlies the function of synaptotagmin-1 in neurotransmitter release. 

We have also discovered that Munc13-1 can bridge membranes in a Ca
2+

-independent 

manner, which shed light to the docking activity of Munc13-1. We also showed that 

Munc13-1 can cause efficient lipid mixing and slow content mixing together with Munc18-1 

in the absence of synaptotagmin-1. Addition of synaptotagmin facilitates the fusion pore 

formation in content mixing assays. Recently, we were able to reconstitute key components 

of the release machinery. We are further investigating our observations with cryo-electron 

microscopy to understand the mechanism of membrane fusion.   
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CHAPTER 1 

1 GENERAL INTRODUCTION 

 

1.1 Membrane Fusion 

Many vital processes in life require a fundamental membrane fusion step. Some examples of 

the very diverse processes where fusion of two membranes plays a vital role are the 

fertilization of an egg by a sperm, neuronal communication, protein or hormone secretion to 

the extracellular space, virus entry to host cell, protein trafficking, autophagy, and 

development [1-10]. These diverse reactions take place on various different time scales, 

involve different sizes of membranes, and are controlled by different protein and lipid 

molecules [11]. Despite the diversity in the membrane fusion processes, some of the basic 

underlying mechanistic properties are widely conserved. Contact of two membranes, merging 

of the membranes, and formation of a fusion pore are the fundamental steps that are shared 

by various membrane fusion processes. 

Protein free membranes that contain physiological lipid compositions are very stable and do 

not fuse with each other even at long time scales [11]. However, small molecules such as 

polyethylene glycol and certain lipids such as the cone shaped phosphatidylethanolamine can 

promote fusion of membranes [12]. Early characterization of the protein free membrane 

fusion events revealed two fundamental fusion intermediates, hemifusion and fusion pore 

formation (Figure 1.1) [13, 14]. Merging of only the outer leaflets of two bilayers leads to a 
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hemifusion structure and inner leaflets continue to stay intact. This state represents the lipid 

mixing between two merging membranes without any content mixing. This state can be 

followed by merging of inner leaflets and the formation of a fusion pore that leads to 

complete fusion of two apposing membranes [14, 15].  

Membrane fusion in the cell is carried out with the help of various proteins in a multi-step 

process. The first step is bringing two membranes close to each other within a few 

nanometers. Second, membranes are brought into a very close contact state where the 

apposing membranes are partially dehydrated and electrostatic repulsion of counter 

membranes is overcome. The third step is the destabilization and re-localization of the lipid 

molecules in the contact points of apposing membranes to merge the outer leaflets of the 

bilayers. This step leads to non-bilayer intermediates such as the hemifusion diaphragm. The 

lipid components of the two separate bilayers can mix at this step. Further rearrangement of 

the lipid molecules in the non-bilayer interfaces merges inner leaflets and results in fusion 

pore formation. Efficient content mixing can occur only after fusion pore formation and 

growth of the fusion pore. All transitions and rearrangements (membrane clustering, 

dehydration and destabilization of membranes, etc.) during membrane fusion require energy, 

which is provided by proteins and facilitated by various lipid molecules. Different models 

have been postulated about the mechanism of membrane fusion, sharing most of the 

intermediate states explained above and varying generally in the intermediate steps. 

According to the commonly accepted stalk model of membrane fusion, a non-bilayer 

intermediate state involves highly curved membrane contact where the outer leaflet is fused 

and inner leaflet is not fused (Figure 1.1) [11, 16-18]. 
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Figure 1.1: The stalk model of fusion of two lipid bilayers. 

(a) (i) Initial membrane approach before fusion. (ii) Some of the lipid molecules protrude to 

minimize the initial contact surface and decreases the energy required for dehydration of the 

outer leaflets. (iii) A hemifusion stalk intermediate forms where the outer leaflets are fused 

and inner leaflets remains unfused (iv) Expansion of stalk intermediate leads to hemifusion 

diaphragm. (v)  Fusion pore formation occurs either through hemifusion diaphragm or 

directly from hemifusion stalk intermediate.  

(b) Different lipid molecules promote distinct membrane curvatures. Diacylglycerol (DAG)    

and phosphatidylethanolamine (PE) are cone-shaped lipids due to their small head-head 

groups and promotes monolayers to bend towards the head-groups. Lysophosphatidylcholine 

(LPC) is an inverted cone-shaped lipid and promotes monolayers to bend towards acyl 

chains. Phosphatidylcholine (PC) is cylindrical and promotes monolayers to be flat. 
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1.2 SNARE Proteins 

Neurotransmitter release and most types of intracellular membrane fusion are facilitated by 

highly conserved SNARE proteins. The SNARE proteins that are responsible for 

neurotransmitter release are syntaxin-1, SNAP25, and synaptobrevin (also called VAMP). 

Different isoforms and homologs of these proteins govern almost all the intracellular 

membrane fusion machineries. SNARE proteins were first discovered as substrates for 

clostridial neurotoxins [19-22]. SNARE proteins consist of characteristic SNARE motif(s) 

composed of 60-70 residues. SNARE motifs are intrinsically disordered polypeptides that 

have the tendency to form coiled-coil structures with other SNARE motifs. Many SNARE 

proteins contain only one SNARE motif, as that seen in synaptobrevin and syntaxin, on the 

other hand SNAP25 and some of its homologs contain two SNARE motifs. Synaptobrevin is 

bound to a synaptic vesicle by its C-terminal transmembrane region. Syntaxin also contains a 

C-terminal transmembrane region and is located at the plasma membrane. SNAP-25 does not 

have any transmembrane region but it is anchored to the plasma membrane through its 

palmitoylated cysteine residues located at the region that links the two SNARE motifs of 

SNAP25 (Figure 1.2). These four SNARE motifs from three different SNARE proteins and 2 

separate membranes form a very stable 4 parallel α-helical coiled coil structure called the 

SNARE complex, which brings the plasma membrane and synaptic vesicles into close 

proximity [23-26] (Figure 1.2 B and Figure 3).  
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Figure 1.2: Architecture of the SNAREs, Munc18-1, and their complexes. 

(a) Domain architectures of Munc18-1, and the neuronal SNAREs; synaptobrevin, syntaxin-

1, and SNAP-25. SNARE motifs are marked as SNARE and N-pep represents the N-peptide 

of syntaxin-1. CCCC represents the cysteine-rich motif of SNAP-25 that is palmitoylated and 

anchored to the plasma membrane. The numbers on the bar that represents Munc18-1 show 

three distinct domains. Domain-2 is separated in the protein sequence. The numbers above 

the bars shows the length of the protein sequences.  

(b) Ribbon diagrams of the structures of the four-helix bundle of the SNARE complex [27], 

Habc domain of syntaxin-1 [28] and Munc18-1 from the Munc18-1/syntaxin-1 structure [29]. 

Two dashed orange lines represent the N-peptide and the linker between the Habc domain 

and the SNARE motif of syntaxin-1. C-terminus of the four-SNARE motifs in the SNARE 

complex is labeled with the letter “C”. D1–D3 indicates the three domains of Munc18-1. The 

interactions of Munc18-1 with the SNARE complex, N-peptide and Habc domain of 

syntaxin-1 are illustrated with black arrows.  

(c) Ribbon diagram of the Munc18-1/syntaxin-1 complex [29]. N-terminus of syntaxin-1 is 

labeled with the letter “N”. N-peptide of the syntaxin-1 interacts with Munc18-1 and forms a 

short helix in this structure. The linker between Habc domain and the N peptide is shown as 

the dashed orange line. 
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Figure 1.3: Models of SNARE function. 

Models demonstrating how the plasma membrane and a synaptic vesicle are brought to close 

proximity with the formation of the four-helix bundle from SNARE motifs. Synaptobrevin is 

shown in red, SNAP-25 in green and syntaxin-1 in yellow. Formation of the SNARE 

complex could lead to membrane fusion (left panel) or helix formation may not be 

continuous due to flexibility of the linker between the trans-membrane regions and the 

SNARE motifs of synaptobrevin and syntaxin-1, in which the SNARE complex formation 

cannot lead to membrane fusion (right panel). Habc domain of the syntaxin-1 is not 

represented in this figure for simplicity. 
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The coiled coil structure of the SNARE complex is governed by multiple hydrophobic 

interactions of the side chains and a polar layer located in the middle of each SNARE motif. 

This polar layer is composed of three glutamine residues, two of which are provided by 

SNAP-25 and another by syntaxin-1, and an arginine residue provided by synaptobrevin [30]. 

Sequence analysis revealed that the polar layer is a conserved property throughout the 

SNARE protein family and SNARE proteins can be classified into Qa, Qb, Qc and R-

SNAREs according to the central polar layer residue and the localization of Q-SNAREs in 

the SNARE complex (e.g., [30, 31]). Another commonly used classification of the SNAREs 

depends on the localization of the SNAREs on membranes. Vesicle associated SNAREs are 

called v-SNAREs (as for synaptobrevin) and target membrane associated SNAREs are called 

t-SNAREs (as for syntaxin-1 and SNAP-25). This classification does not involve any 

structural similarity among t-SNAREs or v-SNAREs [32].  

The observation of the parallel interaction of synaptobrevin and syntaxin-1 in the SNARE 

complex and the fact that the SNARE motifs of synaptobrevin and syntaxin-1 are close to 

their transmembrane regions suggested that SNARE complex formation brings synaptic 

vesicles and plasma membrane into close proximity, which may also fuel the energy required 

for fusion of those membranes [23] (Figure 1.1 and 1.3). Initial studies with in vitro liposome 

reconstitution studies using the neuronal SNARE proteins claimed that SNARE proteins are 

sufficient to cause membrane fusion between liposomes (Figure 1.3) [33]. However, the 

relevance of these results and the question of whether the energy released during the SNARE 

complex formation can be transferred directly to actual fusion of the membranes have been 

highly debated [34]. Nevertheless, it has been undoubtedly accepted that SNARE proteins 
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have a vital role in synaptic vesicle exocytosis and intracellular membrane fusion in general 

[35-37] and in vitro reconstitution assays became a valuable tool to understand the function 

of many proteins involved in intracellular membrane fusion machineries. The SNARE 

complex is a very stable coiled coil structure and, therefore, disassembly of the SNARE 

complex and recycling of SNAREs for another round of membrane fusion requires NSF, α-

SNAP, and ATP [38, 39]. Some SNARE proteins contain sequences other than SNARE 

motif and transmembrane region, which regulate the formation of the SNARE complex. The 

Habc domain located at the N-terminus of syntaxin-1 is a three helix bundle that is 

autonomously folded and interacts with the SNARE motif of the syntaxin-1 to keep 

synxtaxin-1 in the so called closed conformation state. The closed conformation of syntaxin-

1 prevents syntaxin-1 from interacting with other SNAREs, and thus inhibits formation of the 

SNARE complex [40-42] (Figure 1.2 A and C). The closed conformation of syntaxin-1 plays 

an important role in synaptic vesicle exocytosis, which will be discussed in following 

sections. The closed conformation of syntaxin-1 is not conserved through all syntaxin-1 

family members; however, the Habc domain is conserved through entire syntaxin family [43-

47].  Other regulatory domains are adopted by some SNAREs from other SNARE families 

and some of these domains may also participate in inhibition of SNARE complex formation, 

but not all [48-51]. Additionally, a small region called N-peptide located in the very N- 

terminus of most of the proteins in the syntaxin family is also responsible for another layer of 

regulation on membrane fusion [43, 44, 47, 52-57]. All of these observations reveal that 

SNAREs possess very critical functions within membrane fusion machineries. Some of the 
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features of SNARE proteins are well conserved in most of these machineries and others are 

tailored to meet the specialized functions of the particular fusion machineries.  

 

1.2.1 SNAREs, NSF and α-SNAP 

SNAREs are very promiscuous proteins and many SNAREs are interchangeable during the 

SNARE complex formation. This notion becomes a problem for membrane trafficking 

specificity since the SNAREs are conserved in many intracellular membrane fusion 

machineries [58]. Therefore, the specificity of membrane fusion is provided mostly by other 

proteins, including tethering factors, Rab GTPases and partly by the SNARE proteins [59-

61]. The promiscuity of the syntaxin-1 and SNAP-25 SNARE motifs results in formation of 

various alternative helical complexes in addition to the SNARE complex and those 

complexes are hypothesized to compete with the actual SNARE complex formation [62-64] 

(Figure 1.4). These alternative coiled-coil complexes are non-productive for neurotransmitter 

release and are also observed in yeast vacuolar fusion [65]. These nonproductive complexes 

in yeast vacuoles are disassembled by homologs of NSF and α-SNAP, which then allows 

fusion to proceed in a proper way [65]. Additionally, NSF and α-SNAP were shown to 

disassemble similar complexes in an in vitro reconstitution assay where neuronal SNAREs, 

Munc18-1, Synaptotagmin-1, and Munc13-1 altogether can precede membrane fusion in the 

presence of NSF and α-SNAP [66] (Figure 1.4). In synapses, reformation of these 

nonproductive complexes is prevented by the closed conformation state of syntaxin-1 and its 

interaction with Munc18-1 together with disassembly of various SNARE complexes by NSF 

and α-SNAP [66]. 
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1.2.2 Energy of Fusion and SNAREs   

A considerable amount of energy is required to carry out each intermediate step of membrane 

fusion [37, 67]. Certain lipid molecules dictate a higher requirement of energy by providing 

different curvature to lipid bilayer during the intermediate fusion steps [68].  Theoretical 

calculations estimate that the overall free energy for complete fusion is between 50-100 kBT 

[69]. Experimental studies showed that a single SNARE complex formation can provide 23-

35 kBT [70, 71] or 65 kBT [72] free energy. If all the energy yielded by the formation of a 

SNARE complex can be transferred to membrane fusion, one to three SNARE complexes 

should be sufficient to cause membrane fusion according to theoretical calculations and the 

experimental data. Indeed, a recent study reported that two SNARE complexes can provide 

sufficient energy for synchronous release in synapses and three in chromaffin cells [73, 74]. 

The correlation of in vivo results with the theoretical energy calculations should be carefully 

interpreted, since the energy released from SNARE complex formation may not be directly 

transferred to fusion of membranes.  
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Figure 1.4: Model of synaptic vesicle fusion machinery. 

A closed conformation of syntaxin-1/Munc18-1 complex and open conformation of syntaxin-

1/SNAP-25 heterodimers are shown in the top right panel. Syntaxin-1/SNAP-25 

heterodimers are shown to be disassembled by NSF and α-SNAP, and Munc18-1 keeps 

syntaxin-1 in its closed conformation (top left panel). Munc13-1 triggers the opening of the 

syntaxin-1 closed confirmation. Munc13-1 together with Munc18-1 helps SNAREs to form 

the trans-SNARE complex, which is bound to Munc18-1 and Munc13-1. NSF and α-SNAP 

cannot disassemble the trans-SNARE complex at this state (bottom left panel). 

Synaptotagmin-1 together with Ca
2+

 leads to fast synaptic vesicle fusion (bottom right panel). 



13 

 

The arrangement of the proteins is not well characterized, and synaptotagmin-1 may be 

involved in the earlier steps of the process.   

One of the early models of membrane fusion claiming that SNAREs are sufficient to cause 

membrane fusion depends on the formation of continuous helices between SNARE motifs 

and the transmembrane regions of both syntaxin-1 and synaptobrevin [75, 76]. In this model, 

zippering from the N-terminus to the C-terminus of the SNARE motifs extends to the 

transmembrane regions of both syntaxin-1 and synaptobrevin such that the energy released 

during the SNARE complex formation can be transferred to induce membrane fusion. A 

recent crystal structure of the neuronal SNARE complex revealed that the helical structure of 

the SNARE motifs can indeed extend to the transmembrane regions of both syntaxin-1 and 

synaptobrevin [77] (Figure 1.5). However, another study reported flexibility between 

SNARE motifs and transmembrane regions of syntaxin-1 and synaptobrevin [78].  Energy 

transfer from the SNARE complex formation to induce membrane fusion can be abolished 

due to this flexibility [37]. Therefore the free energy of SNARE complex formation 

measured in previous studies may be utilized only to bring membranes close to each other 

without inducing fusion [70]. The remaining energy released upon the formation of a helix 

for the linker region was shown to be 8 kBT by a recent study [72], which is alone not 

sufficient to fuse membranes. The crystal structure of the SNARE complex mentioned above 

may represent the structure of the SNARE complex after fusion of membranes the linker 

between the SNARE motifs and the transmembrane regions of SNAREs is flexible. The 

remaining energy released upon the formation of a helix for the transmembrane regions of 

the SNAREs has not been exclusively studied. 
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Figure 1.5: Model of the neuronal SNARE complex inserted in a bilayer. 

Aromatic residues are shown as black stick model within the linker region, which is shown as 

grey ribbon diagram. SNAP-25 is shown in green, the syntaxin-1 SNARE motif in red, the 

synaptobrevin SNARE motif in blue and trans-membrane regions of syntaxin-1 and 

synaptobrevin are shown in yellow. Head groups of POPEs shown as balls and their carbon 

chains as sticks. The relative position of the SNARE complex within the POPE bilayer was 

estimated by molecular dynamic simulations. (POPE is a cone shaped lipid and promotes 

membrane bending as shown in Figure 1.1, usage of POPE alone might give rise to non-

physiological features on lipid bilayers that are simulated in this study). 

SNAP-25 

Synaptobrevin 

Syntaxin 
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1.3 SM Proteins 

All intracellular membrane fusion processes governed by the SNARE proteins also involve 

SM proteins. Lack of SM proteins was reported to abrogate membrane fusion [79-81]. For 

example, knocking out the SM protein, Munc18-1, from mice abolishes synaptic vesicle 

exocytosis in neurons [82]. Despite the fact that SM proteins play a very important role in 

membrane fusion, their fundamental functions have not been well understood in membrane 

fusion. There are at least two reasons behind this important functional enigma of SM 

proteins. First, lipid mixing was observed between SNARE reconstituted liposomes in the 

absence of SM proteins [33]; however the functional relevance of this observation has been 

debated over a decade and this observation strongly depends on the conditions of the in vitro 

reconstitution assays. It is important to show that the observed lipid mixing meets the actual 

physiological requirements of membrane fusion to reliably draw any functional conclusions 

from these assays. More importantly, the multiple binding modes of SM proteins and 

SNAREs/SNARE complexes most likely play multiple roles on membrane fusion. Therefore, 

it was difficult to reconcile Munc18-1 with a simple model [41]. Recently, Munc18-1 was 

shown to keep syntaxin-1 in its closed conformation and orchestrate trans-SNARE complex 

formation, which is the primed state and the substrate for synaptotagmin-1 to trigger release 

upon Ca
2+

 influx (Figure 1.4) [66]. This important study provided key evidence to explain 

functional importance of Munc18-1 in neurotransmitter release. However, it is still unclear 

whether SM proteins are directly involved in the fusion of membranes like SNAREs or they 

are just regulators of trans-SNARE complex formation. 
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Munc18-1 was first characterized as a tight interacting partner of syntaxin-1 [83]. Munc18-1 

was the first SM protein found to be involved in membrane fusion through this interaction. 

Characterization of this interaction revealed that Munc18-1 forms an arch shaped structure by 

three distinct domains and a central cavity in the middle of those domains (Figure 1.2 C) 

[42]. Syntaxin-1 binds to this central cavity in its closed conformation, which seemed 

incompatible with or inhibitory to SNARE complex formation. Another study showed that 

the yeast SM protein, Sec1p does not interact with Sso1p, a member of the syntaxin family; 

however, Sec1p was reported to interact with the cognate SNARE complex which is 

responsible for exocytosis in yeast [84]. In other studies, SM proteins in other intracellular 

membrane fusion machineries have been shown to interact with their cognate syntaxin 

through the N-terminal peptide of the cognate syntaxins and these interactions do not involve 

the closed conformation of the syntaxins or any other domain like Habc [43, 47, 52]. 

Additional studies in these intracellular membrane fusion machineries also reported 

interaction between SM protein and their cognate SNARE complexes [56, 85-87]. Later, SM 

protein Munc18-1 was also shown to bind neuronal SNARE complex in addition to syntaxin-

1 alone and this binding involves the interaction of N-terminal peptide of syntaxin-1 with 

Munc18-1 [53, 55, 57]. These studies revealed multiple modes of interaction between 

SNAREs and SM proteins. Most importantly, the interaction of SM proteins with their 

cognate SNARE complexes seems to be adopted in most of the intracellular membrane 

fusion machineries and some of these machineries seem to have evolved to involve 

interaction of SM proteins with closed conformation of syntaxins to be able to specifically 

regulate the respective fusion machineries.  
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1.4 Munc13s 

Munc13 proteins are large proteins containing multiple domains that are responsible for 

vesicle priming and presynaptic plasticity through protein and lipid interactions [88-91]. 

Munc13s were first characterized by their abundance at active zones and homology to Unc13 

from C. elegans [92]. Absence of Munc13s was shown to abolish neurotransmitter release; 

therefore they are vital for synaptic vesicle exocytosis, which has been associated with their 

vesicle priming activity [88-91]. Additionally, various studies reported another function 

called synaptic vesicle docking (upstream of the priming step) for Munc13s with slightly 

different conclusions [11, 89, 93-95].  

Multidomain Munc13s contain a phorbol-ester binding C1 domain, a MUN domain, three C2 

domains (C2A, C2B and C2C) dispersed throughout the protein, among which C2B binds to 

Ca
2+

 ions [96-98], and a central calmodulin binding region [99]. Munc13-1 is involved in 

neurotransmitter release and its domain architecture is depicted in Figure 1.6. C2 domains in 

general are known to interact with other proteins. Additionally, the C2B domain is 

responsible for the Ca
2+

 dependent phospholipid (mainly PIP2) binding of activity of 

Munc13-1 [96-98]. The C2 domains and other motifs of Munc13-1 are responsible for 

various ways of regulation of synaptic vesicle exocytosis and presynaptic plasticity through 

lipid-Munc13 interactions, protein-Munc13 interactions by controlling the activity of MUN 

domain of Munc13, which plays an important role in vesicle priming and the membrane 

fusion [100-102].  

In addition to the dramatic effect of Unc13 knockout in C. elegans exocytosis, double 

knockout of Munc13-1 and Munc13-2 in mice or homologs in Drosophila melanogaster 
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abolished neurotransmitter release (both spontaneous and evoke release) [103]. Expression of 

the MUN domain in these double knockout mice is sufficient to rescue most of the 

neurotransmitter release, which shows that the MUN domain is the main functional unit of 

Munc13 proteins [104]. Additionally, the constitutively open syntaxin-1 LE mutation is 

sufficient to partially rescue the release in C. elegans [105], suggesting an important role for 

Munc13 in the conformational transition of syntaxin-1 (from closed conformation to open 

conformation). However, this mutant is not sufficient to rescue release in mice [106]. 

Therefore Munc13-1 may have another important role in neurotransmitter release beyond 

regulating the conformational transition of syntaxin-1. 

Several studies reported different modes of interaction between the MUN domain of 

Munc13-1 and syntaxin-1 or different fragments of neuronal SNARE complexes, which is 

tabulated here.  These data provide valuable information towards understanding the function 

of Munc13 in neurotransmitter release.  
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Figure 1.6: Structure and function of Munc13s. 

(a) Domain architecture of Munc13-1. The letters A through D indicate four subdomains of 

the MUN domain. The numbers above the bar indicates the residue numbers. The MUN 

domain priming activity was hypothesized to be regulated by other domains of Munc13-1 

during presynaptic plasticity which is depicted by black curved arrows. Calmodulin-binding 

sequence is denoted as CaMb.  

(b) Model of transition from the closed conformation syntaxin-1/Munc18-1 complex to the 

Munc18-1/SNARE-complex assembly by the MUN domain of Munc13-1 [66]. The syntaxin-

1 SNARE motif is extracted from the syntaxin-1/Munc18-1 complex by the MUN domain 

due to higher affinity of the MUN domain for the SNARE motif in the open conformation. 

Weak interaction between the MUN domain and Munc18-1 may play a role to stabilize the 

transient complex shown in the middle panel. This transient complex provides a template for 

trans-SNARE complex formation and Munc18-1 may translocate from the Habc domain of 

syntaxin-1 to four-helix bundle (right panel). 

(c) Ribbon diagram of the crystal structure of the C-terminal half of the Munc13-1 MUN 

domain (MUNCD) [107] (left panel). The similarity between the structures of MUNCD 

(pink) and the exocyst subunit Sec6p (light gray) [108] is shown by superposition of their 

crystal structures (right panel).  

(d) Crystal structures of the calmodulin binding module (CaMb), C1 [109] and C2B [110] 

domains are shown in the top panel.  Calmodulin is shown in dark grey and CaMb in red at 

left panel [111]. Purple and yellow spheres shows Ca
2+

 and Zn
2+

 ions respectively. The 

tryptophan residue that occludes the ligand-binding site is shown as orange stick model in C1 
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domain. The unique  α-helix that is responsible for the phosphatidylinositide phosphate–

binding for C2B domain is shown in yellow.  

(e) Structures of homodimer of Munc13-1 C2A domain and heterodimer of Munc13-1 

C2Adomain/ Rab3-interacting molecule (RIM) zinc finger (ZF) domain are shown as ribbon 

diagrams [112]. C2A domain is shown in orange and ZF domain in dark blue. 

(f) Activation switch of the Munc13-1 C2A domain / RIM ZF-domain heterodimer. 
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Munc13-1 MUN domain - neuronal SNARE complex ~30 μM 

Munc13-1 MUN domain - Munc18-1 ~150 μM 

Munc13-1 MUN domain - syntaxin-1 SNARE motif ~45 μM 

Munc13-1 MUN domain - syntaxin-1 (closed conformation) ~200 μM 

Munc13-1 MUN domain - syntaxin-1 (N-terminal region) no detectable binding 

 

Table 1.1: Affinities of Munc13-1 interactions 

 

Interestingly, the MUN domain mostly governs weak interactions between Munc13 and 

syntaxin-1 or the SNARE complex. However, the MUN domain was shown to form tighter 

interaction with membrane anchored SNARE complex and also syntaxin-1/SNAP25 complex 

as opposed to soluble ones [113, 114]. Additionally, weak interactions of the MUN domain 

with the SNARE complex and Munc18-1 cooperate to form a more stable complex to carry 

out its function [115]. It is important to note that the MUN domain integrates weak protein 

interactions and its membrane interaction to carry out its function. These studies provide a 

basis for a model of MUN domain function in which the MUN domain in collaboration with 

Munc18 and membranes facilitates transition of the syntaxin-1 SNARE motif from the closed 

conformation to the open conformation so that it can form the SNARE complex with other 

SNAREs (Figure 1.2 and 1.4). In support of this model, the MUN domain was recently 

shown to accelerate the transition from the closed conformation of the syntaxin-1/Munc18-1 
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complex to the formation of the Munc18-1/SNARE complex using FRET and NMR 

experiments [116]. 

 

1.5 Synaptotagmins 

When an axon fires, the action potential migrates towards the active zone of a nerve terminal 

leading to opening of Ca
2+

 channels that initiate synaptic vesicle exocytosis. Therefore, this 

membrane fusion process leading to neurotransmitter release critically depends on Ca
2+

. The 

coupling of action potentials and Ca
2+

 influx to synaptic vesicle exocytosis was shown by 

electrophysiological studies [117]. Ca
2+

 triggered fusion occurs on the millisecond time scale 

which is comparable to the timescales of Ca
2+

 channel gating. This type of release is called 

evoked neurotransmitter release or synchronous neurotransmitter release. There are two 

additional types of Ca
2+

 dependent release called asynchronous release and spontaneous 

release [118, 119]. Spontaneous release is claimed to be triggered by fluctuations of Ca
2+

. 

The physiological relevance of the spontaneous release has been debated over the years; 

however, it has been observed in many types of neurons, for example in individual excitatory 

synapses (one release per 2-3 hours) and inhibitory synapses (one release per 3 minutes) of 

the hippocampal CA1 region [120]. Both synchronous and asynchronous release are induced 

by action potentials; however, asynchronous release is the slower form of vesicle exocytosis 

and only manifests itself in most neurons after deletion of synaptotagmin-1 [121-124] Initial 

binding studies conducted using antibodies described synaptotagmin-1 as a protein associated 

with synaptic vesicles [125].  
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1.5.1 Architecture 

Synaptotagmins belong to the  type-1 membrane protein family and are primarily 

characterized by an N-terminal transmembrane region, followed by a central linker of 

variable length and two C-terminal C2 domains called C2A and C2B [126] (Figure 1.7). There 

are at least 15 isoforms of synaptotagmin-1 encoded by the mammalian genome [126-128] 

(Figure 1.8).  

C2 domains are evolutionarily conserved and abundant 130-140 residue protein sequences 

found in all organisms except plants and unicellular eukaryotes and adopt a conserved 8 

stranded β-sandwich structure (Figure 1.7 and 1.8). The C2 domains of eight of the 

synaptotagmins (synaptotagmin-1, 2, 3, 5, 6, 7, 9 and 10) bind to several Ca
2+

 ions [118, 126, 

132, 133]. Previous NMR studies in our lab have revealed that five conserved aspartate 

residues located on the top loops of both C2A and C2B domains are exclusively responsible 

for the Ca
2+

 binding activity of synaptotagmin-1 (Figure 1.7). All of the well characterized 

synaptotagmins that bind to Ca
2+

 possess a Ca
2+

 binding site of similar architecture. 

These conserved aspartate residues are absent in other synaptotagmin isoforms that do not 

bind Ca
2+

, including both the  C2 domains of synaptotagmin-8, 12, 13, 14 ,15 and the  C2A 

domain of synaptotagmin-4 and 11 [126, 132, 133] (Figure 1.9). The C2B domains of 

synaptotagmin-4 and 11 possess conserved aspartate residues but fail to form coordination 

sites for Ca
2+

 binding [134, 135] (Figure 1.8). These eight synaptotagmins bind to Ca
2+

 ions 

with widely varying affinities due to the variation in their Ca
2+

 coordination sites. Therefore, 

these synaptotagmins act as  a set of proteins that can function at a wide range of Ca
2+
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concentrations to meet the requirements of various Ca
2+

-dependent membrane trafficking and 

signal transduction processes in a cell [126, 136-141].  



26 

 

 

 

 

Figure 1.7: Syntaptotagmin-1 and its coupling to SNAREs and membranes. 

(a) Domain architecture of synaptotagmin-1. Trans-membrane region is labeled as TM and 

the polypeptide length is denoted above the bar.  

(b) Model of the quaternary complex the SNARE complex, synaptotagmin-1, Ca
2+

 and 

phospholipid (SSCAP). This model is built from the individual structures of the SNARE 

complex [27], synaptotagmin-1 C2 domains [129, 130] and mutagenesis studies on SSCAP 

complex [131]. Ca
2+

 ions are shown as orange spheres; the linker between the syntaxin-1 

SNARE motif (yellow) and transmembrane region shown as a dashed black curve. 

Synaptotagmin-1 Ca
2+

-binding loops may bind to either the plasma membrane or synaptic 

vesicle membrane.  

(c) Ribbon diagram of synaptotagmin-1 structure without Ca
2+

. Both C2 domains contain 

eight β-strands and C2B domain contains additional α-helices.  
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(d) Model of interplay between the synaptotagmin-1 C2B domain and the SNARE complex 

for inducing membrane fusion upon Ca
2+

 influx where C2B domain binds both membranes 

and the SNARE complex. Two Ca
2+

 ions are shown as an orange circle. The electrostatic 

potential of the surface of the C2B domain and the SNARE complex is denoted with the + 

and – signs. The positively charged surface of the C2B domain may help to bend the 

membranes. Binding mode of the C2B domain to the SNARE complex may be different and 

C2A domain is not shown in this figure for simplicity but it may play an important role in this 

process.  

(e) The Ca2+ binding loops of the C2 domains of synaptotagmin-1 may help to cause positive 

curvature on the membrane to force membranes to fuse.  

(f) Both positive and negative curvature is required to bend membranes. 
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Figure 1.8: Comparison of the architecture of mouse synaptotagmins. 

All synaptotagmins include N-terminal membrane spanning region, two C2 domains and a 

variable length linker between membrane spanning region and C2 domains. Proteins in this 

family can be classified in five groups according to their sequence similarities. Two 

synaptotagmins includes N-terminal glycosylation site denoted with „Y‟ shape.  There are 12 

alternatively spliced variant of synaptotagmin-7. The longest, shortest and standard forms of 

synaptotagmin-7 are shown in group 5.  
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Figure 1.9: Sequence Alignment for synaptotagmins encoded in the mouse genome. 

Alignments of C2A (a) and C2B (b) domains of synaptotagmins were generated using the 

AlignX feature of Vector NTI software (Invitrogen).  Red bars illustrate the eight β-strands 

and labeled as β1-β8. Blue bars illustrate two α-helices that are found in the C2B domain of 

some of the synaptotagmins. Inverted black triangles mark the acidic residues that are 

responsible for Ca
2+

 binding.  Identical residues are illustrated by blue and yellow 

highlighting of the letters. Yellow highlighted the residues that are completely conserved and 

blue highlighted residues that are mostly conserved in synaptotagmins. Aminoacid 

substitutions with similar chemical properties are illustrated by green highlighting. 
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Synaptotagmin-1, 2, 

9 

and 12 

Synaptic vesicles, neuroendocrine vesicles [121, 123, 136, 142-146] 

Synaptotagmin-7 

Plasma membrane, secretory lysosomes, neuroendocrine vesicles 

[147] 

Synaptotagmin-10 Secretory vesicles (olfactory mitral neurons) [148] 

Synaptotagmin-4 

Synaptic vesicles, trans-Golgi complex, postsynaptic membranes 

[149] 

Other 

synaptotagmins 

Mostly transport vesicles and some enriched in plasma membrane 

[150] 

 

Table 1.2: Isoforms and Localization of Synaptotagmins 

 

Localization of the some of synaptotagmins is poorly understood and not all synaptotagmin 

containing vesicles are characterized. Therefore, Table 1.2 does not provide comprehensive 

information of the cellular localization of the synaptotagmins.    

 

1.5.2 Functional Studies 

Ca
2+

 dependent phospholipid interactions of synaptotagmin-1 and binding of synaptotagmin-

1 to the SNARE complex were shown in early studies [130, 139, 151-153]. Negatively 

charged lipids such as PS and PIP2 are required for Ca
2+

 dependent phospholipid interactions 

of synaptotagmin-1 [154]. Negatively charged lipids increase the apparent affinity of 
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synaptotagmin-1 for Ca
2+

 ions, possibly by providing an additional coordination site for Ca
2+

 

binding [130, 135]. This effect of phospholipids allows synaptotagmins to function at the 

required Ca
2+

 concentration range (~10-40 μM) and cooperativity value (~5) that is required 

for synchronous release. [146, 149, 155-158].  

An early study reported that Ca
2+

 enhanced the interaction between synaptotagmin-1 and 

syntaxin-1 [139]. Synaptotagmin-1 was also shown to interact with the neuronal SNARE 

complex in both a Ca
2+ 

dependent and an independent manner [154]. These interactions also 

depend on the ionic strength of the solution. The phospholipid binding activity of 

synaptotagmin-1 seems to be common for all Ca
2+

 binding synaptotagmin isoforms [137, 

139, 159, 160] with various affinity regimes [137]. 

 

1.5.3 Ca
2+

 Independent Synaptotagmin Functions 

C2 domains in general are also thought to be involved in protein-protein interactions that do 

not necessarily depend on Ca
2+

 ions. In agreement with this notion, synaptotagmin-12 that 

does not bind to Ca
2+

 ions was shown to form a tight complex with synaptotagmin-1 in 

synaptic vesicles [161]. However, other synaptotagmin isoforms that does not bind to Ca
2+

 

ions have not been biochemically well characterized. 

 

1.6 Complexins 

Complexins are evolutionary conserved soluble proteins that were named after 

characterization of their interaction with the SNARE complex [162]. Complexins together 

with synaptotagmins are found in all animals. Complexins are composed of about 120 
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residues and are intrinsically disordered in solution [163]. However, a crystallization study 

showed that complexin-1 binds to the groove between the SNARE motifs of syntaxin and 

synaptobrevin in the membrane proximal region of the SNARE complex and the central ~20 

residues of complexin form an α-helical structure (called central helix) that is anti-parallel to 

the SNARE proteins in the complex [164] (Figure 1.10). The crystal structure of the 

complexin-1/SNARE complex revealed that a short sequence in the amino terminal region of 

complexin-1 also forms an α-helical structure called accessory helix but does not interact 

with the SNARE complex [164]. The extreme terminal sequences of complexin-1 have not 

been reported to form any secondary structure elements. 

The mammalian genome encodes four isoforms of complexins. complexin-1 and complexin-

2 are abundantly expressed in the brain [162]. Complexin-3 and Complexin-4 are likely to be 

localized to plasma membrane through a C-terminal isoprenylation site that is specific to 

these isoforms and specialized for retinal cells [165]. 

Complexins function in the neurotransmitter release machinery is coupled to synaptotagmin-

1, the SNARE proteins and the SNARE complex. Double knockout of Complexin-1 and 

Complexin-2 in mice partially abolished synchronous release without significantly affecting 

asynchronous release [166]. Ensuing studies reported that knockdown of these two isoforms 

elevated the spontaneous release and changed the Ca
2+

 affinity and the cooperativity regime 

of neurotransmitter release [167, 168]. These effects are similar to the effect of 

synaptotagmin-1 knockout on neurotransmitter release.  However, depletion of complexins 

also significantly decreased the readily releasable pool of synaptic vesicles, which was not 

affected by synaptotagmin-1 knockout in neurons [168]. Interpretation of the function of 
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complexins became harder with the observation of rescue experiments where expression of 

complexin-1 mutants in complexin-1 and complexin-2 double knockout mice showed that the 

interaction between complexin-1 and the SNARE complex is necessary for the function of 

complexins [169]. Rescue of complexin-1 was abrogated by mutations that prevent its 

interaction with the SNARE complex [169]. However a fragment of complexin-1 lacking the 

N-terminal 26 residues (Complexin-1 27-134) can still interact with the SNARE complex but 

cannot rescue synchronous neurotransmitter release [169].  Removal of additional 20 

residues (Complexin-1 47-134) was able to partially rescue the release [169]. These results 

showed that the interplay between complexins and synaptotagmin-1 possesses multiple 

important roles through the SNARE complex in regulation of synchronous neurotransmitter 

release.   
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Figure 1.10: Complexins and their interplay with the SNARE complex and 

synaptotagmin-1. 

(a) Domain architecture of complexin-1. Numbers above the bar indicate the residue 

numbers.  

(b) Structure of a complexin-1 fragment with the SNARE complex 26. N-terminus and C-

terminus of the polypeptides are indicated with the letters “N” and “C”.  

(c) The model of SNARE-synaptotagmin-Ca
2+

-phospholipid complex [131] (without 

membrane and C2A domain of synaptotagmin) is superimposed with the structure of 

complexin-1 shown in panel b. The overlapping region is shown with a black circle, which 

includes the accessory helix of complexin-1 and C2B domain of synaptotagmin-1  

(d) Models of inhibition of fusion are shown for the accessory helix binding to the C-

terminus of the SNARE complex, which prevents the full SNARE complex formation (left), 

and how the C2B domain of synaptotagmin-1 can compete with complexin-1 to release the 

inhibition of the fusion (right). Purple ellipse with X in the center indicates an N-terminal 

region that includes important uncharacterized interactions.  Orientation of this region is 

arbitrary in both panels. 
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CHAPTER 2 

2 MEMBRANE BRIDGING AND HEMIFUSION BY 

DENATURATED MUNC18-1 

 

2.1 Introduction 

Many important biological functions such as egg fertilization by sperm, communication of 

neurons, and secretion and localization of membrane proteins require membrane fusion [1-

10]. All the membrane fusion machineries responsible for these critical functions are 

proposed to follow a common mechanism called the stalk model of membrane fusion. In this 

model, the outer leaflets of the opposing membranes fuse and form stalk intermediates. This 

intermediate can either be followed by inner leaflet fusion that leads to fusion pore 

formation, or expansion of the stalk intermediate, which leads to a hemifusion diaphragm. 

The stalk model has been proposed as a model of membrane fusion in several different 

systems with different proteins involved [11, 34, 170, 171]. In all of these studies, 

membranes appear to have both common and diverse intermediate structures during fusion 

[172-174].  

Intracellular membrane fusion is a very tightly regulated process that involves fusion of two 

membrane bilayers, such as the plasma membrane and synaptic vesicles during 

neurotransmitter release in neurons. There are many proteins involved in this fusion process, 

most of which belong to highly conserved protein families including NSF, SNAPs [173], 
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SNAREs [5], SM proteins [175] and tethering factors [176]. Proteins from these conserved 

protein families compose most of the intracellular membrane fusion machinery. For example, 

SNAREs are a very important group of proteins required for membrane fusion. SNAREs 

bring two membranes together by forming a highly stable four helix bundle called the 

SNARE complex [27, 76, 177]. These proteins were initially reconstituted from an in vitro 

membrane fusion model system to study the mechanism of membrane fusion and 

neurotransmitter release. Initial experiments claimed that SNARE proteins were sufficient to 

cause lipid mixing between SNARE reconstituted liposomes, which led to the proposal that 

SNAREs are the minimal machinery required for membrane fusion [33]. Many in vitro 

reconstitution studies followed this study, but very contradictory results have been reported 

over the years about whether SNAREs alone are sufficient for membrane fusion. One study 

even claimed that a single SNARE complex formation is sufficient for fusion of two 

membranes [178]. On the other hand, other studies have shown that membrane fusion by 

SNAREs alone depend on the reconstitution conditions, such as protein to lipid ratio and 

proteoliposome preparation method [179-185]. Therefore, there is a controversy about the 

minimal model of membrane fusion machinery. Additionally, there are other vitally 

important proteins for intracellular membrane fusion process including the SM protein 

Munc18-1 and Munc13s. However, in vitro reconstitution studies that propose the minimal 

model of membrane fusion cannot explain the vital dependence of intracellular membrane 

fusion on these proteins.  

SM proteins are a very critical component of the intracellular membrane fusion machinery. 

Absence of any of the SM proteins was shown to completely abrogate membrane fusion in 
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different intracellular membrane fusion processes [175, 186, 187]. For example, Munc18-1 

knockout mice completely lack neurotransmitter release in synapses [188]. Surprisingly, this 

is an even more dramatic effect than knocking out any of the individual SNAREs. Despite 

the very prominent effects of Munc18-1 on membrane fusion, it is quite difficult to explain 

the function of SM proteins in a simple model since SM proteins seem to possess multiple 

functions on membrane fusion and interact with SNAREs in different ways [174, 186]. The 

SM protein Munc18-1 can bind to the closed confirmation of neuronal syntaxin-1 [189-191], 

which seems to prevent SNARE complex formation since the closed confirmation of 

syntaxin-1 is not compatible for interaction with the other SNAREs in order to form the 

SNARE complex. This interaction suggests that Munc18-1 has an inhibitory role on 

neurotransmitter release. However, Munc18-1 was also shown to bind to the assembled 

SNARE complex [192, 193]. Additionally, absence of Munc18-1 results in loss of membrane 

fusion. These studies added another layer of complexity toward understanding the role of 

Munc18-1 on neurotransmitter release. It was later shown that all of these interactions require 

a conserved amino terminus of syntaxin-1 [29, 192-195] and involve the Habc domain of 

syntaxin-1 [28]. Even with this additional knowledge about the functional importance of SM 

proteins, it is still enigmatic how SM proteins are involved in membrane fusion, why are they 

important, and which interactions are relevant for regulating membrane fusion. Central to the 

conserved functional information is undoubtedly that all SM proteins interact with SNARE 

complexes [174, 186]. This puts SM proteins right in the center of the actual membrane 

fusion event, and many models postulate this concept. In one model, SM proteins are 

proposed to be important for keeping membranes at a distance in order to give the SNAREs 
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enough torque to curve the membranes and cause membrane fusion [34]. Another model 

proposes that SNARE complex formation causes hemifusion of membranes and that 

Munc18-1 then alters the curvature of the hemifused membrane, which leads to full 

membrane fusion [175].  

All these studies clearly show that SM proteins are critical for intracellular membrane fusion. 

This notion is supported also by in vitro reconstitution experiments in which Munc18-1 

increases lipid mixing between SNARE reconstituted liposomes [192, 196]. Another study 

showed that Munc18-1 is necessary for the lipid mixing between synaptobrevin reconstituted 

small vesicles (mimicking synaptic vesicles ~40nm) and syntaxin-1 reconstituted giant 

vesicles (mimicking plasma membrane) [197]. However, ensuing studies provided 

contradictory results regarding the sequence requirements for the enhancement of lipid 

mixing enhancement between SNARE reconstituted liposomes [192, 198, 199]. Even in lieu 

of these results, the mechanism and functional importance of SM protein – SNARE complex 

interactions is still a mystery. To shed light on this problem, we have used several 

biophysical techniques including a commonly applied NBD fluorescence dequenching assay 

to monitor lipid mixing between membranes [33] and cryo-EM microscopy to visualize 

structural changes on membranes. Our study led to the surprising results that squid Munc18-1 

(sMunc18-1) can cluster liposomes and cause hemifusion without any SNAREs present. Both 

the clustering and the hemifusion activity by sMunc18-1 result from the denaturation of 

sMunc18-1 and its following interactions with liposomes. Addition of a commonly used 

protein stabilizing agent, glycerol, in the sample is sufficient to prevent this activity of 

sMunc18-1. Heavy clustering of liposomes by sMunc18-1 leads to increased scattering in 
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lipid mixing assays and is responsible for part of the increased NBD fluorescence intensity, 

which is normally considered as a direct readout of lipid mixing in this assay. However, these 

experiments should be interpreted carefully to assess lipid mixing between liposomes 

because they do not show actual membrane fusion; they only show lipid mixing. Our results 

showed that increased scattering, hemifusion of membranes and alteration of membrane 

integrity can be responsible for the increase in NBD fluorescence, which could be mistakenly 

interpreted as a membrane fusion. Our results also showed that sMunc18-1 alone can cluster 

liposomes and induce membrane hemifusion. The physiological relevance of these functions 

of sMunc18-1 is highly enigmatic. However, this study suggests a new mechanism of 

hemifusion of membranes that does not follow the commonly accepted stalk model of 

membrane fusion mechanism. Instead, denaturation of sMunc18-1 alters the integrity of the 

membrane and causes extensive membrane hemifusion interfaces. 

 

2.2 Results 

2.2.1 sMunc18-1 can cluster liposomes 

The behavior of sMunc18-1 is better than rMunc18-1, which is used in our lab under 

physiological conditions. High concentrations of sMunc18-1 can be achieved, but rMunc18-1 

precipitates even at low concentration (~20 uM). Additionally, both sMunc18-1 and 

rMunc18-1 can bind to the mammalian neuronal SNARE complex and syntaxin-1 [200]. 

Therefore, sMunc18-1 has been used in some of the experiments in this study to elucidate the 

function of Munc18-1. rMunc18-1 had been suggested to stimulate lipid mixing between 

synaptobrevin reconstituted liposomes (v-SNARE liposomes) and syntaxin-1/SNAP-25 
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reconstituted liposomes (t-SNARE liposomes) [192, 196]. We tested whether sMunc18-1 is 

able to facilitate lipid mixing between t-SNARE and v-SNARE liposomes by a NBD 

fluorescence dequenching assay. Two sets of liposomes were prepared, one with v-SNAREs 

and one with t-SNAREs.  Lipids individually conjugated to the FRET pair of NBD and 

rhodamine were included only in the v-SNARE liposomes. The quenched NBD signal would 

be dequenched upon lipid mixing between v-SNARE and t-SNARE liposomes due to 

dilution of the FRET pairs [33].  

My coworker, Yi Xu, had tested whether both sMunc18 -1 and rMunc18-1 facilitate lipid 

mixing between t-SNARE and v-SNARE liposomes. We observed slight increase in NBD 

fluorescence signal (NBD dequenching) over time after mixing v-SNARE and t-SNARE 

liposomes in the absence of any Munc18-1 (Figure 2.1 A). Addition of either sMunc18-1 or 

rMunc18-1 led to much stronger increase in NBD fluorescence signal (Figure 2.1 A). We 

consistently observed a larger increase in fluorescence signal with sMunc18-1 than rMunc18-

1. The enhancement of NBD dequenching increased progressively with addition of more 

sMunc18-1. This enhancement became saturated at 7 µM sMunc18-1 in the presence of 150 

µM total lipids (t-SNARE and v-SNARE liposomes) (Figure 2.1 B). Interestingly, sMunc18-

1 was also able to lead to an increase in NBD signal in the absence of t-SNARE liposomes 

(Figure 2.1 C). This increase in the NBD signal cannot not be due to SNARE dependent lipid 

mixing because there are no t-SNARE liposomes in the experiment and control experiments 

with only v-SNARE liposomes do not show any increase in the NBD signal without 

sMunc18-1 (Figure 2.1 C). 
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Figure 2.1: sMunc18-1 can induce SNARE-independent increases in the apparent NBD 

fluorescence intensity in lipid mixing assays. 

(A-C) Plots of the ratio between observed fluorescence intensity (F1) and the initial 

fluorescence intensity (F0) during assays intended to monitor lipid mixing through NBD 

fluorescence de-quenching. The experiments were performed using proteoliposomes 

containing synaptobrevin (v) or co-expressed syntaxin-1/SNAP-25 (t) reconstituted using the 

standard method with a 1:1000 protein-to-lipid ratio and a lipid composition consisting of 

POPC:POPE:DOPS:PI:cholesterol 50:20:10:10:10 (molar ratio). In the v-SNARE liposomes, 

3% of POPC was replaced with 1.5% NBD-PE and 1.5% Rho-PE. In (A), v-SNARE 

liposomes (50 μM lipids) and t-SNARE liposomes (50 μM lipids) where mixed in the 

absence of Munc18-1 (black circles), or in the presence of 4 μM rMunc18-1 (red circles) or 4 
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μM sMunc18-1 (blue circles). In (B), v-SNARE liposomes (50 μM lipids) and t-SNARE 

liposomes (100 μM lipids) where mixed in the presence of the indicated concentrations of 

sMunc18-1. In (C), reactions contained v-SNARE liposomes (50 μM lipids) without (black 

circles) or with 7 μM sMunc18-1 (blue circles), or v-SNARE liposomes (50 μM lipids) and t-

SNARE liposomes (100 μM lipids) without (orange circles) or with 7 μM sMunc18-1 (red 

circles). (D) Lipid mixing assays performed similarly to (A-C) but using protein-free donor 

liposomes “D-Liposomes” (50 μM lipids) and protein free acceptor liposomes “A-

Liposomes” (100 μM lipids) in the absence (black circles) or presence of 7 μM sMunc18-1 

(blue circles), or v-SNARE liposomes (50 μM lipids) and t-SNARE liposomes (100 μM 

lipids) in the absence (orange circles) or presence of 7 μM sMunc18-1 (red circles). For these 

experiments, the proteoliposomes were prepared with the direct method, using a protein-to-

lipid ratio of 1:1000 and a lipid composition consisting of POPC:DOPS 85:15 (molar ratio) 

(3% of POPC was replaced with 1.5% NBD-PE and 1.5% Rho-PE for donor liposomes and 

v-SNARE liposomes). All experiments in (A-D) were performed at 37 
o
C monitoring the 

fluorescence emission intensity at 533 nm (excitation at 460 nm). (E) Fluorescence emission 

spectra of the sample used to perform the experiments with D+A liposomes and 7 μM 

sMunc18-1 of panel (D) (blue circles), at the start of the reaction (black trace) and after 1 hr 

incubation (red trace). (These experiments were performed by Yi Xu) 
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There are different methods to reconstitute proteins on liposomes. The above experiments 

were done with detergent-mediated reconstitution [201], which requires co-solubilization of 

proteins with phospholipids in the presence of appropriate detergents. The detergents are then 

removed by various removal steps, in this case dialysis. This is a widely used method to 

reconstitute proteins in lipid environments; however it is hard to control the size distribution 

of the liposomes made with this method. Since the size of the liposomes and the curvature of 

the lipid bilayers have significant effect on membrane fusion, we have repeated some of the 

key NBD dequenching lipid mixing assays with another reconstitution method called direct 

incorporation of proteins into preformed liposomes [201]. In this method, plain liposomes are 

made by extrusion of hydrated lipids through polycarbonate filters with distinct pore sizes. 

This allows preparation of liposomes with a homogenous size distribution. Proteins 

solubilized with detergent are then slowly added to the liposome solution and allowed to 

incorporate. Both t-SNARE and v-SNARE liposomes made with the direct incorporation 

method gave us time dependent minimal increase in NBD fluorescence signal. Addition of 

sMunc18-1 to t-SNARE and v-SNARE liposomes again largely increased NBD fluorescence 

signal (Figure 2.1 D). Surprisingly, addition of sMunc18-1 into the plain liposomes without 

any SNAREs (same concentration of t-SNARE liposomes without t-SNAREs and v-SNARE 

liposomes without v-SNARE but including fluorescently labeled lipids) also led to a large 

increase in NBD fluorescence signal, which is comparable to the addition to t-SNARE and v-

SNARE liposomes (Figure 2.1 D). Figures 2.1 A through D show time dependent NBD 

fluorescence change at a certain wavelength (533 nm). We obtained fluorescence emission 

scans of plain liposomes immediately after addition of sMunc18-1 and after 1 hour 
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incubation to show wavelength dependent increase in the fluorescence intensity (Figure 2.1 

E). Emission scan experiments showed that there is a strong increase in the fluorescence 

signal close to excitation wavelength which decays sharply with increasing wavelength. This 

is a characteristic effect of light scattering, where very strong incident light is scattered by 

particles that are comparable in size with the excitation wavelength (460 nm) and emission 

decays sharply with increasing wavelength. When we analyzed these data, we realized that 

an increase in the fluorescence signal (533 nm) in the lipid mixing assays is a result of 

increased light scattering instead of dequenching of NBD fluorescence. Increased light 

scattering should arise from increased size of the macromolecules in our sample. Since there 

is almost no dequenching of NBD fluorescence, the increase in size should be due to 

clustering of the liposomes instead of fusion of the liposomes (Figure 2.1 E). Therefore, we 

hypothesized that sMunc18-1 clusters liposomes and therefore increases light scattering. We 

tested this hypothesis by adding sMunc18-1 into preformed liposomes made by the extrusion 

method using 50 nm filters and analyzing with dynamic light scattering (DLS). The DLS 

results showed that liposomes without sMunc18-1 had distribution of sizes close to 50 nm as 

expected (Figure 2.2 A, Table 2.1). Addition of s-Munc18-1 at 25 ˚C did not change the size 

distribution of the liposomes over 2 hours. Interestingly, the size distribution of the 

liposomes shifted over 500 nm when we incubated liposomes with sMunc18-1 at 37 ˚C, 

which is the temperature at which the NBD fluorescence dequenching experiments had been 

done (Figure 2.2 B, Table 2.1). Since the size increase in liposomes is massive and we did 

not observe NBD fluorescence dequenching, this size increase should arise from clustering of 

liposomes by sMunc18-1. To further test our hypothesis and the reversibility of those 
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clusters, I performed similar clustering assays and added trypsin to liposomes incubated with 

sMunc18-1 at 37 ˚C for 20 minutes. I plotted the auto correlation functions obtained from 

DLS results for better visualization. After addition of sMunc18-1 into liposomes with a 

nominal size of 50 nm, the autocorrelation function shifted towards the right, suggesting an 

increased size with time at 37˚C (Figure 2.3 A). Addition of trypsin to the same incubated 

sample shifted the autocorrelation function back almost exactly to the plain-unclustered 

liposome state. Investigation of the calculated size distribution of vesicles in multiple 

experiments revealed that the size of the particles increased from about 50 nm to 500 nm in 

15 minutes and more than 90% of the particles returned to their original size of 50 nm after 

addition of trypsin (Figure 2.3 B,) which is expected to digest sMunc18-1.  

Interestingly, small amounts of particles with large size always remained. This observation 

will be addressed in the following experiments.  I also observed the size change with a static 

light scattering experiment in which I measured scattered light at 350 nm after shining 350 

nm light at a right angle to the liposome sample. I observed an increase in scattered light after 

addition of sMunc18-1 that rapidly returned to almost its original level after trypsinolysis 

(Figure 2.3 C).  
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Table 2.1: Liposome clustering activity of sMunc18-1 under different conditions 

measured by DLS 

DLS measurements of particle size in samples containing protein-free liposomes 

(POPC:DOPS 85:15 molar ratio; 30 mM lipids) and the reagents indicated at the left column. 

The temperature, incubation time and average radius measured (Rav) are indicated in the 

other columns. 
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Figure 2.2: Liposome clustering activity of sMunc18-1. 

(A,B) DLS measurements of particle size in samples containing protein-free liposomes 

(POPC:DOPS 85:15 molar ratio; 30 μM lipids) in the absence (A) or presence (B) of 4 μM 

sMunc18-1 after 10 min incubation at 37 
o
C. The average radius (Rav) and polydispersity 

(Pd) are indicated. 
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Figure 2.3: Liposome clustering induced by sMunc18-1 is reversed by trypsinolysis. 

(A,B) Autocorrelation functions obtained by DLS at different time points after mixing 

protein-free liposomes (POPC:DOPS 85:15 molar ratio; 100 μM lipids) with 7 μM sMunc18-

1 (A), and after adding 0.7 μM trypsin at the 20 min time point (B). The insets indicate the 

color codes for the times at which the data were acquired. Note that the starting point in panel 

(B) is the same curve as the last point of panel (A), and that the times indicated in panel (B) 

refer to the beginning of the clustering reaction, rather than the point of trypsin addition. (B) 

Apparent fluorescence signal intensity at 350 nm (excitation at 350 nm) observed as a 

function of time after mixing protein-free liposomes (POPC:DOPS 85:15 molar ratio; 100 

μM lipids) with 7 μM sMunc18-1. Trypsin (0.7 μM) was added to the reaction at 33 min. All 

the experiments in panels (A-C) were performed at 37 
o
C. 
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These results revealed that sMunc18-1 clusters vesicles under the conditions of the lipid 

mixing experiments performed, which are physiological ionic strength, temperature and pH. 

These results were then strongly supported with the cryo-electron microscopy results 

described in a later section. Liposome clustering by sMunc18-1 resulted in increased light 

scattering with time because the size of particles became comparable to the excitation 

wavelength used in the NBD dequenching experiments. Increased light scattering in those 

experiments interfered with the NBD dequenching results since there is a considerable 

amount of scattering at the emission wavelength used. Most of the increased light scattering 

could be reversed upon trypsin digestion of sMunc18-1. DLS of the liposomes showed 

matching results in which the autocorrelation function shifted to the right with sMunc18-1 

incubation and was returned close to the original value upon trypsin digestion. Only <10 % 

particles remained bigger in these samples (Figure 2.1). All of these results showed that 

sMunc18-1 would cause limited amount of lipid mixing, fusion, or hemifusion in these 

experimental conditions. In addition, sMunc18-1 did not cause clustering of liposomes in 

high salt concentration. This observation can be explained by the following potential reasons. 

High salt may prevent the initial interaction of sMunc18-1 with phospholipids or may 

stabilize sMunc18-1 and hinder denaturation of sMunc18-1 with phospholipids. On the other 

hand, addition of high salt after clustering of liposomes by sMunc18-1 did not reverse the 

clustering, unlike trypsin digestion. This result suggested that irreversible interaction of 

sMunc18-1 with liposomes bridges two lipid bilayers, which could be reversed by trypsin 

digestion of sMunc18-1. 
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Figure 2.4: Time-dependent binding of sMunc18-1 to lipids. 

(A) 1D 
13

C-edited 
1
H-NMR spectra of 2 μM 

13
C-labeled sMunc18-1 in the absence or 

presence of liposomes (POPC:DOPS 85:15 molar ratio; 1 mM lipids) at 25 
o
C. (B) 1D 

13
C-

edited 
1
H-NMR spectra of the same sample containing liposomes in panel (A) acquired as a 

function of time after the temperature was raised to 37 
o
C. (C) 1D 

13
C-edited 

1
H-NMR 

spectra of the same sample lacking liposomes in panel (A) acquired as a function of time 

after raising the temperature to 37 
o
C. (These experiments were performed by Lijing Su) 
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2.2.2 Denaturation of sMunc18-1 induces clustering of liposomes 

A protein can cause clustering of liposomes if it can interact with 2 membranes 

simultaneously, such as the case with Synaptotagmin-1 [202]. Co-floatation assays suggested 

weak binding of Munc18-1 to membranes [113]. To conclusively understand whether 

Munc18-1 binds to membranes or not, Lijing Su performed NMR experiments to observe the 

strongest methyl resonance (SMR) of 
13

C-labeled Munc18-1 in 1D 
13

C edited 
1
H-NMR 

spectra [203]. In these experiments, the observed SMR from sMunc18-1 will broaden upon 

binding of to an unlabeled macromolecule due to its increase in size. In the case of Munc18-1 

binding to liposomes, the intensity of the Munc18-1 SMR should decrease possibly beyond 

the detection limit due to the size of the liposomes. However, there was no significant change 

observed in the intensity of SMR of 
13

C-labeled sMunc18-1 after addition of liposomes at 25 

°C (Figure 2.4 A), suggesting that there is no interaction between liposomes and sMunc18-1 

at 1 mM lipid concentration and 25°C. These experiments were repeated at 37 °C since all 

the lipid mixing and DLS experiment were performed at this temperature. The SMR intensity 

of 
13

C-labeled sMunc18-1 gradually decreased over time at 37 °C in the presence of 

liposomes (Figure 2.4 B).  The SMR intensity of 
13

C-labeled sMunc18-1 also decreased 

without liposomes but at a much slower rate (Figure 2.4 C). These results can be explained 

by the following arguments. Slow denaturation of sMunc18-1 can cause aggregation, which 

leads to the SMR intensity drop. In the presence of liposomes, denaturated sMunc18-1 binds 

to liposomes and leads to a larger SMR intensity drop. Denaturation of sMunc18-1 leads to 

binding of its multiple exposed hydrophobic regions with membranes, which causes 

liposome clustering. Thermal denaturation by circular dichroism (CD) showed that sMunc18-
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1 and rMunc18-1 possess very similar and highly cooperative denaturation curves as 

expected due to their similar structure and fold. However, the midpoint of the sMunc18-1 

denaturation curve is shifted 8 °C lower than rMunc18-1 to a value of 43 °C (Figure 2.5). 

Interestingly, and as expected, sMunc18-1 starts denaturating below 37 °C.  

These results also support the idea of clustering by sMunc18-1 denaturation at these 

conditions. The relative thermal stability of rMunc18-1 over sMunc18-1 correlates with the 

higher increase caused by sMunc18-1 in the lipid mixing assays (Figure 2.1 A). 

We have further tested whether denaturation of sMunc18-1 is responsible for the liposomes 

clustering. Addition of 15% glycerol, which is a well-known stabilizing agent, prevented the 

clustering activity of sMunc18-1 (Figure 2.6). Pre-incubation of sMunc18-1 with syntaxin-1 

also prevented the clustering activity of sMunc18-1, since the interaction of sMunc18-1 and 

syntaxin-1 stabilizes both proteins [106, 191]. Additionally, sMunc18-1 failed to cluster 

liposomes at 25 °C after 2 hours of incubation and a small percentage clustering was 

observed after overnight at 25 °C (Table 2.1).  All of these results strongly suggest that 

sMunc18-1 denatures and clusters liposomes over time at 37 °C. 
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Figure 2.5: sMunc18-1 is less stable than rMunc18-1. 

(A) CD spectra of sMunc18-1 (black) and rMunc18-1 (red) at 25 
o
C in phosphate buffer 

saline (PBS), pH 7.4. (B) Thermal denaturation curves of sMunc18-1 (black) and rMunc18-1 

(red) monitored through the CD absorption at 220 nm. The Tm values calculated for 

sMunc18-1 and rMunc18-1 are 43 
o
C and 51 

o
C, respectively. (These experiments were 

performed by Yi Xu) 
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2.2.3 Visualization of clustering and hemifusion of liposomes induced by 

sMunc18-1 Using Cryo-EM 

I used cryo-electron microscopy (cryo-EM) to visualize sMunc-18-1 on liposomes at 37 °C. 

Liposomes without sMunc18-1 showed homogenously dispersed vesicles without inter-

liposome interactions with the expected size and spherical shape. Addition of sMunc18-1 to 

liposomes at 37 °C led to many large liposomes clusters (Figure 2.7 A) with very short inter-

membrane distances (Figure 2.7 A –Yellow Arrows and Figure 2.7 B). The distances 

between membranes are typically less than 2 nm, which is smaller than a sMunc18-1 

molecule whose smallest dimension is 4.5nm according to its crystal structure [204]. 

Membrane flattening and breaks in the membrane curvature were observed in most of the 

large inter-membrane interfaces (Figure 2.7 B). Very rare cases of blurring of inter-

membrane interfaces were observed, suggesting fusion of the outer leaflet of membranes 

during fast freezing of the sample (Figure 2.7 C). Many cases of hemifusion of the 

membranes were also observed (Figure 2.7 A - Red Arrows and Figure 2.7 D). 
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Figure 2.6: Glycerol hinders the liposome clustering activity of sMunc18-1. 

(A,B) DLS measurements of particle size in samples containing 15% glycerol, protein-free 

liposomes (POPC:DOPS 85:15 molar ratio; 30 μM lipids) and 4 μM sMunc18-1 right after 

mixing (A) and after 1 hr incubation at 37 
o
C (B). The average radius (Rav) and 

polydispersity (Pd) are indicated. (These experiments were performed by Yi Xu) 
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Figure 2.7: Cryo-EM analysis of liposome clusters induced by sMunc18-1. 

(A) Gallery of cryo-EM images of selected liposome clusters observed in a sample 

containing sMunc18-1 (30 μM) and liposomes (POPC:DOPS 85:15 molar ratio; 2.5 mM 

lipids). The sample was incubated for 5 min at 37 
o
C after mixing, and was fast-frozen after 

loading onto the EM grid. (B-D) Expanded views of close interfaces between liposomes (B), 

of one interface where the bilayers appear to have been mixing at the moment the sample was 

frozen (C), and of hemifusion diaphragms (D). The three types of liposome interfaces are 
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indicated with yellow, orange and red arrows, respectively, in panel (A). The scale bars 

correspond to 20 nm. 

All of these result showed that sMunc18-1 can cause liposome clustering and hemifusion, 

which does not show any of the typical observations of the conventional stalk model of 

membrane fusion (Figure 2.8). Both the denaturation results and cryo-EM results suggest a 

model for sMunc18-1 liposomes clustering. sMunc18-1 should penetrate into membranes 

since the clustered membranes are very close to each other (Figure 2.7 A and B), and 

denaturation of sMunc18-1 is directly related to its clustering activity. The extended 

membrane interfaces and breaks in the membrane curvature suggest that multiple sMunc18-1 

molecules are responsible for its clustering activity. The size of the membrane interfaces 

appears to be correlated to the necessity of multiple sMunc18-1 molecules.  Lipid mixing can 

be explained by destabilization of apposing membranes that are bridged by multiple 

denaturated sMunc18-1 molecules, which eventually results in merging of the outer layers of 

apposing membranes to form the hemifused state (Figure 2.7 A-D, Figure 2.8). Not all 

opposing membranes are merged and form hemifusion probably, because merging 

membranes requires high energy so it is a slow reaction (Figure 2.1 E).   
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Figure 2.8: Proposed model of how a denatured protein can induce membrane 

hemifusion without proceeding through a stalk intermediate. 

The model postulates that denatured proteins (represented as orange randomly shaped 

curves), and perhaps other amphpathic macromolecules, can induce hemifusion by binding to 

two membranes (A), accumulating at the membrane-membrane interface (B), and causing a 

scrambling of lipid molecules at the interface (C) that eventually rearranges into a stable 

hemifusion diaphragm (D). A curved membrane from a vesicle and a flat membrane are used 

in the drawings, but the mechanism could apply to membranes with diverse curvatures.  
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2.3 Discussion 

In vitro reconstitution experiments are vital to reveal important mechanistic and functional 

roles of proteins in membrane fusion assemblies. However, the results obtained in these 

reconstitution experiments should be well correlated with in vivo studies since they are 

missing many other components of the studied machineries and the rest depend on the 

experimental conditions such as protein to lipid ratio and method of liposomes preparation. 

The lipid composition of the membranes, the method of reconstitution, the protein to lipid 

ratio, and some other experimental conditions are very important details that may alter the 

results in many different directions. For example, there have been contradictory models of 

membrane fusion proposed previously depending on reconstitution assays. Initial studies 

reported that the neuronal SNAREs are the minimal machinery to fuse membranes [33] but, 

later, other studies reported very diverse results from similar reconstitution assays with 

neuronal SNAREs [34]. The notion that the SNAREs constitute a minimal fusion machinery 

model is contradictory with the vital dependence of synaptic vesicle fusion on Munc18-1 and 

SM proteins. Therefore, it is very important to unravel the critical function of Munc18-1 in 

synaptic vesicle fusion. Several models have been proposed about the function of Munc18-

1[34, 175] and some aspects of the reconstitution experiments have supported these models, 

suggesting that Munc18-1 stimulates SNAREs-driven membrane fusion in general [192, 196, 

198] and Munc18-1 is strictly required to initiate the fusion of the membranes used in the 

reconstitution assays [197]. Even though these studies shed light onto the function of 

Munc18-1 on synaptic vesicle fusion, these studies did not provide any information about 

how Munc18-1 works to facilitate or trigger membrane fusion. Munc18-1 might directly be 
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involved in membrane fusion or merely stimulate or help SNAREs to form the SNARE 

complex. In this study we showed that membranes can lose their integrity due to denatured 

sMunc18-1 molecules. sMunc18-1 can bind to two membranes simultaneously and 

eventually cause hemifusion. Both the clustering and the hemifusion activities of sMunc18-1 

require denaturation. Our results also show that NBD dequenching assays should be carefully 

examined and supplemented with several other types of experiments, especially in vivo 

assays. In addition, hemifusion of membranes by denaturated sMunc18-1 shows a novel 

example of membrane fusion induced by amphipathic macromolecule.  

It is very unlikely that the membrane clustering and the hemifusion activities of denaturated 

sMunc18-1 are physiologically relevant for the mechanism of neurotransmitter release 

because those activities can simply be prevented by addition of glycerol and high salt (Figure 

2.6 and Table 2.1) and there is evidence that some other proteins, like α-lactalbumin, are 

unrelated to intracellular membrane fusion, but cause membrane fusion induced by 

denaturation [205]. However,  these proteins can only fuse membranes under acidic 

conditions that also affect the stability of the membranes [205]. On the other hand, sMunc18-

1 shows its membrane clustering and hemifusion activity at physiological pH levels. Another 

notable property of sMunc18-1 is its efficiency. Small denaturated fractions of sMunc18-1 

can cluster liposomes extensively in 10 minutes (Table 2.1 and Figure 2.2). Even though 

denaturation of a whole protein and extensive membrane interfaces are unlikely to be 

physiologically relevant, we should still consider that the actual mechanism of release may 

involve partial denaturation or a rearrangement of a part of Munc18-1 that exposes some 

hydrophobic residues to perturb membrane integrity. We should also consider that an 
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unknown conformational state of sMunc18-1 can also explain the fusogenic activity of 

sMunc18-1 in our studies. However, a conformational change of a protein in a membrane 

environment is intrinsically hard to study.  

A yeast study assigned a direct role for Sec1p, the SM protein in yeast membrane fusion 

process. This study showed that Sec1p plays a functional role after SNARE complex 

assembly [206]. This observation and the results reported in our study suggest that SM 

proteins may fulfill a direct and vital role on membrane fusion, which involves interaction of 

SM protein and membranes. Therefore, the potential physiological relevance of the results 

presented here should not be completely discarded. A speculative model that explains all of 

these results would be the following. The SNARE complex formation brings two membranes 

in close proximity and the integrity of the membranes may be destabilized by a 

conformational change or partial denaturation of SM protein. 

Cryo-EM images that are reported here (Figure 2.7) provide compelling evidence for a novel 

mechanism of how an amphipathic molecule leads to membrane bridging and hemifusion of 

those membranes without involving a stalk intermediate (Figure 2.8). Physiological relevance 

of this mechanism is unclear. Formation of extended hemifusion and double-membrane 

diaphragms (Figure 2.8) do not seems to compatible with the small size (40 nm) of synaptic 

vesicles and microsecond time scale of the fusion pore formation in neurotransmitter release 

release neurotransmitters [11]. However, it is still possible that an extension of this 

mechanism in the presence of other proteins involved in neurotransmitter release may 

account for the actual mechanism of membrane fusion.  



65 

 

Hemifusion of the membranes is obviously not enough for merging of the environment of the 

two opposing membranes, however; additional factors might help Munc18-1 to cause 

complete fusion of these opposing membranes. Nevertheless, the observation of extensive 

membrane interfaces (Figure 2.7 and Figure 2.8) seems to be incompatible with the small 

size of the synaptic vesicles (about 40 nm in diameter [207]). We should still keep in mind 

that not all type of membrane fusion are as fast as synchronous neurotransmitter release and 

additional factors may limit the extension of the membrane interfaces and accordingly 

hemifusion and the time scale of the whole fusion event.  In additional to neurotransmitter 

release, other membrane fusion events such as homotypic vacuolar fusion, which requires 

large and flat opposing double membrane ring formation, may show similarities to 

observations we obtained with the cryo-EM images [208]. This observation from yeast 

vacuolar fusion in vivo provided structural evidence that extended membrane interfaces 

similar to the ones caused by sMunc18-1 exist in nature. 

NBD dequenching assays are very important tools to study lipid mixing between membranes 

in any membrane fusion machineries. However, as reported in our study and others, NBD 

dequenching assays should not be over interpreted as complete membrane fusion and they 

should be complemented with other in vitro studies and correlated with in vivo results. A 

study that incorporated complementary DNA fragments to different liposomes also showed 

very strong lipid mixing about 80% but only limited amount of content mixing about 2% 

between those liposomes [209]. The results reported here show that simply liposome 

clustering can increase the fluorescence intensity that is observed and commonly interpreted 

as lipid mixing or even membrane fusion in NBD dequenching assays. All lipid mixing starts 
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with bridging membranes and fusion of those membranes does not give rise to massive 

increase in the size of the liposomes, however clustering of the liposomes without complete 

fusion increases the apparent size of the liposomes/macromolecules in NBD dequenching 

assays and increase the observed light scattering due to size difference of the 

macromolecules interferes with NBD signal observed in these assays. These scenarios affect 

the interpretation of lipid mixing results and therefore lead to over interpretation of 

membrane fusion.  

The extent of the scattering effect of liposome clustering on NBD dequenching assays is 

determined by both the magnitude of the clusters and also technical parameters of the NBD 

dequenching assay, most importantly the excitation and the emission wavelengths that are 

used to monitor the NBD fluorescence intensity over time. The effect of the light scattering 

on NBD dequenching assay can be visualized by acquiring the complete fluorescence 

emission spectrum of NBD just before and after each time course experiment, which involves 

single wavelength acquisition (Figure 2.1 E). The increased tail on the left side of the 

spectrum before the NBD peak in Figure 2.1 E shows a perfect example of interference of 

light scattering on the NBD signal. Trypsin may also be used to assess the clustering effect as 

we used in this study.  

Importantly, this study should not be interpreted as all the articles that used primarily NBD 

dequenching assays to study membrane fusion are misguided. On the other hand, this study 

strongly demonstrates that NBD dequenching assays may not be used without other proper 

controls and other techniques to study membrane fusion, actually not even lipid mixing. 

Fortunately, there are other well developed assays to complement NBD dequenching assays. 
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Monitoring lipid mixing by increase in FRET during lipid mixing of two fluorophores 

reconstituted into separate v-liposomes and t-liposomes, instead of decrease as in NBD 

dequenching assays is a replacement assay for NBD dequenching which provides numerous 

advantageous over NBD dequenching assays. (For example, loss of membrane integrity may 

be interpreted as lipid mixing in NBD dequenching assays but not in alternative method). 

Most importantly, a number of content mixing assays have been developed to validate 

complete membrane fusion lacking membrane leakiness [178, 180, 198]. At the end, cryo-

EM should be used as the most powerful and accurate technique to understand the structure 

and integrity of the membranes during fusion reactions as the cryo-EM images of the 

membranes provided vital information in this study. Although many components of the 

fusion machinery have been reconstituted to study membrane fusion, it is still unclear how 

the membranes are perturbed to initiate membrane merging. Our results demonstrate that 

denaturation of amphipathic molecules should be considered as a potential actor in the 

membrane fusion mechanism.      

 

 

 

2.4 Materials and Methods 

2.4.1 Recombinant Proteins and Protein Purification 

Purification of rat Munc18-1, squid Munc18-1, rat synaptobrevin, rat syntaxin-1 and rat 

SNAP-25 is explained in the methods section of the fourth chapter of this manuscript. 
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2.4.2 Preparation of Liposomes and Reconstitution of the SNAREs 

The 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 

(DOPS), phosphatidylinositol (PI) and cholesterol (Avanti Polar Lipids) in chloroform were 

mixed in a glass test tube in a POPC: POPE: DOPS:PI:cholesterol; 50:20:10:10:10 molar 

ratio and POPC:DOPS; 85:15 molar ratio. Chloroform was evaporated using dry nitrogen 

stream and the lipids were placed in a vacuum chamber overnight for complete removal of 

the organic solvent. Fluorescent donor liposomes included 1.5% N-(lissamine rhodamine B 

sulfonyl)-1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (Rho-PE) and  1.5% N-

NBD-1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (NBD-PE) by replacing 3% 

POPC.  

Lipid films were hydrated with reconstitution buffer (25 mM HEPES pH 7.4, 100 mM KCl, 2 

mM MgCl2, 2 mM DTT) in an appropriate volume yielding 15 mM lipids. Lipids were 

vortexed for 5 minutes then frozen and thawed five times. Large unilamellar vesicles were 

prepared by extruding the hydrated lipid solution through 0.08-μm polycarbonate membranes 

23 times using an Avanti Mini-Extruder. 

For direct method, proteins were solubilized in reconstitution buffer containing 1% β-OG + 1 

mM TCEP were incubated on room temperature for 20 minutes and then slowly titrated to 

the preformed liposomes, while vortexing the liposomes. Volume of the protein was adjusted 

to keep the final concentration of β-OG below the solubilization concentration of the 

proteoliposomes. Proteoliposomes were incubated at room temperature for 20 minutes and 
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dialyzed 3 times against 1 L reconstitution buffer containing 1 g Bio-Beads (Bio-Rad) 

through a 10 kDa dialysis cassette for 1 hour, 2 hours and 16 hours at 4°C.  

For standard method, proteins were solubilized in reconstitution buffer containing 1% β-OG 

+ 1mM TCEP and incubated on room temperature for 20 minutes. Proteins were mixed with 

detergent solubilized lipids yielding 5 mM lipids and 5 µM SNARE proteins. Protein-lipid 

solutions were incubated at room temperature for 20 minutes and quickly diluted with 

reconstitution buffer. Protein-lipid solutions were dialyzed 3 times against 1 L reconstitution 

buffer containing 1 g BioBeads (BioRad) or Amberlite XAD-2 (Sigma-Aldrich) through a 10 

kDa dialysis cassette for 1 hour, 2 hours and 16 hours to remove the detergent at 4°C. 

 

2.4.3 Lipid Mixing Assays 

Lipid mixing experiments using NBD emission at 533 nm were performed on a Photon 

Technology International spectrofluorometer with a 4 nm slit width and 460 nm excitation at 

37 °C. The samples were prepared by mixing individual proteoliposomes and proteins in 

reconstitution buffer at the concentrations stated in the figure legends. Entire NBD emission 

was also acquired for selected samples before and after 1 hour reaction.  The same 

spectrofluorometer was used to monitor the apparent fluorescence signal intensity at 375 nm 

as a function of time in the scattering assay of Figure 2.3 C (350 nm excitation). 

 

2.4.4 Dynamic Light Scattering 

Samples were analyzed with a Protein Solutions DynaPro instrument from Wyatt 

Technology equipped with a temperature-controlled micro-sampler. Data were acquired for 
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each sample with 10 % laser power and 10 seconds acquisition time for 30 times. The 

samples were prepared in reconstitution buffer and diluted to a final lipid concentration of 30 

µM or 100 µM lipids and centrifuged at 14,000 x g for 10 minutes before each acquisition. 

The results were analyzed with the Dynamics V6 software to calculate the size distribution of 

the macromolecules in the samples. 

 

2.4.5 NMR Spectroscopy 

NMR spectra were acquired on Varian INOVA600 spectrometer equipped with a cold 

probe. 1D 
13

C-edited 
1
H NMR spectra were acquired for 2 µM 

13
C-labeled sMunc18-1 

dissolved in 20 mM HEPES (pH 7.4), 120 mM KCl, 1 mM TCEP in the presence and 

absence of 1 mM plain liposomes containing POPC and DOPS in a 85:15 molar ratio using 

H2O / D2O 95:5 (volume / volume) as the solvent. Total acquisition times were 18 minutes 

and 1,000 scans were averaged for each spectrum. NMR data were processed with NMRPipe 

[210] and analyzed with NMRView [211]. 

 

2.4.6 Circular Dichroism 

CD spectra were acquired with an Aviv model 62DS spectropolarimeter using a cuvette with 

1 mm path length for both rMunc18-1 and sMunc18-1 samples. The samples were prepared 

in PBS buffer (pH 7.4). CD spectra for thermal denaturation curves were acquired at 220 nm. 

The fraction of unfolded protein for the thermal denaturation curves was calculated using the 

formula 100 x (Iobs−If) / (Iu−If), where Iobs is the observed signal intensity, and Iu and If are 

the signal intensities of the unfolded and folded states, respectively. 
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2.4.7 Cryo-Electron Microscopy 

Both sides of Quantifoil 200 mesh copper, R2/2 hole shape, 2 µicron hole size and 4 µicron 

period grids were gloved discharged in Denton Vacuum DV-502A instrument with 40 mA 

current for 45 seconds. 0.5 ml amylamine dropped Whatman paper was immediately used 

during glow discharging to prevent extensive sticking of liposomes onto carbon. 2.5 mM 

liposomes were incubated with 30 µM sMunc18-1 in reconstitution buffer with 1 mM MgCl2 

at 37°C for 5 minutes. 3 µl of the sample is loaded onto the carbon side of a Quantifoil grid, 

incubated for 10 seconds and blotted with a piece of Whatman #4 paper from the edge of the 

grid for 5 seconds. Another 3 µl of the sample was loaded onto the same side of the grid and 

rapidly frozen using Vitrobot FP 5350/60 type automated vitrification robot. Blotting time 

was 2.5 seconds and the humidity in the blotting chamber was above 90%. Standard Vitrobot 

Filter paper, Ø55/20mm, Grade 595 was used for blotting. Images were taken with an energy 

filter included JEOL 2200FS FEG transmission electron microscope at cryo temperatures 

keeping samples on an Oxford Instruments cryo holder. Images were taken at 61.95K 

calibrated magnification and recorded on a 2Kx2K Tietz slow scan CCD camera and Kodak 

SO-163 type films. Electron density was kept at 20-30 electrons/Å
2
 during each exposure by 

a minimum dosage system. Films were scanned with PhotoScan Instrument from Z/I Imaging 

at 14 micron resolution. An extensive examination of whole area on grids was necessary due 

to massive vesicle fusion. 
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CHAPTER 3 

3 PREVALENT MECHANISM OF MEMBRANE BRIDGING 

BY SYNAPTOTAGMIN-1 

 

3.1 Introduction 

Synaptotagmin-1 is a conserved protein and vital for synchronous neurotransmitter release, 

which is a tightly regulated Ca
2+

 dependent process [212]. The synaptic vesicle protein 

synaptotagmin-1 acts as a Ca
2+

 sensor in fast release through the two C2 domains that form 

most of its cytoplasmic region (the C2A and C2B domains) [130, 135, 213-217] (Figure 3.1 

A). This function is coupled to membrane fusion through the neuronal soluble N-

ethylmaleimide sensitive factor adaptor protein receptor (SNARE) proteins [218, 219], which 

bring the synaptic vesicle and plasma membranes together by forming SNARE complexes 

[213, 215]. These SNARE proteins are highly conserved through different organisms and 

intracellular membrane fusion machineries, suggesting a common mechanism of membrane 

fusion which is carried out by SNAREs. The synaptotagmin-1 C2 domains bind three or two 

Ca
2+

 ions through loops at the top of β-sandwich structures and these top loops also mediate 

Ca
2+

-dependent phospholipid binding [135, 220].  

The function of synaptotagmin-1 in neurotransmitter release is also tightly regulated by the 

interaction of the SNARE complex with complexins [221-223] as well as many other 

regulatory proteins in the process [66, 224]. In vitro experiments showed that the cytoplasmic 
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region of synaptotagmin-1 which is composed of mostly the two C2 domains was able to 

aggregate liposomes and chromaffin granules [225]. A later cryo-EM study showed that a 

fragment of synaptotagmin-1 containing only the two C2 domains can cluster vesicles by 

interacting with two membranes and bringing them into close proximity (~4 nm) [202].  

In the same study it was discovered that C2B alone is sufficient for the vesicle clustering 

activity of synaptotagmin-1, which can explain the important role of Ca
2+

 binding to the C2B 

domain in neurotransmitter release [202].  

Mutation of two arginine residues at the bottom of the C2B domain (R398 and R399) 

strongly impairs neurotransmitter release, the liposome-clustering activity, and the ability to 

stimulate SNARE-dependent lipid mixing between liposomes indicating that these residues 

are important for the interaction between synaptotagmin-1 and the negatively charged 

phospholipid membranes [218]. Taken together these results suggest that synaptotagmin-1 

facilitates membrane fusion by directly bridging the two membranes cooperatively with the 

SNARE complex in response to Ca
2+ 

influx through its arginine residues located at the 

bottom of the C2B domain and the Ca
2+

 binding loops located at the top [131, 202, 218].  
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Figure 3.1: Two models of membrane bridging by synaptotagmin-1. 

(A) Ribbon diagrams of the synaptotagmin-1 C2A domain (40) (left) and C2B domain (15) 

(right). Ca
2+

 ions are shown as yellow spheres. The two arginines at the bottom of the C2B 

domain (R398 and 399) are shown as blue stick models.  

(B) Direct bridging model whereby the C2 domains bind simultaneously to the two apposed 

membranes, resulting in an inter-membrane distance of ca. 4 nm. The C2A and C2B domains 

are shown in pink and blue, respectively, with the Ca
2+

 ions bound to the top loops in yellow; 

the R398 and R399 side chains at the bottom of the C2B domain are represented by blue 

lines. The diagram is meant to illustrate that the two C2 domains can have parallel or 

antiparallel orientations, with the Ca
2+

-binding loops binding to the same membrane or to 

opposite membranes. R398 and R399 can cooperate in bridging in both orientations, but are 

more critical for bridging in the parallel orientation. Bridging requires multiple C2AB 

molecules but does not involve interactions between them (20). Oligomerization model 

whereby bridging is mediated by trans interactions between oligomers bound to separate 

membranes, resulting in an inter-membrane distance of ca. 8-9 nm. The model postulates that 

only the Ca
2+

-binding loops contact the membranes while R398 and R399 do not, instead 

mediating protein-protein interactions (29). The putative binding mode between oligomers is 

unknown and hence the model of interactions between the bottom sides of the C2 domains 

shown is arbitrary. 
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The membrane bridging activity of synaptotagmin-1 is further supported by an EPR study, as 

well as many others, providing a vast amount of evidence suggesting that this membrane 

bridging by synaptotagmin-1 is physiologically relevant [218, 226-233]. However, a recent 

study proposed a different model of membrane bridging by synaptotagmin-1 in which 

oligomerized synaptotagmin-1 bridges the two membranes [230]. In this model, only the 

Ca
2+

 binding loops interact with membranes, while the arginines located at the bottom of the 

C2B domain are involved in the oligomerization. This model is called the oligomerization 

model and is depicted in Figure 3.1 B along with our direct bridging model in Figure 3.1 C. 

The oligomerization model was supported by showing that the arginines at the bottom of the 

C2B domain do not interact with phospholipid membranes using 7-nitrobenz-2-oxa-1,3-

diazole (NBD) dequenching assays in the same study [230] but this data directly contradicts 

previous NBD dequenching assays which suggested the interaction of those arginines with 

phospholipid membranes [202]. Another study reported ~9 nm intermembrane distances 

between vesicles bridged by the cytoplasmic region of synaptotagmin-1 [229] which is 

consistent with the oligomerization model. It is important to note that a longer fragment of 

synaptotagmin-1 was used in both of these studies. This longer fragment contains two C2 

domains and almost the entire linker between C2A and the N-terminal transmembrane region 

(Synaptotagmin-1 95-421) [229, 230]. On the other hand, the study that led to the direct 

bridging model used a fragment of synaptotagmin-1 containing only two C2 domains without 

the preceding N-terminal linker (Synaptotagmin-1 140-421) [202]. Throughout this chapter 

the longer fragment will be referred as lnC2AB and the shorter fragment will be referred as 

C2AB. 
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It is important to investigate these contradictory results to further understand the 

synaptotagmin-1 membrane bridging activity and elucidate the molecular mechanism of 

neurotransmitter release and membrane fusion. I have performed a series of experiments 

focusing on the conflicting results that these studies provided to understand whether two 

slightly different synaptotagmin-1 fragments, lnC2AB and C2AB, behave differently and 

bridge membranes with different mechanisms. Our study showed, along with previous 

results, that both lnC2AB and C2AB behave similarly in solution and have no detectable 

aggregation. Both of these fragments exhibit the same mechanism of membrane bridging. 

NBD dequenching assays and NMR experiments on nanodiscs provide evidence that 

synaptotagmin-1 fragments bridge membranes where the C2A and C2B domains binds to 

membranes with antiparallel orientations, while the positively charged face of C2B directly 

interacts with the phospholipid membranes.  

 

3.2 Results 

3.2.1 Do synaptotagmin-1 fragments behave differently?  

The inconsistent behavior of synaptotagmin-1 in different studies may result from the use of 

different fragments of the protein. In particular, the solubility of the proteins may vary 

extensively even by slightly changing the fragment that is used in in vitro studies. A longer 

fragment (Synaptotagmin-1 95-421-lnC2AB) was used in the study that proposes 

oligomerization of synaptotagmin-1 causing the clustering of the liposomes [230]. In this 

study lnC2AB was reported to aggregate above 10 µM concentrations in the presence of 1 

mM Ca
2+

, even in the absence of liposomes which indeed can be the actual reason of 
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oligomerization of lnC2AB on membranes. The behavior of this fragment is very different 

from that of the highly soluble fragment of synaptotagmin-1 (Synaptotagmin-1 141-421 - 

C2AB) that we have used extensively over the years in many different studies in various 

conditions in high protein and calcium concentrations. Previously obtained high quality  
1
H-

15
N transverse relaxation-optimized spectroscopy (TROSY)-heteronuclear single quantum 

coherence (HSQC) spectra of 
15

N- or 
2
H,

15
N-labeled C2AB clearly shows that C2AB is highly 

soluble and behaves as a non-oligomeric protein [131, 202]. The 
1
H NMR spectrum of Figure 

3.2 also shows the same behavior for 800 μM 
15

N-labeled C2AB in the presence of up to 100 

mM Ca
2+

. The line widths at this spectrum are those expected for a highly soluble and 

monomeric protein of this molecular weight.  

To investigate whether the behavior of longer fragment of synaptotagmin-1 is responsible for 

its oligomerization in solution or/and on membranes, I prepared 
15

N-labeled lnC2AB sample 

for NMR analysis using 
1
H-

15
N TROSY-HSQC spectra. I purified the lnC2AB fragment with 

the same rigorous purification protocol that we use for the shorter C2AB fragment. This 

protocol consists of GST-tag affinity purification; many wash steps with detergent, high salt, 

and Ca
2
+, treatment with nuclease, cation exchange chromatography, and size exclusion 

chromatography (Please check methods section for complete purification protocol). The 

nuclease treatment used in this protocol is vital for the purification of synaptotagmin-1 

fragments due to its tendency to bind poly acidic contaminants. These contaminants are 

potential reasons for synaptotagmin-1 aggregation. The 
1
H-

15
N TROSY-HSQC spectrum that 

was obtained to assess the aggregation behavior of lnC2AB at 100 μM in 20 mM Ca
2+

 

revealed a high quality spectrum showing that lnC2AB does not aggregate under these 
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conditions (Figure 3.3). Any kind of oligomerization, even dimerization of lnC2AB whether 

in the fast or slow kinetic regime, should affect the 
1
H-

15
N TROSY-HSQC spectrum by 

broadening the peaks or shifting the peaks.  
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Figure 3.2: 1H NMR spectrum of C2AB. 

1
H NMR spectrum of 800 µM 

15
N-C2AB in 50 mM MES (pH 6.3) containing 150 mM NaCl 

and 100 mM Ca
2+

. 
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Figure 3.3: Ca2+-bound lnC2AB yields high-quality NMR data. 

The contour plot shows a 
1
H-

15
N TROSY-HSQC spectra of 100 µM 

15
N-lnC2AB in 25 mM 

Tris (pH 7.4) containing 125 mM NaCl and 20 mM Ca
2+

. 
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Since the quality of the spectrum of lnC2AB and the peak locations are very similar to the 

spectrum of C2AB, these data show that there is no aggregation of lnC2AB even at 100 μM in 

20 mM Ca
2+

 concentrations. The only difference in the lnC2AB spectrum is that there are 

more cross-peaks in the lnC2AB spectrum all of which are located in the middle of the 

lnC2AB spectrum (Figure 3.3). These peaks should belong to the residues in the linker region 

(Synaptotagmin-1 96-140), which does not exist in the C2AB fragment. Since the extra peaks 

are in the middle of the 
1
H-

15
N TROSY-HSQC spectrum we expect that that this entire 

region is unstructured. N-H cross-peaks of the residues located in an unstructured region of a 

protein show average peptide chemical shifts. These results contradict the results reported in 

the previous study, which showed aggregation of lnC2AB at even 10 μM protein 

concentrations [230]. In our hands, well purified fragments of both synaptotagmin-1 lnC2AB 

and C2AB do not aggregate even at very high protein and calcium concentrations. However, 

we observed possible signs of aggregation of synaptotagmin-1 fragments that were not 

rigorously purified following the protocol outlined above. I also used the same turbidity 

assay that was used in the earlier study [230] that showed the tendency of lnC2AB to 

aggregate above 10 μM protein concentrations in the presence of Ca
2+

 to understand the 

effect of the purification procedure on the aggregation behavior of lnC2AB. It is important to 

note that below this concentration the turbidity assay may not be sensitive enough to report 

possible lnC2AB aggregation because small aggregates of dilute lnC2AB may not 

significantly change absorbance at 400 nm. In the purification of synaptotagmin-1 fragments 

there are three very important purification steps to remove contaminants that may be bound 

to highly positively charged regions of the C2A and C2B domains. These steps are washing 
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with a high concentration of Ca
2+

, nuclease treatment, and cation-exchange chromatography. 

Here I further examined the effect of the cation-exchange chromatography purification step 

on the aggregation behavior of lnC2AB. I prepared lnC2AB sample using the same rigorous 

purification protocol, but excluded the cation-exchange chromatography step. After the 

lnC2AB was subjected to size-exclusion chromatography there were two major peaks 

detected on the chromatogram, while the fully purified protein only has one. One peak is 

eluted at a volume very similar to the pure lnC2AB (Figure 3.4 A – peak 2) and another peak 

is eluted at a much earlier volume (Figure 3.4 – peak 1). Reinjection of the corresponding 

eluted lnC2AB fragments into an analytical size-exclusion column showed that protein from 

both peaks are eluted at the same corresponding volumes, showing that both peaks contain 

stable lnC2AB species (Figure 3.5). The aggregation behavior of the lnC2AB fragment 

obtained from both peaks was examined by the turbidity assay at 400 nm and both peaks 

showed only background levels of turbidity in the absence of Ca
2+

. lnC2AB from peak 2, 

which corresponds to the pure lnC2AB elution volume, showed background levels of 

turbidity in the presence of 1 mM Ca
2+

 even at 100 μM of lnC2AB concentration (Figure 3.4 

B – red triangles). We observed the same levels of turbidity for the pure lnC2AB samples that 

were purified using the full purification protocol including cation exchange chromatography 

(Figure 3.4 B – black circles). However, lnC2AB obtained from peak 1 consistently showed 

increasing levels of turbidity with increasing concentrations of lnC2AB in the presence of 1 

mM Ca
2+

 (Figure 3.4 B – blue squares). The concentration dependent turbidity profile of the 

lnC2AB from peak 1 is indeed very similar to the turbidity profile of lnC2AB that was 

reported in the previous study suggesting the oligomerization model for lnC2AB [230]. It 
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seems that we are only able to reproduce the aggregation behavior of lnC2AB with partially 

purified lnC2AB. Fully purified lnC2AB does not aggregate even at very high concentrations 

regardless of Ca
2+

 presence. 

The purity of the lnC2AB from both peaks was also assessed from their UV spectra. lnC2AB 

from peak 2 showed a very common protein UV spectrum profile with a peak maximum at 

280 nm, while the UV spectra profile of lnC2AB from peak 1 showed a peak maximum at 

~265 nm. When the UV maximum is close to 260 nm, it suggests that there are nucleic acid 

contaminants. This is expected since synaptotagmin-1 fragments, especially with the C2B 

domain, tend to bind polyacidic compounds and partial purification is not sufficient to 

remove those contaminants [234].  
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Figure 3.4: Impurities promote aggregation of lnC2AB in solution. 

(A) Gel filtration profile on a Superdex 75 16/60 column of an lnC2AB sample that was 

purified by our usual procedure, including the benzonase treatment, but without ion exchange 

chromatography step. Inset: Peaks 1 and 2, as well as a control sample of fully purified 

lnC2AB (pure), were analyzed by SDS-PAGE and Coomassie blue staining.  

(B) Analysis of lnC2AB aggregation using a turbidity assay. The turbidity as monitored from 

the absorption at 400 nm was measured as a function of protein concentration for the same 

control sample of purified lnC2AB (black circles), and for the samples from peaks 1 (blue 

squares) and 2 (red triangles) of the gel filtration experiment shown in panel A. The 

experiments were performed in 25 mM Tris (pH 7.4) containing 125 mM NaCl and 1 mM 

Ca
2+

.  

(C) UV spectra of samples corresponding to peaks 1 and 2 in the gel filtration chromatogram 

shown in panel A. 
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Figure 3.5: Peaks 1 and 2 in the gel filtration profile of Fig. 3A correspond to table 

species. 

The black curve shows the gel filtration profile on an analytical Superdex 75 10/300 column 

of an lnC2AB sample that was purified by our usual procedure, including the benzonase 

treatment, but without ion exchange chromatography step. A portion of the same sample was 

injected into a preparative Superdex 75 16/60 column; the fractions corresponding to peaks 1 

and 2 were collected and then injected into the analytical Superdex 75 10/300 column (blue 

and red curves, respectively). 
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Additionally, the far UV region (below 245 nm) of the UV-spectrum for lnC2AB from peak 1 

is dominated by scattering, potentially due to aggregation of lnC2AB. 

In synaptotagmin-1 fragments containing only the C2B domain it is very difficult to get rid of 

the polyacidic contaminants [130, 234]. It is easier to remove those contaminants from 

synaptotagmin-1 fragments containing both C2A and C2B domains, but some of the steps are 

vital in their purification. (Please check methods section for complete purification protocol). 

Strikingly, when nuclease treatment is skipped from lnC2AB purification the protein behaves 

very differently during size-exclusion chromatography. Almost all of the protein elutes at a 

peak earlier than the corresponding pure lnC2AB peak suggesting that high salt and Ca
2+

 

wash on the GST affinity column is not sufficient to remove polyacidic contaminants from 

lnC2AB, which also suggests that high salt washes performed on an affinity column are not 

sufficient for removal of those contaminants. However high salt washes were claimed to be 

sufficient to get rid of those contaminants on the study proposing the oligomerization model 

of lnC2AB for vesicle clustering. Please note that in some occasions well purified C2AB that 

has the usual UV-spectrum profile at high concentrations gave very poor 
1
H-

15
N HSQC 

spectra, showing the presence of contaminants [235]. Therefore, examining only the UV-

spectra is not sufficient to assess the purity of synaptotagmin-1 fragments. Accordingly, we 

use HSQC experiments to assess purity of synaptotagmin-1 fragments on 
15

N labeled 

synaptotagmin-1 fragments (Figure 3.3). 
1
H-

15
N TROSY-HSQC experiment shows that more 

than 95% of our lnC2AB sample is free of contaminants based on the signal to noise ratio. 
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3.2.2 Direct membrane bridging by lnC2AB is the prevalent model for liposome 

clustering   

Cryo-EM images provided the most direct evidence for the oligomerization model in which 

oliogomerized lnC2AB molecules are responsible for membrane bridging [229]. These 

images reported that membranes are bridged and form extended flat surfaces with a continual 

separation of ~9 nm. Between those extended flat membranes, electron density was observed 

and attributed to oligomerized lnC2AB molecules [229]. Intermediate structures of 

membranes with lnC2AB that were obtained from these images contradict with the results 

obtained from cryo-tomography images of membranes clustered by C2AB. These clustered 

membranes were reported to be predominantly 4 nm apart from each other, which is the size 

of a single C2 domain [202]. 4 nm separation between membranes strongly supports that 

membranes are bridged directly with a single layer of C2AB protein(s). Some larger 

separation between membranes is also reported in this study, but these membranes were not 

flattened as opposed to the ones clustered with lnC2AB in the oligomerization model study. 

Moreover, there is no clear protein density that would represent an oligomeric form of C2AB 

between those apposed membranes. The dynamic nature of protein and liposomes 

interactions could lead to large distances between membranes during association and 

dissociation of these clustering liposomes.  

To assess which mechanism of membrane bridging is accurate and whether the difference 

between these electron microscopy results arose from different synaptotagmin-1 fragments, I 

used cryo-electron microscopy experiments to understand prevalent mechanism of membrane 

clustering by lnC2AB. I used the same lipid composition that was used in the study that 
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proposed the membrane bridging model by lnC2AB oligomerization. I imaged clustering 

liposomes in two different protein concentrations, one sample with 1:120 lnC2AB to lipid 

ratio, which is just sufficient to cluster vesicles, and another with 1:36 lnC2AB to lipid ratio, 

which should further favor the association of membranes in the presence of Ca
2+

. Extensive 

imaging and systematic analysis of both of these samples showed no evidence for the 

extended parallel flat membrane surfaces between apposed liposomes that was reported 

previously [229]. It is actually unclear how representative those flat surfaces are for the 

whole sample since there is no quantitative information reported. Extensive analysis of cryo-

EM images of liposomes clustered by lnC2AB in our hands revealed only rare cases of 

membranes separated by 8-10 nm with clear electron density (potentially protein) between 

those membranes. This observation is far from supporting the model of membrane bridging 

by lnC2AB oligomers (Figure 3.6 E) reported previously [230]. It was very rare to see distant 

membranes with protein density in between and in no cases did we see flattening of 

membranes. Most of the distant membrane interfaces did not have clear protein density and 

in most cases the measured distance between apposed membranes was predominantly 3-4 

nm. 

I measured 697 apparent distances between clustered membranes to get representative data of 

the membrane bridging activity of lnC2AB. The vesicles with an apparent distance of longer 

than 15 nm were not accounted for the distance measurements for the lnC2AB clustered 

liposomes. Therefore vesicles that are apart beyond 15 nm are unlikely to be bridged by 

lnC2AB. It is important to note that these distances may arise after dissociation of clustered 

vesicles due to the dynamic nature of membrane bridging by lnC2AB (Figure 3.6 F). 697 
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measured apparent distances between clustered membranes are predominantly between 3 and 

4 nm and decaying smoothly in larger distances (Figure 3.6 B). 

Electron microscopy provides images of samples that are projected on 2 dimensions along 

the dimension of the incoming electron beam. Therefore, distances between membranes 

measured on EM images tend to underestimate the real distances between those membranes. 

This notion is especially pronounced for small distances and when there is a major size 

difference between apposed liposomes. To tackle this limitation, I optimized the freezing and 

blotting conditions of the EM grid to have consistent vitrified ice on EM grids that is close to 

100 nm in thickness or less. The approximate thickness of the vitrified ice on EM grid is 

measured by a commonly used technique which involves burning a hole on vitrified ice at 45 

degree tilt of the sample [236]. When the vitrified ice is less than 100 nm, it gave rise to 

visualization of vesicles that are approximately on the same plane (Figure 3.6). I only imaged 

vesicles in the regions where the ice thickness is around 100 nm or less and I avoided the 

other regions where the ice is thicker because it can give rise to staggering of vesicles and 

therefore underestimation of measured distances between lnC2AB bridged membranes.  
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Figure 3.6: Cryo-EM analysis of liposome clustering by lnC2AB. 

 

Samples containing 3 µM or 10 µM lnC2AB, 1 mM Ca
2+

 and phospholipid vesicles (0.3 

mg/mL lipids) were incubated and fast-frozen on EM grids (5 min after mixing the reagents).  

(A) Examples of the cryo-EM images obtained. Arrows indicate liposome pairs with 

apparent intermembrane distances of 4 nm or less.  Scale bar = 100 nm.  

(B) Overall distribution of apparent distances measured between 697 selected liposome pairs 

bridged by lnC2AB.  

(C) and (D) Distribution of apparent distances measured between liposome pairs in samples 

containing 3 µM lnC2AB, yielding an lnC2AB-to-lipid ratio of 1:120 (C), or 10 µM lnC2AB, 

yielding an lnC2AB-to-lipid ratio of 1:36  

(D) The distribution of panel B includes all the distances included in panels C and D. Note 

that protein-free liposomes do not cluster under the conditions of our experiments (20). 

(E) Additional images of the same experiments described in panel A and B. The arrows point 

to interfaces with inter-membrane distances of 8-10 nm and what appears to be electron 

density between them that could correspond to lnC2AB oligomers. The image in F shows an 

example of loosely clustered vesicles. Scale bars = 100 nm. 
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To check whether there is any significant underestimation of the measured distances between 

membranes, I re-plotted the measured distances for larger pairs of liposomes (diameter > 

70nm), which should be much less prone to underestimation (Figure 3.7 A). This plot 

resembles the overall distribution for all vesicles on Figure 3.6 B, but the distribution of 

distances on the histogram is less smooth as expected for the less number of measured inter-

membrane due to having fewer distance measurements. This plot still represents 

predominantly 3-4 nm intermembrane distances. The estimated error for intermembrane 

distances for EM projection is <30% for small distances and <10% for large distances 

(Figure 3.7 B and C). 

Intermembrane distances measured on cryo-EM images reasonably resemble the actual 

distances between lnC2AB bridged membranes with slight underestimation for the shorter 

distances. Thus, we conclude that the predominant intermembrane distances of 3-4 nm 

plotted on histogram of Figure 3.6 B reflect actual intermembrane distance of 4-5 nm, which 

is the approximate size of a C2 domain from its bottom to Ca
2+

 binding loops. Therefore, this 

size corresponds to a single C2 domain between two membranes oriented perpendicularly, 

which allows simultaneous interaction of the Ca
2+

 binding loops and the bottom of C2B 

domain with two apposed membranes (Figure 3.1 B). Our cryo-EM image analysis of 

lnC2AB bridged membranes is consistent with the results obtained from previous cryo-EM 

tomography results [202]. Both of these studies reported intermembrane distances which can 

only be explained by a model in which only a single layer of C2AB or lnC2AB molecule(s) 

directly bridge two apposed membranes.  
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Figure 3.7: Slight underestimation of intermembrane distance due to cryoEM projection. 

(A) Histogram of inter-membrane distances between vesicle pairs where both vesicles have 

diameters larger than 70 nm. The data correspond to a subpopulation of the whole set showed 

in Fig. 4b.  

(B.) Geometrical considerations for two vesicles with inter-membrane distance d positioned 

in different vertical planes. The two vesicles have different diameters, R and r. The 

projection (along the y-axis) gives an underestimated distance d’.  

(C) Average underestimation for the intermembrane distances between two vesicles. Without 

losing generality, here we assume that the diameter of the large vesicle is 100nm, and the 
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small vesicles vary from 65 to 100 nm in diameter. The thickness of the vitrified ice confined 

the possible displacement between these two vesicles. Since the big vesicles are close to the 

thickness of ice (≤ 100 nm), they are positioned with the origin in the center of the ice. The 

small vesicles are assumed to take a random vertical position (y) with an even probability, 

p(y)= 1/(2R - 2r). The angle θ is the   (defined in panel B) is estimated by:  

     

The average of d’ is then calculated by estimating the average of cos θ.   

   , 

And the estimated average of d’/d becomes 

   . 

We did numerical calculations of the average d‟/d, plotted them as a function of the inter-

membrane distance d (from 2-10 nm) and the radius of the small vesicles r (from 32 to 50 

nm), and presented the results in a 3D surface plot. All the simulations were done in 

MATLAB11a (licensed through UT Southwestern). 
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The intermembrane distances larger than 5 nm plotted on the histogram in Figure 3.6 B show 

smooth decay as distance increases. We argue that these small fractions of intermembrane 

distances arose from the dynamic nature of vesicle clustering by lnC2AB. Vesicles before 

association and after dissociation should naturally lead to distances larger than the actual 

intermembrane distance during bridging of two membranes by lnC2AB.  

To provide evidence for this argument about larger intermediate distances, I imaged two 

separate samples with 1:120 and 1:36 lnC2AB molecules to lipid molecules ratio. The vesicle 

clustering activity of lnC2AB depends critically on the protein to lipid ratio and 

phosphotidylserine content in vesicles. 1:120 protein to lipid ratio is just sufficient to cluster 

vesicles with liposomes containing 15% phosphotidylserine. The distribution of distances 

between membranes for the 1:120 protein to lipid ratio is broader than the overall distribution 

of distances between membranes but still predominantly centered around 3-5 nm (Figure 3.6 

B and C). On the other hand, the sample with 1:36 protein to lipid ratio showed a narrower 

distribution of intermembrane distances with the vast majority of distances centered at 3-4 

nm. Much higher fractions of apposed vesicle pairs exhibited intermembrane distances at 3-4 

nm than the sample with 1:120 protein to lipid ratio (less lnC2AB). This analysis shows that 

addition of more lnC2AB shifts the equilibrium at association and dissociation towards the 

state where membranes are bridged by lnC2AB. Therefore, additional lnC2AB further 

stabilizes bridging of apposed membranes and we observed a higher population of apposed 

vesicles in which membranes are 3-4 nm apart. This observation resembles direct bridging of 

membranes by a single C2 domain. Lower concentration of lnC2AB leads to more dynamic 



97 

 

dissociation and association of vesicles, which give rise to broader distribution of 

intermembrane distances.  

This analysis very strongly suggests that membrane bridging is carried out primarily 

following the direct bridging mechanism. If the oligomerization model would significantly 

account for membrane bridging by lnC2AB, higher protein to lipid ratio should have 

enhanced the population of larger intermembrane distances or shift the center of the 

distribution of intermembrane distances to larger values, which is opposite to what we 

observed in the analysis of these two EM samples with two different protein to lipid ratios. 

Therefore, these results showed that membranes are bridged directly by a single layer of 

lnC2AB molecule(s). It also suggests that the oligomerization of synaptotagmin-1 does not 

significantly contribute for membrane bridging by lnC2AB.  

 

3.2.3 The bottom of the C2B domain contacts the phospholipid membranes  

NBD fluorescence is a commonly used environment sensitive probe whose emission 

fluorescence increases after its transition from an aqueous to hydrophobic environment [237]. 

Previously, the bottom of the synaptotagmin-1 C2B domain was shown to bind to 

phospholipid membranes with phosphotidylserine using a cysteine mutant of C2AB labeled 

with NBD on residue 396. Addition of Ca
2+

 into a sample containing C2AB 396-NBD and 

phosphotidylserine containing liposomes leads to an increase in the emission intensity of 

NBD, which suggests that the region of the C2B domain close to residue 396 is indeed 

interacting with membranes in a calcium-dependent manner [202]. However, similar 

experiments using lnC2AB labeled at residue 396 exhibited no increase in the intensity of 
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NBD [230] which directly contradicts the previously reported data with the C2AB fragment. 

In order to understand the true nature of the interaction of synaptotagmin-1 with 

phospholipid membranes, I performed side by side NBD experiments for both of the lnC2AB 

and C2AB fragments. They were labeled with NBD at cysteine mutated residue 396 and the 

same lipid composition was used in the study that claimed C2B does not interact with 

membranes. It is important to note that this lipid composition contains 15% 

phosphotidylserine, which is lower than the other study. The study that suggested interaction 

between C2B and the membrane used 30% phosphotidylserine. This difference may also 

account for the discrepancy between these two studies since phosphotidylserine (negatively 

charged lipids) is vitally important for the Ca
2+

 dependent synaptotagmin-1 interaction with 

phospholipid membranes. These experiments showed that both Ca
2+

 dependent phospholipid 

binding of both lnC2AB and C2AB lead to similar increase in the intensity of NBD 

fluorescence  (Figure 3.8 A, B and E), which is also comparable to the intensity change in 

NBD fluorescence performed previously with 30% PS containing liposomes [202]. These 

results are reproducible in different preparation of liposomes on different days. These results 

have been performed with a protein to lipid ratio in which liposomes are clustered.  
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Figure 3.8: Increased fluorescence of NBD probes placed at the bottom of the C2B 

domain upon membrane binding. 

(A) and (B) Representative fluorescence emission spectra of 0.3 μM samples of NBD-labeled 

N396C mutant C2AB (A) or lnC2AB (B) acquired side-by-side in the presence of 

phospholipid vesicles (100 µM lipids) and 1 mM EGTA or 1 mM Ca
2+

 (clustering 

conditions).  

(C) and (D) Analogous spectra acquired under the same conditions but using 1 mM lipids 

(non-clustering conditions). For each set of experiments in (A-D), spectra acquired with 

identical samples containing unlabeled C2AB or lnC2AB were subtracted to remove 

contributions from light scattering to the observed intensities. The data were then normalized 

to the maximum fluorescence intensity observed in the absence of Ca
2+

.  

(E) Quantification of NBD fluorescence increases upon membrane binding. NBD 

fluorescence emission spectra analogous to those shown in (A-D) were acquired in triplicate 

under clustering conditions (C2AB+ and lnC2AB+) or non-clustering conditions (C2AB- and 

lnC2AB-). Bars represent averages of the ratios between the NBD fluorescence intensity 

maxima observed in 1 mM Ca
2+

 and 1 mM EGTA in three separate pairs of experiments 

performed under identical conditions. Error bars represent standard deviations. 
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This ratio was determined for both lnC2AB and C2AB using dynamic light scattering. 

Interestingly, similar experiments under non clustering conditions also exhibited similar 

NBD intensity changes, which show that the bottom of C2B domain can interact with 

phospholipid membranes in non-clustering conditions (Figure 3.8 C and E). Additionally, a 

modest increase in NBD fluorescence intensity compared to the Ca
2+

 binding loops of the C2 

domains [202] suggests that clustering is mediated by only a small portion of C2AB or 

lnC2AB molecules, where Ca
2+

 binding loops and the bottom of the C2B domain 

simultaneously interact with the apposing membranes. This observation is compatible with 

the direct mechanism of liposome clustering since only a small percentage of membrane 

surfaces come in close proximity during vesicle clustering.  

The Ca
2+

 dependent modest increase in NBD fluorescence intensity upon phospholipid 

interaction of the bottom part of C2B can be explained with two different scenarios. One 

scenario is synaptotagmin-1 interacts with phospholipid membranes giving a small increase 

in NBD fluorescence intensity due to the interfacial location of NBD probe. If this scenario is 

true, we would expect that most the bottom of the C2B domain of the most of the 

synaptotagmin-1 fragments in the sample interacts with phospholipid membranes. The other 

scenario would be that the interaction of synaptotagmin-1 with phospholipid membranes 

gives rise to a large increase in NBD fluorescence intensity, in which case the bottom part of 

C2B domain of only small percentage of the synaptotagmin-1 fragments in the sample 

interacts with phospholipid membranes. The second scenario is more probable since previous 

studies have provided evidence showing that interaction of C2A and C2B domains with 

phospholipid membranes are mediated primarily through Ca
2+

 binding loops located at the 
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top of C2 domains [130, 238-240]. Analogous NBD experiments in which NBD probes are 

located near the Ca
2+

 binding loops showed significantly larger increases in the NBD 

fluorescence intensity upon Ca
2+

 dependent phospholipid membrane interaction [202]. It is 

important to note that this difference may also arise from the interfacial location of the NBD 

probe, which may lead to small changes in NBD fluorescence intensity due to environmental 

changes near NBD probe upon Ca
2+

 dependent phospholipid membrane interaction. If the 

increase in the NBD fluorescence intensity is comparable for NBD probes located either at 

the bottom region or near the Ca
2+

 binding loops of C2B domain per synaptotagmin-1 

molecule, according to our results, at least 5-10 % of the synaptotagmin-1 fragments in each 

sample should interact with phospholipid membranes through the bottom of the C2B domain. 

This percentage would be much higher if the change in the NBD fluorescence intensity for 

synaptotagmin-1 fragments with the NBD probe at the bottom of C2B domain is lower upon 

Ca
2+

 dependent phospholipid membrane interaction. 

 

3.2.4 Substantial populations of antiparallel orientations of the two C2 domains 

on nanodiscs 

The C2A domain of synaptotagmin-1 interacts with phospholipid membranes through its Ca
2+

 

binding loops, which are located at the top of the C2A domain. Our NBD dequenching 

experiments showed that a small but significant population of synaptotagmin-1 molecules 

interact with phospholipid membranes through the bottom of the C2B domain. These two 

observations require that sizable populations of synaptotagmin-1 molecules should interact 

with phospholipid membranes where C2A and C2B domains are oriented antiparallel to each 
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other. This model is compatible with the distances measured by EPR between both spin 

labeled C2A and C2B domains in lnC2AB molecules [231]. However, this EPR study lacks a 

direct distance measurement between the top of C2A domain and the bottom of C2B domain. 

Therefore, Kyle Brewer performed NMR experiments to obtain distance information 

between opposite ends of C2A and C2B domains, which could provide direct evidence for the 

antiparallel orientation of the two C2 domains. In these experiments Kyle used nanodiscs as a 

membrane partner for C2AB molecules instead of liposomes. Nanodiscs are discs of 

phospholipid bilayer in which the hydrophobic tails of phospholipids are stabilized with 

modified ApoA1, an amphipathic scaffold protein [241]. Their size is about 10 nm in 

diameter, which gives nanodiscs advantages in NMR experiments over liposomes as a 

membrane system since liposomes are much bigger than nanodiscs and broaden all of the 

NMR signals to undetectable levels. To test the antiparallel model, the methyl groups of 

isoleucines, leucines, and valines were specifically labeled with 
13

C-
1
H3 isotopes with 

specific aminoacid precursors in the C2AB fragment and the rest of C2AB fragment was 

deuterated (
2
H-ILV-

13
C

1
H3-C2AB). This labeling technique allows us to obtain high 

sensitivity 
1
H-

13
C heteronuclear multiple quantum coherence (HMQC) data from very large 

biomolecular complexes [242]. In this case we used this method to study C2AB-Nanodisc 

complexes.  

The 
1
H-

13
C HMQC spectrum of 

2
H-ILV-

13
C

1
H3-C2AB gave rise to 

1
H-

13
C correlation cross 

peaks from only ILV methyl groups. The 
1
H-

13
C HMQC spectrum of the 

2
H-ILV-

13
C

1
H3-

C2AB exhibits sharp cross-peaks in the presence of 15% phosphotidylserine containing 

nanodiscs without Ca
2+

. Addition of Ca
2+

 to the sample significantly broadens the cross-
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peaks due to size increase upon biding of C2AB to nanodiscs. However, cross-peaks are 

easily observable with high signal to noise in the presence of Ca
2+

 (Figure 3.9 A and B). 

Comparison of 
1
H-

13
C HMQC spectra of isolated 

2
H-ILV-

13
CH3-C2AB in the presence of 0, 

1, and 20 mM Ca
2+

 revealed progressive changes in cross-peaks from methyl groups in the 

Ca
2+

-binding loops (Figure 3.9). This notion is consistent with the previous observation for 

the amide groups of amino acids on the Ca
2+

 binding loops of C2AB [217]. There are 

additional movements of some of the methyl cross-peaks in the 
1
H-

13
C HMQC spectrum of 

the 
2
H-ILV-

13
C

1
H3-C2AB in the presence of both 1 mM Ca

2+
 and nanodiscs. These 

observations showed that in the presence of Ca
2+

 and nanodiscs all of the C2AB molecules 

are bound to nanodiscs and DLS experiments showed that there are no higher order protein-

nanodisc complexes. This means that only one C2AB molecule binds to only one nanodisc 

molecule.  
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Figure 3.9: NMR analysis of C2AB on nanodiscs. 

(A) and (B) 
1
H-

13
C HMQC spectrum of 50 µM 

2
H-ILV-

13
CH3-C2AB in 1 mM EDTA (A) or 

in 1 mM Ca
2+

 in the presence of 60 µM nanodiscs (B).  

(C) Superposition of expansions showing the cross-peak from Ile239 (rectangle shown in 

panels A,B)  of 
1
H-

13
C HMQC spectra of 50 µM 

2
H-ILV-

13
CH3-C2AB in 1 mM EDTA 

(black), 1 mM Ca
2+

 (cyan), 20 mM Ca
2+

 (blue) or 1 mM Ca
2+

 plus 60 µM nanodiscs (red).  

(D) Ribbon diagram of the synaptotagmin-1 C2A domain showing the location of I239 as a 

green stick model. Ca
2+

 ions are shown as yellow spheres. 
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To obtain information about the relative orientations of the two C2 domains, 
2
H-ILV-

13
C

1
H3-

C2AB was labeled with a paramagnetic probe called (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-

3-methyl) methanethiosulfonate (MTSL) at the bottom of the C2A domain (N248) or at the 

top of the C2A domain (V304) through single cysteine mutations. MTSL allows us to extract 

distance information for nearby residues through paramagnetic broadening effects (PBE). 

MTSL is expected to broaden the cross-peaks of nearby residues in 
1
H-

13
C HMQC spectra 

that are within 25 Å [243]. Reduction of the MTSL probe removes its magnetic property, 

which allows the recovery of the broadened cross-peaks to their original levels [244]. PBEs, 

measured as the ratios of the cross-peak intensities before and after reduction of MTSL, 

allowed us to understand which residues are close and which residues are far from the MTSL 

probe in C2AB. Therefore, comparison of 
1
H-

13
C HMQC spectra of either nanodisc bound 

2
H-ILV-

13
CH3-C2AB 248-MTSL or 

2
H-ILV-

13
CH3-C2AB 304-MTSL provide information to 

assess the relative orientation of the two C2 domains. The measured PBEs were examined to 

determine intra-domain distances such as distances from an MTSL probe on the C2A domain 

to residues in the C2A domain.  These intra-domain distances were compared with the real 

distances reported by the crystal structures of individual C2 domains as a control to test 

whether this experimental setup provides accurate measurements. The sample with MTSL 

labeled on the C2A domain gave rise to broadening of cross peaks from residues of the C2A 

domain within the typical r
-6

 distance dependence (distance between an MTSL probe on the 

C2A domain to residues in the C2A domain) and the measured distances are similar to the 

actual distances. Very similar results were observed for the sample with MTSL labeled on 
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the C2B domain along with its corresponding PBE measurements and distance dependence of 

the PBE measurements [129, 130, 216]. 

Previous single-molecule fluorescence studies [245, 246] and EPR studies [231] reported that 

the two C2 domains exhibit dynamic orientations relative to each other. The measured inter-

domain PBEs from both MTSL labeled on C2A domain and MTSL labeled on C2B domain 

are consistent with this notion of dynamic relative orientation of two C2 domains.  

For the MTSL labeled sample on the bottom of the C2A domain, some strong (< 0.4) and 

medium (0.4 to 0.6) PBEs were observed from MTLS located at the bottom of the C2A 

domain to several methyl cross-peaks that belong to residues located at bottom and middle of 

the C2B domain (Figure 3.10 A and B). This suggests that the majority of the C2A and C2B 

domains in C2AB molecules are oriented parallel to each other on nanodiscs. It is important 

to note that this mode of orientation is compatible with simultaneous interaction of both C2A 

and C2B Ca
2+

 binding loops with phospholipid membranes on nanodiscs. Therefore, the 

results observed for strong and medium PBEs are consistent with binding of C2AB molecules 

to phospholipid membranes predominantly through the Ca
2+

 binding loops. However, for this 

sample (MTSL located on the C2A domain), some medium (0.4 to 0.6) PBEs were also 

observed from MTSL located at bottom of C2A domain to several methyl cross-peaks that 

belong to residues located at the top of the C2B domain (Figure 3.10 A and B). Since the 

distance between MTSL at the bottom of C2A and methyl groups located at the top of C2B 

domain are not close enough in a parallel orientation of C2 domains to observe medium 

PBEs, these PBEs should arise from the antiparallel orientation of two C2 domains in which 
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the top of the C2B domain comes into close proximity to the bottom of the C2A domain 

where MTSL is located.  

The measured inter-domain PBEs from MTSL labeled on C2B domain at residue 304 are 

generally smaller than the ones measured from MTSL labeled on the C2A domain. It is likely 

that the smaller PBEs probably originated from residue 304 being at the edge of the most 

outside loop on C2B. This puts this residue significantly farther from the methyl groups on 

the C2A domain. However, one strong PBE was observed from a methyl group on the top of 

the C2A domain. This is the closest isotopically labeled methyl to the MTSL located on top 

of C2B domain, suggesting a parallel orientation of the two C2 domains. Additionally, 

multiple medium PBEs were observed from MTSL labeled on C2B domain to methyl cross-

peaks that are located at the top, middle and bottom of the C2A domain (Figure 3.10 C and 

D). Hence, the PBEs observed from MTSL labeled on the C2B domain also show that there 

are at least two conformations of C2AB bound to the nanodisc.  

In the predominant conformation, the two C2 domains are oriented parallel to each other, 

allowing both the Ca
2+

-binding loops of the two C2 domains to simultaneously bind to the 

same phospholipid membranes. In the other conformation, the two C2 domains are oriented 

antiparallel to each other and the Ca
2+

-binding loops of the two C2 domains bind to opposite 

membranes. Due to the dynamic nature of the interaction of C2AB molecules with nanodiscs, 

it is not possible to do quantification on our PBE experiments. Nevertheless, all the data 

support the conclusions obtained from the NBD dequencing experiments, which shows that 

the bottom of the C2B domain interacts with phospholipid membranes.  
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Figure 3.10: Analysis of PBEs within C2AB bound to nanodiscs. 

(A) and (C) 
1
H-

13
C HMQC spectra of 50 µM MTSL-labeled 

2
H-ILV-

13
CH3-C2AB N248C 

(A) or V304C (C) mutant in the presence of 1 mM Ca
2+

 and 60 µM nanodiscs before (red) or 

after (black) reduction with 1 mM dithionite and 1 mM ascorbic acid. Assignments based on 

our previous NMR studies of the isolated C2A and C2B domains (15, 40) are indicated for 

well-resolved cross-peaks. Cross-peaks from methyl groups that exhibit PBEs indicative of 

antiparallel orientations of the C2 domains (at the top of the C2B domain in A and to the 

bottom of the C2A domain in C) are labeled in blue. B,D. Summary of the interdomain PBEs 

measured for the N248C (B) or V304C (D) mutant. Ribbon diagrams of the C2A and C2B 

domains are shown on the left and the right, respectively, with the Ca
2+

 ions shown as yellow 

spheres and the atoms of the residues that were mutated to place the MTSL labels shown as 

green spheres. The methyl carbons that exhibited strong (between 0 and 0.4) or medium (0.4-

0.6) interdomain PBEs are shown as red or orange spheres, respectively. The residues 

bearing these methyl groups are: 294, 387, 394, 401, 409, 413 and 417 (red) and 273, 291, 

292, 307 and 335 (orange) in (B); 171 (red), and 149, 158, 181, 197, 239, 240 and 250 

(orange) in (D) The curved arrows are meant to illustrate that the MTSL label placed at the 

bottom of the C2A domain (N248C) induces substantial PBEs in the bottom, middle and top 

of the C2B domain, while the MTSL label placed at the top of the C2B domain (V304C) 

induces substantial PBEs at the top, middle and bottom of the C2A domain. The dashed lines 

represent the linker between the C2A and C2B domains. 
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3.3 Discussion 

Previous studies showed that synaptotagmin-1 can cluster liposomes and chromaffin granules 

in vivo [225] and C2AB can cluster liposomes and bring membranes close together (~4 nm) 

in the presence of Ca
2+

. These observations provided a working model in which 

synaptotagmin-1 can bring plasma membranes and synaptic vesicles very close to each other 

with the help of the SNARE complex in a Ca
2+

 dependent manner [202]. The following 

mutational studies support this model. Mutation of the two arginines at the bottom of the C2B 

domain of synaptotamin-1 led to complete abrogation of Ca
2+

 dependent evoked 

neurotransmitter release. The same pair of mutations also impaired the liposome clustering 

activity of C2AB and its ability to stimulate SNARE-dependent lipid mixing between 

liposomes [218]. On the other hand, other studies about synaptotagmin-1-phospholipid 

membrane interactions provided contradictory results and led to another model of membrane 

bridging by synaptotagmin-1 where oligomerized lnC2AB molecules in opposite membranes 

interact with each other. This interaction of lnC2AB molecules on separate membranes brings 

those opposite membranes in close proximity. In this model the bottom of the C2B domain 

does not directly interact with phospholipid membranes [230]. Another study provided cryo-

EM pictures that supported this model of membrane bridging by oligomerized lnC2AB [229]. 

Understanding the validity of these contradictory results from different studies and clarifying 

which model is physiologically relevant is important to assess how synaptotagmin-1 brings 

synaptic vesicles and the plasma membrane together, triggering vesicle fusion and 

neurotransmitter release. Our study showed strongly that both C2AB and lnC2AB bridge the 

two membranes by direct interaction of these molecules with apposing membranes. This 
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bridging activity involves direct interaction of the bottom of C2B domain with phospholipid 

membranes. It is important to note that the bottom of C2B domain in a significant population 

of C2AB or lnC2AB molecules interact with phospholipid membranes. This interaction exists 

even in the protein to lipid ratios that is not sufficient cluster liposomes.  

It is also important to note that there has been no study reporting membrane bridging by 

oligomerization of the shorter synaptotagmin-1 fragment (C2AB). On the other hand 1D 

NMR experiments established that even high concentrations of C2AB do not aggregate or 

self-associate in solution in the presence or absence of Ca
2+

 (Figure 3.2) [131, 202]. 

Additionally, in a previous study, no crosslinking had been observed between highly 

localized C2AB molecules bound to membranes with a very efficient cross-linker (Tris-

(bipyridine) ruthenium (II)) [202]. Additionally, the same study showed with a FRET assay 

that C2AB does not oligomerize on vesicles even at very high local protein concentrations 

[202]. Intermembrane distances between C2AB bridged liposomes are primarily ~4 nm [202], 

which shows that membranes are bridged directly by a single C2 domain and these results are 

inconsistent with the oligomerization model. Previous studies also reported similar 

stimulating activity of C2AB [218] and lnC2AB [247] in SNARE dependent lipid mixing 

assays. Therefore, all these studies showed that oligomerization of lnC2AB or C2AB is not 

required for stimulation of lipid mixing by C2AB or C2AB.  

Direct bridging model was also supported by two separate studies using lnC2AB. An EPR 

study [231] and a fluorescence study [248] reported that lnC2AB bridge two membranes 

without oligomerization. The oligomerization model in the previous study [230] was 

proposed by disregarding EPR and fluorescence studies for lnC2AB and previously available 
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results for C2AB [202]. The proposal of the oligomerization model relied on indirect 

experiments and cryo-EM images of a separate study [229] where flat membrane surfaces 

were observed. On the other hand, this study [230] did not support oligomerization of 

lnC2AB with any direct evidence for protein-protein interactions that facilitate bridging of 

two apposing membranes. Previous cryo-EM images [229] provided the only direct evidence 

that supports oligomerization model [230] where membranes formed extended parallel 

surfaces separated at a constant 9 nm distance, and there was an ordered protein density 

between apposed membranes. However these structures were not observed in our extensive 

cryo-EM analysis (Figure 3.6). It is not clear how representative those parallel flat surfaces 

were for the entire sample [229] and whether the observations contradict with our results due 

to lack of statistical analysis of previous cryo-EM pictures [229]. The apparent distances 

between lnC2AB bridged membranes are predominantly between 3-4 nm according to the 

analysis of 697 bridged vesicle interfaces in our cryo-EM images. We estimate the real 

distance between membranes as 4-5 nm. Our cryo-EM analysis shows that lnC2AB bridges 

membranes prevalently by the direct method. We observed very rare cases of membrane 

separation of 8-10 nm and protein density between those 8-10 nm separated membranes. 

However, these cases were less than 1% of the membrane interfaces we have analyzed and 

there were no membrane flattening and well defined accumulation of lnC2AB. These rare 

interfaces may arise from small aggregates of lnC2AB due to residual polyacidic 

contamination. Our well purified lnC2AB did not aggregate in solution even at very high 

protein concentrations regardless of presence of Ca
2+

. However, lnC2AB that is not well 

purified (without ion-exchange chromatography) was observed to aggregate at above 10 µM 
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of lnC2AB concentration in the presence of Ca
2+ 

(Figure 3.4) by a turbidity assay which is 

very similar to the results previously reported in the study that proposed oligomerization 

model [230].  

It is important to note that the study that proposed the oligomerization model reported that 

the lnC2AB samples used in their study aggregate above 10 µM concentration [230]. 

Moreover, the primary evidence provided to conclude that membrane bridging requires 

trans interactions between lnC2AB molecules bound to separate membranes relied on the 

finding that immobilized liposomes containing pre-bound lnC2AB pulled down target 

liposomes containing pre-bound lnC2AB, but not free liposomes [230]. The interpretation of 

this assay relied on the assumption of a slow dissociation constant for the interaction between 

lnC2AB and membranes described in reference [249]. The reference study [249] reported this 

rate in the order of 10 s
-1

. Hence, lnC2AB should readily redistribute among liposome 

populations in the time scale of the pull-down assays, and the lack of binding of the target 

plain liposomes can be attributed merely to the overall decrease in lnC2AB concentration. 

Redistribution of lnC2AB molecules with plain liposomes resulted in protein to lipid ratios 

that are not sufficient to cluster liposomes (Figure 3.4 in Reference [230]). Additionally the 

direct bridging model was supposedly eliminated by NBD dequenching assays where NBD 

probes were placed at the bottom of the C2B domain. Furthermore, direct membrane bridging 

by lnC2AB was presumably ruled out by the lack of an increase in fluorescence for NBD 

probes placed at the bottom of the C2B domain (including residue 396) upon membrane 

binding, and by the absence of FRET between these probes and rhodamine-labeled lipids 

[230]. However, we observed a modest increase in NBD fluorescence signal from both 
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lnC2AB and C2AB samples (Figure 3.8) that were labeled with NBD at residue 396 (the 

bottom of C2B). A modest increase in the NBD fluorescence is expected since only a small 

fraction of C2B domain is expected to contribute to bridging membranes. These contradictory 

NBD dequenching results may arise from inadequate purification of lnC2AB considering the 

fact that lnC2AB reportedly aggregate in solution in the study where NBD fluorescence 

increase was not observed [230].  

The NBD data shows a modest increase in fluorescence intensity for C2AB and lnC2AB 

labeled with NBD at the bottom of C2B domain upon binding to membranes in a Ca
2+

 

dependent manner (Figure 3.8). On the other hand, the NBD data shows a large increase for 

C2AB and lnC2AB labeled with NBD at the Ca
2+

-binding loops [202]. PBE experiments with 

nanodiscs suggest that the predominant population of C2AB binds to a single membrane 

through both of the Ca
2+

-binding loops (Figure 3.10) and also suggests that a sizeable 

population of C2AB molecules interact with the membrane in an orientation where the Ca
2+

-

binding loops of two C2 domains are oriented antiparallel. The predominant interaction of 

Ca
2+

-binding loops of C2 domains with the membranes is not unexpected due to their high 

affinity for phospholipid bilayer and this observation is not incompatible with the direct 

bridging model. Interaction of the bottom of the C2B domain of a small fraction of C2AB or 

lnC2AB with an apposed membrane is sufficient to bridge two membranes and this bridging 

can occur when C2 domains align in either parallel or antiparallel orientation (Figure 3.1 B). 

Binding of the bottom of the C2B domain to membrane was also observed for a sizable 

population of both C2AB and lnC2AB molecules in NBD experiments. According to changes 

in NBD signal, this population is estimated to be 5-10%. However, it could be larger if the 
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NBD labeled on the bottom of the C2B domain interacts with the membrane at the interface 

between hydrophobic tails and the polar layer of phospholipids, whereas NBD labeled on the 

Ca
2+

-binding loops interacts directly with hydrophobic tails. PBE measurements of C2AB on 

nanodiscs and previously obtained EPR data for lnC2AB also agree with the NBD data where 

the bottom of the C2B domain was shown to interact with membrane surface and the 

predominant population of lnC2AB molecules exists in antiparallel orientations [231]. 

Due to uncertainties in the estimation of the populations of the antiparallel orientation of 

C2AB and lnC2AB molecules by both NBD and EPR experiments, the analysis of EPR and 

NBD data is not incompatible. Overwhelming evidence provided from NBD, EPR, and PBE 

experiments clearly show that substantial populations of C2AB and lnC2AB molecules bridge 

membranes where  C2 domains are oriental antiparallel.  

We observed very rare formation of aggregates of lnC2AB between apposed membranes. 

Therefore, we cannot completely eliminate the possibility of formation of lnC2AB oligomers 

between apposed membranes. However, there is no evidence that lnC2AB forms well defined 

oligomers and extensive analysis of cryo-EM images of membranes bridged by lnC2AB 

showed no indication of extended flat membrane interfaces. It is possible that residual 

polyacidic contaminants may be responsible for the rare occurrence of lnC2AB aggregates 

since they cause aggregation of synaptotagmin fragments in solution.  

Additionally, there is an overwhelming amount of data presented here and previously [202], 

which shows that synaptotagmin-1 brings membranes into close proximity by the direct 

bridging mechanism. These data also provide evidence against oligomerization of 

synaptotagmin molecules both in solutions and on membranes [202].   
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Local concentration of synaptotagmin-1 in synaptic vesicles may be argued to be critical for 

formation of oligomers of synaptotagmin fragments. It is reported in a very thorough 

quantitative study that synaptic vesicles contain 15 molecules of synaptotagmin-1 on average 

[207]. However, membrane bound C2AB molecules were shown not to oligomerize even at 3 

fold higher concentrations [202].  

Additionally, synaptotagmin is located right at the interface between two membranes when it 

bridges them. The oligomerization model does not seem compatible with promoting 

membrane fusion since it requires the relocation of synaptotagmin oligomers from the fusion 

interface on the microsecond time scale. On the other hand, individual synaptotagmin 

molecules can diffuse away from inter-membrane space and interact with other members of 

the release machinery to bridge synaptic vesicles to plasma membranes and promote fusion 

in the direct bridging mechanism [131] (Figure 3.11). 

The direct bridging mechanism should be further validated by better characterization of 

synaptotagmin-1 mutants and the clustering abilities of these mutants should be better 

correlated with in vivo results in functional studies [218]. Furthermore, understanding the 

interaction between SNARE complexes and synaptotagmin is crucial to elucidate the 

mechanistic contribution of clustering activity of synaptotagmin on membrane fusion. 
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Figure 3.11: Mechanistic implications of the direct bridging and oligomerization 

models. 

Both diagrams show the SNARE complex (syntaxin-1 in yellow, SNAP-25 in green and 

synaptobrevin in red) bridging the synaptic vesicle and plasma membranes (shown in gray), 

and are intended to illustrate potential relative orientations of the synaptotagming-1 C2 

domains (C2A domain in pink, C2B domain in blue, Ca
2+

 ions in yellow) with respect to the 

membranes and the SNARE complex. (A) In the direct bridging model, synaptotagmin-1 

could bind simultaneously to the SNARE complex and the two membranes, which would 

allow a natural cooperation between synaptotagmin-1 and the SNAREs in bringing the 

membranes together to induce membrane fusion (1, 2). (B) In the oligomerization model, 

formation of a single synaptotagmin-1 oligomer between the membranes would hinder 

membrane fusion. It could be envisaged that multiple synaptotagmin-1 oligomers could form 

around the fusion pore area and each oligomer could bind to a SNARE complex, but 

neurotransmitter release is believed to normally involve a minimum of three SNARE 

complexes (3) and hence this model would require an unrealistic number of synaptotagmin-1 

molecules. 
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3.4 Materials and Methods 

3.4.1 Recombinant Proteins 

3.4.1.1 Purification of the synaptotagmin-1 fragments: 

N-terminal glutathione S-transferase (GST) fusion proteins of synaptotagmin-1 fragments 

95–421 (lnC2AB)
1
 and 140–421 (C2AB) were expressed in Escherichia coli BL21 (DE3-

T1
R
) cells using PGEX-KG expression vector. PGEX-KG expression vectors containing 

synaptotagmin-1 fragments were inserted in chemically competent Escherichia coli BL21 

(DE3-T1
R
) cells by the commonly used heat-shock transformation method and plated onto 

Lennox L Broth (LB) - Agar plates using ampicillin as the antibiotic selection. After 

overnight 37 °C incubation, minimal amount of bacteria from the edge of a bacterial colony 

containing synaptotagmin-1 fragments was inoculated into 2 ml LB media and sequentially 

transferred to 100 ml and 1 L LB media when the optical density (OD) of the cultures 

reached 0.8 and incubated at 37 °C by rotating at 250 RPM. The incubation temperature was 

dropped to 25 °C when the OD of the desired number of 1 L cultures (final yield is ~15 mg 

per 1 L of LB culture) reached 0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 0.4 mM 

concentration was added to the 1 L cultures when the cultures reached the desired expression 

temperature condition. Synaptotagmin-1 fragments were expressed for 18 hours by rotating 

at 250 RPM and at 25 °C. Cells were incubated 10 minutes on ice and harvested at 4500 × g  

by centrifuging them at H600A swinging bucket rotor in a Sorvall RC 3C Plus centrifuge for 

30 minutes. Cells were resuspended in buffer A [40 mM Tris⋅HCl (pH 8.2), 200 mM NaCl, 2 

                                                 
1
 We thank Bazbek Davletov for providing a sample of lnC2AB protein and a vector to 

express lnC2AB in bacteria. 
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mM DTT] with 1% Triton X-100 and protease inhibitor mixture (25 ml buffer A per 1 L 

bacterial culture) and lysed using an Avestin EmulsiFlex-C5 homogenizer at 10000 psi for 3 

times. The soluble fraction of the cell lysate was collected after centrifugation at 48,000 

× g for 30 min and incubated with Glutathione Sepharose 4B resin (1 ml resin per 1 L 

bacterial culture) (GE Healthcare) at 4 °C for 12 hours. The resin was washed with buffer A, 

buffer A + 50 mM CaCl2, buffer A + 50 mM CaCl2 + 1 M NaCl (20 ml each buffer per 1 ml 

resin). Synaptotagmin-1 fragments were then treated with benzonase to clean nucleic acid 

contaminants (40 units per milliliter of solution, corresponding to ∼1,000 units per liter of 

cell culture) in benzonase buffer [50 mM Tris (pH 8.0), 2 mM MgCl2] for 2 hours at room 

temperature with gentle rotation of the beads. The GST tag was cleaved with thrombin on the 

resin at room temperature for 3 hours in thrombin cleavage buffer [50 mM Tris (pH 8.0), 150 

mM NaCl, 2 mM CaCl2]. Synaptotagmin-1 fragments were further purified with an ion 

exchange Source S column (GE Healthcare) [buffers: 50 mM NaAc (pH 6.2), 5 mM CaCl2; 

and 50 mM NaAc (pH 6.2), 5 mM CaCl2, 1 M NaCl] and size-exclusion chromatography on 

a Superdex 75 16/60 column (GE Healthcare) using 25 mM Tris (pH 7.4) containing 125 

mM NaCl as the buffers.  

Synaptotagmin C277S and N396C double mutations for both C2AB and lnC2AB were 

generated by the QuikChange site-directed mutagenesis kit (Stratagene).  

The proteins were labeled with N,N′-dimethyl-N-(iodoacetyl)-N′-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)ethylenediamine (IANBD amide) (Invitrogen) according to manufacturer‟s 

protocol using 50–60 µM of syantotagmin-1 fragments and 400 µM IANBD amide in the 

presence of 100 µM Tris(2-carboxyethyl)phosphine at room temperature with 2-h incubation 
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time. All of the experiments were performed in 25 mM Hepes (pH 7.4), 150 mM KCl, and 1 

mM MgCl2 reconstitution buffer unless otherwise indicated. 

 

3.4.1.2 Purification of the Apo-A1 fragment 

N-terminal hexa-histidine fusion protein of human ApoA1 fragment 68–267 was expressed 

in Escherichia coli BL21 (DE3-T1
R
) cells using pET-28a (Novagen) expression vector. pET-

28a ApoA1 68-267 expression vector was inserted in chemically competent Escherichia 

coli BL21 (DE3-T1
R
) cells by the commonly used heat-shock transformation method and 

plated onto Lennox L Broth (LB) - Agar plates using kanamycin as the antibiotic selection. 

After overnight 37 °C incubation, minimal amount of bacteria from the edge of a bacterial 

colony containing ApoA1 68-267 was inoculated into 2 ml Terrific Broth (TB) media and 

sequentially transferred to 100 ml and 1 L TB media when the optical density (OD) of the 

cultures reached 1.5 and incubated at 37 °C by rotating at 250 RPM. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) at 1 mM concentration was added to the 1 L cultures when the 

OD of the desired number of 1 L cultures (final yield is >50 mg per 1 L of TB culture) 

reached 1.5. ApoA1 68-267 was expressed for 3 hours by rotating at 250 RPM and at 37 °C. 

Cells were incubated 10 minutes on ice and harvested at 4500 × g  by centrifuging them at 

H600A swinging bucket rotor in a Sorvall RC 3C Plus centrifuge for 30 minutes. Cells were 

resuspended in buffer B [40 mM Tris⋅HCl (pH 8.0), 300 mM NaCl] with 1% Triton X-100, 

DNAse and protease inhibitor mixture (40 ml buffer B per 1 L bacterial culture) and lysed 

using an Avestin EmulsiFlex-C5 homogenizer at 10000 psi for 3 times. The soluble fraction 

of the cell lysate was collected after centrifugation at 48,000 × g for 30 min and incubated 
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with Ni-NTA resin (2 ml resin per 1 L bacterial culture) (Qiagen) at 4 °C for 10 minutes. The 

resin was washed with buffer B + 1% Triton X-100, buffer B + 50 mM cholate + 20 mM 

imidazole, buffer B + 50 mM imidazole (40 ml each buffer per 1 ml resin). ApoA1 68-267 

was eluted from Ni-NTA resin with Buffer B + 0.5 M imidazole and fractionated. Fractions 

containing ApoA1 68-267 was cleaved with TEV to remove hexa-histidine tag and dialyzed 

against 25 mM Tris⋅HCl (pH 7.4) + 125 mM NaCl + 0.5 mM EDTA. 

 

3.4.2 Preparation of Phospholipid Vesicles 

The 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-

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

(POPE) (Avanti Polar Lipids) in chloroform were mixed in a glass test tube in a desired ratio, 

and chloroform was evaporated using dry nitrogen stream. The lipids were placed in a 

vacuum chamber overnight for complete removal of the organic solvent. Lipid films were 

hydrated with reconstitution buffer in an appropriate volume yielding 10 mM lipids. Lipids 

were vortexed for 5 minutes then frozen and thawed five times. Large unilamellar vesicles 

were prepared by extruding the hydrated lipid solution through 0.08-μm polycarbonate 

membranes 23 times using an Avanti Mini-Extruder. The homogeneity of the vesicle size 

distribution was confirmed by dynamic light scattering and cryo-EM, and was centered 

around a diameter of 80 nm. 
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3.4.3 Fluorescence Experiments 

NBD fluorescence emission (500 - 620 nm) experiments were performed on a Photon 

Technology International spectrophotometer with a 4 nm slit width and 485 nm excitation at 

room temperature using 0.3 μM synaptotagmin-1 fragments and 0.1 or 1 mM lipid vesicles 

(DOPS:POPC:POPE 15:55:30) in reconstitution buffer including 1 mM EGTA or 1 mM 

CaCl2. Experiments under all of the conditions were repeated at least three times, and 

standard deviations were calculated. All of the experiments were repeated with unlabeled 

synaptotagmin-1 fragments, and the data were subtracted from actual data as background. 

Microsquare cuvettes with 5 mm interior width and 400 µL volume capacity were used to 

obtain reliable data. Cuvettes with lower volume capacity (e.g., submicrocuvettes) gave 

considerably more variability in the data. 

 

3.4.4 Turbidity 

Aggregation of differentially purified synaptotagmin-1 lnC2AB fragments was monitored 

from the absorbance at 400 nm using a Varioskan Flash Plate Reader on a clear-bottom black 

96-well plate. Experiments were performed in 25 mM Tris (pH 7.4) containing 125 mM 

NaCl, 1 mM Ca
2+

, and the indicated protein concentrations. 

 

3.4.5 Cryo-EM 

Both sides of Quantifoil 200 mesh copper, R2/2 hole shape, 2 µm hole size and 4 µm period 

grids were glow-discharged in a Denton Vacuum DV-502A instrument with 40-mA current 

for 45 s. Whatman paper with a 0.2-mL drop of amylamine was prepared immediately before 
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use and included during the glow discharge to prevent extensive binding of liposomes onto 

the carbon surface of the grid. Samples for cryo-EM were prepared by incubating 0.3 mg/mL 

lipid vesicles (DOPS:POPC 20:80) with 3 µM or 10 µM lnC2AB fragment (resulting in 

protein to lipid ratios of 1:120 or 1:36, respectively) in reconstitution buffer at room 

temperature for 2 minutes; 3 µL of the sample were loaded onto the carbon side of a 

Quantifoil grid, incubated for 10 seconds, and blotted with a piece of Whatman no. 4 paper 

from the edge of the grid for 5 s. Another 3 µL of the sample were loaded onto the same side 

of the grid and rapidly frozen using Vitrobot FP 5350/60-type automated vitrification robot. 

The total incubation time up to the blotting step was ∼5 min. The blotting time was 2 

seconds and the humidity in the blotting chamber was above 95%. Standard Vitrobot Filter 

paper, Ø55/20 mm, grade 595, was used for blotting. Images were taken with a JEOL 

2200FS transmission electron microscope equipped with an energy filter at liquid nitrogen 

temperatures, keeping samples in an Oxford Instruments cryo-holder. Images were taken at 

52.95 K calibrated magnification and were recorded on a 2K × 2K Tietz slow scan CCD 

camera or Kodak SO-163–type films. The electron density was kept at 20–30 electrons per 

square angstrom during each exposure by a minimum dosage system. Films were scanned 

with a PhotoScan Instrument from Z/I Imaging at 14 μm resolution. Measurements of 

distances between membranes were performed using ImageJ. 

 

3.4.6 Nanodisc Preparation 

The 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
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(Avanti Polar Lipids) in chloroform were mixed in a glass test tube in the ratio of 

DOPS:POPC 15:85, and chloroform was evaporated using dry nitrogen stream. The lipids 

were placed in a vacuum chamber overnight for complete removal of organic solvent. Lipid 

films were hydrated with reconstitution buffer in an appropriate volume yielding 13 mM 

lipids. Nanodiscs were prepared as previously described [250] with small modifications 

[251]. Briefly, ApoA1 and lipids at an ApoA1:lipid ratio of 2:130 were mixed and supplied 

with 1% n-octyl-β-D-glucopyranoside and 1% sodium cholate. The mixture was briefly 

vortexed and then incubated at room temperature for 30 minutes. The nanodiscs were formed 

by passing the mixture over a 4-cm-high column of Extracti-Gel D resin (Pierce) to remove 

the detergent. The nanodiscs were then purified on a Superdex-200 HiLoad 16/60 column 

(GE Healthcare) in 25 mM Tris⋅HCl (pH 7.4), 125 mM NaCl, 1 mM CaCl2, concentrated 

using a 30-kDa molecular weight cutoff filter, and exchanged to the same buffer in 100% 

D2O. 

 

3.4.7 Spin Labeling of Synaptotagmin-1 

Synaptotagmin-1 C277S, N248C and C277S, V304C double mutations for C2AB were 

generated by the QuikChange site-directed mutagenesis kit (Stratagene).To prepare the 
2
H-

ILV-
13

CH3-C2AB N248C or V304C mutants for spin labeling, they were first treated with 10 

mM DTT, and the DTT was then removed by cation exchange chromatography on Source S. 

The final buffer composition after cation exchange was ∼50 mM sodium acetate (NaOAc), 

pH 6.2, 400 mM NaCl, 5 mM CaCl2. The protein was concentrated to 40–60 µM and a 10-

fold excess of MTSL was added from a 40-mM stock in dimethyl sulfoxide. The mixture was 
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rotated overnight at 4 °C to allow complete cysteine labeling; the excess MTSL was removed 

by buffer exchange in 25 mM Tris⋅HCl (pH 7.4), 125 mM NaCl, 1 mM CaCl2 using a 10-

kDa molecular weight cutoff filter; and the sample was exchanged to the same buffer in 

100% D2O. The paramagnetic activity of MTSL was removed by reduction with 1 mM 

sodium dithionite and 1 mM ascorbic acid from 100-mM stocks. The dithionite stocks were 

prepared immediately before addition (< 30 minutes) due to its high instability. 

 

3.4.8 NMR Spectroscopy 

NMR spectra were acquired at 25 °C on Varian INOVA800 or INOVA600 

spectrometers. 
1
H-

15
N HSQC and 

1
H-

13
C HMQC spectra were acquired under the conditions 

indicated in the figure legends using H2O / D2O 95:5 (volume / volume) or 100% D2O, 

respectively, as the solvent. Total acquisition times were 2 - 12 hours. NMR data were 

processed with NMRPipe [210] and analyzed with NMRView [211]. 
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CHAPTER 4 

4 MUNC13-1 DOCKS THE VESICLES AND 

SYNAPTOTAGMIN-1 OPENS THE FUSION PORE 

 

4.1 Introduction 

Munc13s are multi-domain proteins that play important roles in neurotransmitter release in 

synapses. Neurotransmitter release is abrogated in the absence of Munc13s in animal studies 

[88, 90, 91, 252]. Synaptic vesicle priming was severely affected in the absence of Munc13s, 

which has been hypothesized to be the main reason for the strong phenotype in 

neurotransmitter release. Additionally, a synaptic vesicle docking activity was reported for 

Munc13 in some electron microscopy studies with distinct conclusions [93-95, 252].  

MUN is the critical domain for Munc13 function and is responsible for opening of syntaxin-1 

[66, 115]. Other domains of Munc13s are hypothesized to regulate the function of the MUN 

domain by coordinating membrane and protein interactions to perform its function (Figure 

1.6). The C1 domain interacts with diacylglycerol (DAG) and the C2B domain can bind to 

phospholipids in a Ca
2+

 dependent manner. On the other hand, other C2 domains in Munc13-

1 do not bind Ca
2+

 [110, 112]. The C2A domain interacts with the αRIM zinc-finger domain 

[112] and a calmodulin binding motif interacts with calmodulin [253]. Biophysical studies 

and knock out studies in C. elegans clearly showed that the MUN domain leads to opening of 

the closed conformation of syntaxin-1, which is believed to be a key part of the priming step 
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of the neurotransmitter release. [58, 101, 102, 104]. However, interactions of C1 and C2B 

domains with membranes are potentially important for the vesicle docking and priming 

functions of Munc13s. Additionally, overexpression of the open LE mutant of syntaxin-1 

could only partially rescue release in C. elegans [105] and could not rescue release in 

Munc13-1/2 double knockout mouse [106]. These observations showed that Munc13-1 has 

another vital role in neurotransmitter release apart from facilitating the conformational 

transition of syntaxin-1. In this study, we elucidated the docking activity of Munc13-1, which 

can potentially account for this vital role. We also show that Munc13-1, in concert with 

Munc18-1, causes Ca
2+

-dependent, efficient lipid mixing and slow content mixing, which 

suggests the direct involvement of Munc13-1 in the membrane fusion process. We also found 

that Synaptotagmin-1 makes fusion pore formation more efficient, which correlates with its 

vital importance in fast synchronous release. 

 

4.2 Results 

4.2.1 Munc13-1 clusters liposomes and facilitates lipid mixing between 

liposomes. 

We reconstituted syntaxin-1/SNAP-25 complex into plain liposomes and synaptobrevin into 

the liposomes that include 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-

1,3-benzoxadiazol-4-yl) (NBD-PE) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-

N-(lissamine rhodamine B sulfonyl) (Rhod-PE). Merging of these two separate liposomes 

causes lipid mixing (Figure 4.1 A). Lipid mixing was analyzed in the presence of various 

proteins by dequenching of NBD fluorescence which arises from the dilution of NBD-PE and 
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Rhod-PE FRET pairs [33, 66]. Lipid mixing between these liposomes was quantified after 

1000 seconds, which reflects the efficiency and the extent of fusion for each reaction. Each 

experiment was repeated three times and error bars are included in the lipid quantification 

results. To test the effect of Munc13-1 on SNARE-dependent lipid mixing, we used a 

Munc13-1 fragment (C1C2BMUN) including its C1 domain, which is important for 

diacylglycerol (DAG) binding, C2B domain, which is important for phosphatidylinositol-4,5-

bisphosphate (PIP2) binding, and the catalytically active MUN domains, which facilitate the 

transition of syntaxin-1 from its closed conformation to open conformation (Figure 1.2 A and 

B).  

Almost no lipid mixing was observed when we mixed synaptobrevin and syntaxin-1/SNAP-

25 containing liposomes (Figure 4.1 B). Addition of a synaptotagmin-1 fragment containing 

both C2A and C2B domains (C2AB) efficiently increased lipid mixing between these 

liposomes in the presence of Ca
2+

 (Figure 4.1 B), which was observed previously in various 

studies [254]. Addition of C1C2BMUN to the liposomes containing SNAREs also efficiently 

increased lipid mixing in the absence of Ca
2+

 and addition of Ca
2+

 did not further enhance the 

lipid mixing (Figure 4.1 B). A lipid mixing enhancement effect of Munc13-4 in the presence 

of the Ca
2+

 was reported previously [255]; however, the effect was moderate, involved only 

SNAREs and required addition of Ca
2+

. We have observed for the first time that the 

C1C2BMUN fragment of Munc13 can facilitate lipid mixing between liposomes containing 

only the SNARE proteins without Ca
2+

. This is a very important observation because 

Munc13-1 has been hypothesized to have important roles in vesicle docking and priming, 

which takes places before Ca
2+

 influx in the active zone, and this observation can be 
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associated with the priming or docking functions of Munc13-1. Our observation can be 

explained by several scenarios. C1C2BMUN can cluster the vesicles without Ca
2+

, which 

facilitates the formation of the SNARE complex and cause more efficient lipid mixing 

between liposomes. Another explanation would be that C1C2BMUN may be directly involved 

in merging of the two membranes.  
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Figure 4.1: Munc13-1 enhances lipid mixing 

(A) Summary of the lipid mixing experiments, which were performed with the synaptobrevin 

reconstituted liposomes (V) and syntaxin-1/SNAP-25 reconstituted liposomes (T). NBD-PE 

is quenched by Rhod-PE in the liposomes that contain synaptobrevin. Mixing of these 

liposomes with various protein combinations leads to merging of the liposomes containing 

fluorescent lipids with plain liposomes, and lipid mixing is monitored by dequenching of the 

NBD-PE due to loss of FRET upon dilution of fluorescent lipids. All the experiments in this 

study was performed by Alpay B. Seven and Xiaoxia Liu. 

(B and C) Graphs showing the lipid mixing observed upon mixing of the SNARE 

reconstituted liposomes in the presence of various combinations of NSF, α-SNAP, Munc13-1 

C1C2BMUN fragment (M13), Munc18-1 (M18) and synaptotagmin-1 C2AB fragment 

(C2AB). Data acquisition were started without Ca
2+

 and Ca
2+

 was added at 5 minutes. The Y 

axis represents the percent of maximum NBD fluorescence intensity upon complete 

solubilization of the lipid molecules by detergent addition (Right panel). Quantification of 

the observed lipid mixing at 1000 seconds. Each experiment was repeated three times and 

error bars are included on the bar diagram as standard deviation (Right panel). Colors for the 

traces on the left panels match with the bar diagrams on the right panels.  
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To understand the mechanism of lipid mixing enhancement effect of C1C2BMUN, we 

analyzed the lipid mixing samples using dynamic light scattering (DLS) to show whether 

C1C2BMUN can cluster the vesicles and we performed lipid mixing experiments in the 

presence of NSF and α-SNAP. NSF and α-SNAP was previously shown in our lab to 

disassemble the syntaxin-1/SNAP-25 heterodimers. Enhancement of lipid mixing between 

the SNARE-containing liposomes by C2AB without Munc18-1 and Munc13-1 requires the 

syntaxin-1/SNAP-25 heterodimers [66]. Therefore, addition of NSF and α-SNAP to the 

SNARE-containing liposomes abrogated the lipid mixing enhancement effect of C2AB [66]. 

Similarly, if Munc13-1 enhances lipid mixing by just clustering liposomes and facilitating 

the formation of the SNARE complex, addition of NSF and α-SNAP should abrogate this 

effect. Addition of the NSF and α-SNAP indeed abrogated the lipid mixing to the level of 

lipid mixing observed only in the presence of the SNAREs, and addition of Ca
2+

 did not 

enhance lipid mixing (Figure 4.1 C). DLS results showed clustering of the SNARE-

containing liposomes upon addition of C1C2BMUN regardless of the presence of Ca
2+

 

(Figure 4.2 A and C).  These results strongly suggest that C1C2BMUN clusters the SNARE-

containing liposomes. Clustering of the liposomes facilitates the formation of the SNARE 

complex, which gives rise to enhanced lipid mixing between liposomes. To further test 

whether the effect of C1C2BMUN is dependent on SNARE complex formation, we repeated 

these experiments in the presence of a soluble fragment of synaptobrevin containing only its 

SNARE motif. This synaptobrevin fragment is expected to compete with the full length 

synaptobrevin that is attached to liposomes to form the SNARE complex with the syntaxin-

1/SNAP-25 heterodimers located on separate liposomes. Addition of the SNARE motif of 
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synaptobrevin severely impaired lipid mixing between liposomes (Figure 4.3). We also 

repeated these experiments in the absence of each individual SNARE protein. Absence of 

any of the SNAREs also severely impaired the lipid mixing between the SNARE-containing 

liposomes in the presence of C1C2BMUN and addition of Ca
2+

 did not significantly affect 

lipid mixing (Figure 4.3). Additionally, C1C2BMUN clustered the liposomes of all these 

samples regardless of the presence of any SNAREs and Ca
2+

 (Figure 4.2 B). These results 

clearly show that lipid mixing enhancement by C1C2BMUN is carried out through clustering 

of liposomes and thus causing acceleration of SNARE complex formation. It is important to 

note that clustering of the liposomes increase scattering; therefore there might be contribution 

of scattering to the observed fluorescence signal for any sample with C1C2BMUN. 
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Figure 4.2: Munc13-1 clusters of liposomes 

(A) Dynamic light scattering (DLS) results of samples where SNARE-containing liposomes 

(V and T) were mixed without any other protein at different time points. Ca
2+

 was added 

after 5 minutes to each sample. 

(B) Summary of the clustering results for some of the key samples. All lipid mixing 

experiments were analyzed with DLS and all the samples that contain C1C2BMUN showed 

liposomes clustering regardless of Ca
2+

 presence. 

(C) DLS results of the SNAREs containing liposomes with C1C2BMUN at different time 

points; Ca
2+

 was added after 5 minutes. Size distribution are shown in each sample (left 

panel) and autocorrelation curve of each sample (right panel) 

(D) DLS results in the presence of NSF and α-SNAP with C1C2BMUN. 
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Figure 4.3: Munc13-1 lipid mixing enhancement depends on the SNARE complex formation 

Time dependent lipid mixing observed after mixing the SNARE-containing liposomes (V 

and T) with C1C2BMUN. One SNARE protein is removed from each sample (Syntaxin-1 - 

Syx, SNAP-25 - SN25 and synaptobrevin - syb) or the SNARE motif of synaptobrevin is 

included (left panel). Quantification of the lipid mixing at 1000 seconds (right panel). Ca
2+

 

was added after 5 minutes. 
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4.2.2 Ca
2+

-dependent lipid mixing enhancement by C1C2BMUN and Munc18-1 

To test whether Munc18-1 can affect the lipid mixing enhancement activity of C1C2BMUN, 

we also included Munc18 in the lipid mixing experiments. NSF and α-SNAP inhibited the 

C1C2BMUN enhanced lipid mixing (Figure 4.1 C). 

Surprisingly, addition of Munc18-1 together with C1C2BMUN, NSF and α-SNAP to the 

SNARE-containing liposomes slightly increased the lipid mixing before addition of Ca
2+

 

(Figure 4.1 C). This was not expected since Munc18-1 keeps syntaxin-1 in its closed 

conformation and inhibits formation of the SNARE complex. Addition of Ca
2+

 to this sample 

yielded very efficient lipid mixing (Figure 4.1 C). Here, we observed Ca
2+

-dependent 

efficient lipid mixing in the presence of C1C2BMUN, NSF and α-SNAP together with 

Munc18-1. It is important to note that liposomes were also clustered in this sample before 

and after addition of Ca
2+

 (Figure 4.2 D). Therefore this lipid mixing enhancement should 

arise from a different mechanism than just clustering and facilitating the SNARE complex 

formation from the syntaxin-1/SNAP-25 heterodimers and synaptobrevin. Liposomes in this 

sample were still clustered in the absence of Ca
2+

 and the syntaxin-1/SNAP-25 heterodimers 

were disassembled by NSF and α-SNAP; but no efficient lipid mixing was observed before 

addition of Ca
2+

. Efficient lipid mixing could only be observed after addition of Ca
2+

 and in 

the presence of Munc18-1. This can be explained either by direct involvement of 

C1C2BMUN in the membrane merging process or regulation of the trans-SNARE complex 

formation by C1C2BMUN and Munc18-1. Both scenarios require the involvement of 

Munc18-1 to cause efficient Ca
2+

-dependent lipid mixing, likely because Munc18-1 is critical 

to protect against SNARE complex disassembly by NSF and α-SNAP. 
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DAG and PIP2 are lipid molecules present in the presynaptic plasma membrane. DAG and 

PIP2 were shown to enhance Munc13-1 binding to phospholipid membranes through the C1 

and C2B domains, respectively [110, 256]. Synaptic vesicles were shown not to contain DAG 

and PIP2 in a comprehensive analysis of synaptic vesicles [207].  The liposomes that contain 

the syntaxin-1/SNAP-25 heterodimers used in this study contain both DAG and PIP2. We 

repeated the lipid mixing experiments by removing DAG, PIP2 or both from the liposomes 

that contains syntaxin-1/SNAP-25. We tested the effect of absence of these lipid molecules 

on enhancement of lipid mixing using both C1C2BMUN alone and C1C2BMUN with 

Munc18-1, NSF and α-SNAP. Lipid mixing in the presence of only the SNARE proteins and 

C1C2BMUN was slightly diminished by removal of either DAG or PIP2 from liposomes and 

removal of both had a modest but an additive effect (Figure 4.4 A).  On the other hand, DAG 

and PIP2 severely affected the Ca
2+

-dependent lipid mixing enhancement activity of Munc13-

1 in the presence of NSF, α-SNAP and Munc18-1 (Figure 4.4 B). Removal of DAG 

abrogated the residual lipid mixing completely before Ca
2+

 addition and slightly decreased 

the Ca
2+

-dependent lipid mixing in the presence of the SNARE proteins, C1C2BMUN, NSF, 

α-SNAP and Munc18-1 (Figure 4.4 B). Removal of PIP2 had less effect on the residual lipid 

mixing before Ca
2+

 addition; however it significantly decreased the efficiency of the Ca
2+

-

dependent component of the lipid mixing (Figure 4.4 B). Removal of both DAG and PIP2 

abrogated the lipid mixing before Ca
2+

 addition and severely diminished the Ca
2+

-dependent 

component of the lipid mixing (Figure 4.4 B). The accentuated effect of removal of both 

DAG and PIP2 suggests that these lipid molecules have a synergistic role in the lipid mixing 

enhancement activity of C1C2BMUN. Liposomes can still be clustered without DAG and 
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PIP2 (Figure 4.2 B). These results also show that the C1C2BMUN effect on lipid mixing in 

the presence and absence of Munc18-1, NSF and α-SNAP is achieved through two distinct 

mechanisms. C2B is the only domain in Munc13-1 that has been shown to bind to Ca
2+

 [110] 

and Ca
2+

-dependent localization of Munc13-1 to the PIP2 rich plasma membrane was shown 

to be required for Munc13-1 activity [257]. 

DAG and PIP2 binding to the C1 and C2B domains of Munc13-1 does not seem to be required 

for the clustering of the liposomes and enhancement of lipid mixing between the SNARE-

containing liposomes. This notion was supported by co-floatation assays, where binding of 

C1C2BMUN to liposomes lacking both DAG and PIP2 lipid molecules is significantly 

diminished in co-floatation assays (Figure 4.4 C). The extent of decrease varies for liposomes 

prepared with two different methods, the so called direct and standard methods but some of 

the C1C2BMUN remained bound which was sufficient to cluster these liposomes and enhance 

the lipid mixing. 

As previously stated, C1C2BMUN clusters liposomes, and thus facilitates the formation of the 

SNARE complex from synaptobrevin and the syntaxin-1/SNAP-25 heterodimers, which 

enhances lipid mixing NSF and α-SNAP dissemble the syntaxin-1/SNAP-25 heterodimers. 

Therefore, they abrogate C1C2BMUN enhanced lipid mixing. Addition of Munc18-1 together 

with NSF, α-SNAP and C1C2BMUN could not efficiently enhance lipid mixing without Ca
2+

 

even though liposomes were clustered; however addition of Ca
2+

 facilitated lipid mixing. 

Removal of DAG and PIP2 in lipid mixing experiments shows that the C1 and C2B domains 

plays an important role in the Ca
2+

-dependent component of the lipid mixing. In addition, C1 
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binding to DAG seems to have a significant effect on the Ca
2+

-independent component of the 

lipid mixing in the presence of C1C2BMUN, Munc18-1, NSF and α-SNAP (Figure 4.4 B). 
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Figure 4.4: Munc13 lipid mixing enhancement depends on DAG and PIP2 

Time dependent lipid mixing observed in the absence of PIP2, DAG or both from liposomes 

containing syntaxin-1/SNAP-25 (T) (left panel). Quantification of the lipid mixing at 1000 

seconds (right panel). Ca
2+

 was added after 5 minutes. 

(A) Samples containing only the SNARE proteins and C1C2BMUN 

(B) Samples containing the SNARE proteins, C1C2BMUN, Munc18-1, NSF and α-SNAP. 

(C) Co-floatation of C1C2BMUN in histodenz with liposomes prepared with two different 

methods (standard and direct method) after 30 minutes of incubation were run on an SDS 

PAGE. Presence of DAG and PIP2 in the liposomes containing syntaxin-1/SNAP-25 is 

denoted in the table. The last lane represents the total C1C2BMUN included in each co-

floatation experiment. 
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4.2.3 Synaptotagmin-1 helps with the fusion pore opening 

We have observed two separate lipid mixing enhancement activities of Munc13-1 which do 

not require synaptotagmin-1. One of these activities involves clustering of liposomes by 

C1C2BMUN in the absence of Ca
2+

 which is related to the docking or priming activities of 

Munc13-1. Surprisingly, we have also observed Ca
2+

-dependent lipid mixing enhancement 

by C1C2BMUN. This type of activity was reported before for Munc13-4 [255] but, in this 

study, Munc13-4 enhanced lipid mixing in the presence of only the SNARE proteins. This 

effect of Munc13-4 can be through clustering of liposomes and facilitating the SNARE 

complex formation.  On the other hand, the Ca
2+

-dependent lipid mixing enhancement that 

was observed in our study involves a different mechanism. This activity surprisingly does not 

require synaptotagmin-1 which is vitally required for synchronous release. To understand the 

functional interplay between Munc13-1 and synaptotagmin-1, we performed content mixing 

experiments using a sulforhodamine and 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindodicarbocyanine Perchlorate (DiD) based dequenching assay. The 

synaptobrevin containing liposomes included DiD lipid molecules and encapsulated 

sulforhodamine, both of which are self-dequenched at their corresponding concentrations. 

Syntaxin-1/SNAP-25 containing liposomes do not include any fluorescent probes. Lipid 

mixing between these separate liposomes leads to dilution of the DiD and increases its 

fluorescence intensity due to dequenching of DiD. However sulforhodamine is only diluted 

upon full fusion and reports on content mixing between liposomes. No lipid or content 

mixing occurred between synaptobrevin and syntaxin-1/SNAP-25 containing liposomes, and 

addition of C1C2BMUN triggered efficient lipid mixing but not efficient content mixing 
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(Figure 4.6 A). These data show that only SNARE mediated merging of membranes cannot 

efficiently cause full fusion of the membranes on the time scale of these experiments (30 

minutes). Addition of NSF and α-SNAP together with C1C2BMUN abrogates the lipid 

mixing, which is similar to the results reported by NBD dequenching lipid mixing assays 

(Figure 4.1 and 4.6 A). Munc18-1 without C1C2BMUN did not cause either lipid or content 

mixing regardless of the presence of C2AB (Figure 4.5 B).  Addition of C1C2BMUN with 

Munc18-1 triggered efficient lipid mixing in the presence of Ca
2+

 similar to the levels 

reported in the NBD dequenching assays in this study and also caused slow content mixing 

between liposomes upon Ca
2+

 addition (Figure 4.5 C and D). This result, together with the 

observation that no content mixing was observed in the presence of only the SNARE proteins 

and C1C2BMUN, also provides evidence that C1C2BMUN has a direct role in the membrane 

fusion process together with Munc18-1, which is Ca
2+

-dependent.  
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Figure 4.5: Synaptotagmin-1 helps opening the fusion pore 

Graphs in the top panels showing the lipid mixing observed upon mixing of the SNARE 

reconstituted liposomes in the presence of various combinations of NSF, α-SNAP, Munc13-1 

C1C2BMUN fragment (M13), Munc18-1 (M18) and synaptotagmin-1 C2AB fragment 

(C2AB). Data acquisition were started without Ca
2+

 presence and Ca
2+

 was added at 5 

minutes. The Y axis represents the percent of maximum DiD fluorescence intensity upon 

complete solubilization of the lipid molecules by detergent addition.  

Graphs in the bottom panels show the content mixing observed in the same samples of the 

upper panels. The Y axis represents the percent of maximum sulforhodamine fluorescence 

intensity upon solubilization of the liposomes and following complete solubilization of 

sulforhodamine by detergent addition.  

(A) Lipid mixing observed from DiD lipid dequenching in the presence of C2AB. 

(B) Lipid mixing observed from DiD lipid dequenching in the absence of C2AB. 

(C) Content mixing observed from sulforhodamine dequenching in the presence of C2AB. 

(D) Content mixing observed from sulforhodamine dequenching in the absence of C2AB. 
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Figure 4.6: Leakiness of the synaptobrevin liposomes with C1C2BMUN 

The graph in the bottom panels show the content mixing observed in the same samples of the 

upper panels. The Y axis represents the percent of maximum sulforhodamine fluorescence 

intensity upon solubilization of the liposomes and following complete solubilization of 

sulforhodamine by detergent addition.  

(A) The graph in the top panels showing the lipid mixing observed upon mixing of the 

SNARE reconstituted liposomes in the presence of various combinations of NSF, α-SNAP, 

Munc13-1 C1C2BMUN fragment (M13), Munc18-1 (M18) and synaptotagmin-1 C2AB 

fragment (C2AB). Data acquisitions were started without Ca
2+

 presence and Ca
2+

 was added 

at 5 minutes. M13 is added at 5 minutes only in grey dataset. The Y axis represents the 

percent of maximum DiD fluorescence intensity upon complete solubilization of the lipid 

molecules by detergent addition. 

The graph in the bottom panels show the content mixing observed in the same samples of the 

upper panels. The Y axis represents the percent of maximum sulforhodamine fluorescence 

intensity upon solubilization of the liposomes and following complete solubilization of 

sulforhodamine by detergent addition.  

(B) Comparison of the key content mixing experiments with the leakiness of the 

synaptobrevin liposomes (V) with C1C2BMUN, where only synaptobrevin liposomes are 

incubated with C1C2BMUN without syntaxin-1/SNAP-25 liposomes.  
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Addition of C2AB with Munc18-1 and C1C2BMUN showed similar levels of lipid mixing 

that was observed without C2AB (Figure 4.5 C). However, addition of C2AB with 

C1C2BMUN, Munc18-1, NSF and α-SNAP caused very efficient content mixing between the 

SNARE-containing liposomes (Figure 4.5 D). This data shows that C2AB facilitates fusion 

pore opening at the membrane fusion process. It is important to note that slow but significant 

content mixing was observed with C1C2BMUN, Munc18-1, NSF, α-SNAP and the SNARE 

proteins. This notion suggests that C1C2BMUN together with other proteins can cause 

complete fusion of the membranes; however C2AB makes the fusion pore opening more 

efficient.  

 

4.3 Discussion 

The results presented in this study suggest two novel functions for Munc13-1 in 

neurotransmitter release that enlighten the essential roles of Munc13-1 in synaptic vesicle 

docking, priming and actual merging of the two membranes. Our study showed that 

C1C2BMUN can cluster liposomes regardless of the presence of SNAREs, which facilitates 

the reconstituted synaptobrevin and syntaxin-1/SNAP-25 to form the SNARE complex. The 

SNARE complex formation in the presence of only C1C2BMUN is insufficient to efficiently 

cause full fusion of the membranes. However, efficient lipid mixing was achieved under 

these conditions. Lipid mixing mediated solely by SNAREs has been extensively studied and 

a recent cryo-EM study suggested that only SNAREs can trigger slow lipid mixing between 

liposomes and lead to hemifusion of the membranes [258]. The levels of lipid mixing in that 
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study are very low, in the order of 3-4% of normalized fluorescence intensity over a 10 

minutes period which is comparable to the levels observed for the samples that contain only 

the SNARE proteins in our study. Our results show that addition of C1C2BMUN accelerates 

the SNARE complex formation and enhances the lipid mixing between membranes. We 

suggest that this lipid mixing arises from the close apposition and perhaps hemifusion of 

membranes. DAG and PIP2 binding to the C1 and C2B domains of Munc13-1 does not seem 

to be required for the clustering of the liposomes and enhancement of lipid mixing between 

the SNARE-containing liposomes. However, binding of C1C2BMUN to liposomes lacking 

both DAG and PIP2 lipid molecules is significantly diminished in co-floatation assays 

(Figure 4.4 C). The effect of DAG and PIP2 on C1C2BMUN binding varied for the liposomes 

prepared with different methods. Some of the C1C2BMUN remained bound, which was 

sufficient to cluster these liposomes and enhance the lipid mixing. It is important to note that 

lipid composition, preparation method of the liposomes and even the size of the dialysis 

cassettes that is used to remove detergent from detergent solubilized lipid/protein solutions 

can cause variation in lipid mixing results and interaction of proteins with the membranes. 

C1C2BMUN binding to liposomes is one example for this kind of variation. The kinetics of 

the detergent removal is one of the important parameters in the standard method of liposome 

preparation in which lipids and proteins are solubilized with detergent and removal of the 

detergent leads to formation of liposomes.  

The effect of C1C2BMUN on the SNARE-mediated lipid mixing critically depends on the 

presence of the syntaxin-1/SNAP-25 heterodimers. NSF and α-SNAP were previously shown 

to abrogate C2AB enhanced lipid mixing by disassembling these heterodimers [66]. Addition 
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of NSF and α-SNAP also abrogated the C1C2BMUN enhanced lipid mixing but did not affect 

the clustering of the liposomes caused by C1C2BMUN in our study.  C1C2BMUN enhanced 

lipid mixing is also abolished with the removal of any of the SNARE proteins or addition of 

a soluble fragment of synaptobrevin, which contains its SNARE motif. These results clearly 

show that C1C2BMUN enhances lipid mixing through clustering of liposomes and the 

ensuing facilitation of the SNARE complex formation.  

Significant sequence homology between the MUN domain and various tethering complexes 

was observed in recent computational studies [259]. Tethering complexes are involved in 

various membrane fusion machineries and play important roles in bridging membranes, 

which allows the fusion machinery to assemble [212]. The sequence homology between the 

MUN domain and tethering complexes is low. However, comparison of the crystal structure 

of the C-terminal half of the MUN domain with structures of several subunits of these 

complexes revealed that they have similar characteristic elongated multi-helical structures 

(Figure 1.6 C) [260]. The results presented here show that the MUN domain can also bridge 

membranes to facilitate the formation of the fusion machinery and provides more evidence 

for the homology between the MUN domain and tethering complexes. This activity of 

C1C2BMUN is likely to underlie the docking function of Munc13-1.  

Munc18-1 was also claimed to accelerate SNARE-mediated lipid mixing in the presence of 

the syntaxin-1/SNAP-25 heterodimers. However, syntaxin-1/Munc18 was shown to be the 

true starting point in neurotransmitter release instead of the syntaxin-1/SNAP-25 

heterodimers [66]. After NSF and α-SNAP disassemble the syntaxin-1/SNAP-25 

heterodimers, Munc18-1 interacts with syntaxin-1 and keeps syntaxin-1 in its closed 
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conformation, which prevents formation of the SNARE complex. In our study Munc18-1 in 

the presence of NSF and α-SNAP cannot enhance lipid mixing between the SNARE-

containing liposomes. However, addition of Munc18-1 with C1C2BMUN shows Ca
2+

-

dependent lipid mixing enhancement. Liposomes are clustered in this condition regardless of 

Ca
2+

 presence and efficient lipid mixing can only occur in the presence of both Munc18-1 

and Ca
2+

 together with C1C2BMUN. Therefore, this enhancement is carried out using a 

different mechanism than facilitation of the SNARE complex formation from synaptobrevin 

and the syntaxin-1/SNAP-25 heterodimers. We hypothesize that C1C2BMUN and Munc18-1 

either regulate the formation of the trans-SNARE complex formation or are directly involved 

in the merging of membranes. Another line of evidence for our hypothesis is the fact that 

lipid mixing enhancement by C1C2BMUN was not severely affected by removing DAG and 

PIP2 lipid molecules since the liposomes could still be clustered in the presence of only the 

SNARE proteins and C1C2BMUN. However removal of DAG and PIP2 significantly 

decreased both the Ca
2+

-dependent and independent components of the lipid mixing in the 

presence of NSF, α-SNAP C1C2BMUN and Munc18-1. The Ca
2+

-independent component 

observed under these conditions depends on the concentrations of Munc18-1 and syntaxin-

1/SNAP-25, and the efficiency of NSF and α-SNAP. Addition of freshly purified NSF and α-

SNAP led to almost no lipid mixing without Ca
2+

 in the presence of C1C2BMUN, Munc18-1 

and the SNARE proteins (Figure 4.7). In addition, this residual Ca
2+

-independent lipid 

mixing allowed us to understand that the presence of DAG is also critically important for the 

Ca
2+

-independent component of the lipid mixing. It is important to note that apart from the 

importance of the interaction between DAG and the C1 domain of Munc13-1, DAG is a cone-
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shaped lipid molecule and important for the bending of the membranes and stalk formation 

[11].  

Observation of the Ca
2+

-dependent lipid mixing enhancement of C1C2BMUN with Munc18-1 

in the absence of synaptotagmin-1 was an unexpected result since the Ca
2+

-dependent 

neurotransmitter release machinery has been well characterized and synaptotagmins had been 

shown to be the Ca
2+

 sensors for this process [202, 261]. The vital importance of 

synaptotagmin-1 on Ca
2+

-dependent synchronous release was previously shown [261]. Lipid 

mixing experiments are valuable tools to understand the functions of protein that are 

involved in membrane fusion processes. However, lipid mixing assays should be carefully 

interpreted since these assays cannot report actual full fusion of the membranes. Therefore, 

we hypothesized that synaptotagmin-1 may play an important role in the formation of the 

fusion pore and full fusion of the membranes. Content mixing experiments showed that 

neither C1C2BMUN nor Munc18-1 alone could accelerate the full fusion between the 

SNARE-containing liposomes regardless of the presence of NSF and α-SNAP (Figure 4.5 

D). Content mixing was slightly enhanced by the addition of Ca
2+

 when both Munc18-1 and 

C1C2BMUN were included together with NSF and α-SNAP (Figure 4.5 D). However, very 

efficient content mixing was achieved only after addition of C2AB (Figure 4.5 D). Removal 

of Munc18-1 or Munc13-1 abrogated content mixing even in the presence of the C2AB, 

which is consistent with our previous studies [66]. These results show that C2AB has an 

important role in the formation of the fusion pore and C2AB can perform this function in the 

presence of Munc18-1 and C1C2BMUN, where the syntaxin-1/SNAP-25 heterodimers are 

disassembled by NSF and α-SNAP.  
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Figure 4.7: Lipid mixing with freshly purified NSF and α-SNAP 

Graphs showing the lipid mixing observed upon mixing of the SNARE reconstituted 

liposomes in the presence of freshly purified NSF, α-SNAP and various combinations of 

Munc13-1 C1C2BMUN fragment (M13), Munc18-1 (M18) and synaptotagmin-1 C2AB 

fragment (C2AB). Data acquisition was started without Ca
2+

 and Ca
2+

 was added at 5 

minutes. The Y axis represents the percent of maximum NBD fluorescence intensity upon 

complete solubilization of the lipid molecules by detergent addition (Right panel). This set of 

data is analogous to the data set in Figure 4.4 B. This data set is shown to illustrate that there 

is no lipid mixing without Ca
2+

 with freshly purified NSF and α-SNAP in the presence of 

C1C2BMUN and Munc18-1. 
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Content mixing was observed previously with the SNARE-containing liposomes, where the 

syntaxin-1/SNAP-25 heterodimers were not disassembled [262, 263]. It is important to 

remember that some content mixing was observed without C2AB (Figure 4.5 D). This 

observation suggests that full membrane fusion can be achieved with C1C2BMUN and 

Munc18-1 at a slower rate. All the SNARE mediated membrane fusion machineries involve 

homologs of Munc18-1 and Munc13-1. However, synaptotagmin-1 is specialized for 

neurotransmitter release. It is important to note that some of the membrane fusion processes 

occur without C2AB. Another explanation of Ca
2+

-dependent lipid mixing enhancement of 

C1C2BMUN with Munc18-1 would be that C1C2BMUN together with Munc18-1 may carry 

an intermediate step in fusion of membranes, which involves rearrangement of lipid 

molecules. The vesicles can then be ready for fusion upon the Ca
2+

 response of C2AB after 

this potential priming step. Incorporation of other components of the release machinery, 

especially complexins, and investigation of fusion intermediates using cryo-EM microscopy 

are important next steps to clarify the mechanisms underlying docking and priming of the 

vesicles. 

 

4.4 Materials and Methods 

4.4.1 Recombinant Proteins and Protein Purification 

4.4.1.1 C1C2BMUN purification 

N-terminal hexa-histidine fusion protein of a Munc13-1 fragment including residues 529-

1407, EF and 1453-1531 (C1C2BMUN) was expressed in Sf9 insect cells using 

pFastBacTMHT B vector with Bac-to-Bac system (Invitrogen). The pFastBacTMHT B 
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vector containing C1C2BMUN was used to generate baculo-viruses to infect Sf9 insect cells. 

Sf9 cells were harvested after 68-72 hours of infection at 4500 × g  by centrifuging them at 

H600A swinging bucket rotor in a Sorvall RC 3C Plus centrifuge for 30 minutes, and re-

suspended in Buffer A containing 50 mM Tris⋅HCl (pH 8.0), 250 mM NaCl, 10 mM 

imidazole and a protease inhibitors mixture (15 ml buffer per 1 liter of Sf9 cells). Sf9 cells 

were frozen in liquid nitrogen and thawed on ice to lyse the cells. The soluble fraction of the 

cell lysate was collected after centrifugation at 48,000 × g for 30 min and incubated with Ni-

NTA resin (2 ml resin per 1 L Sf9 cell culture) (Qiagen) at 4 °C for 10 minutes. The resin 

was washed with buffer A, buffer A + 1 % Triton X-100, buffer A + 1 M NaCl + 5 % 

glycerol and buffer A (20 ml of each buffer per 1 ml resin). C1C2BMUN fragment on Ni-

NTA resin was then treated with benzonase to clean nucleic acid contaminants (40 units per 

milliliter of solution, corresponding to ∼1,000 units per liter of cell culture) in Buffer A + 2 

mM MgCl2 for 1 hour at room temperature with gentle rotation of the beads. C1C2BMUN 

was eluted from Ni-NTA resin with Buffer A + 0.2 M imidazole and fractionated. Fractions 

containing C1C2BMUN was cleaved with tobacco etch virus (TEV) to remove hexa-histidine 

tag during dialysis against a buffer containing 20 mM Tris⋅HCl (pH 8.0), 250 mM NaCl, 5 % 

glycerol and 1 mM TCEP for 16 hours at 4°C. C1C2BMUN fragment was further purified 

with an ion exchange Source Q column (GE Healthcare) [Buffers for Surce Q: 20 mM 

Tris⋅HCl (pH 8.0), 5 % glycerol, 1 mM TCEP and the same buffer with 1 M NaCl] and size-

exclusion chromatography on a Superdex 200 16/60 column (GE HEalthcare) using 20 mM 

Tris⋅HCl (pH 8.0), containing 250 mM NaCl , 10 % glycerol and 1 mM TCEP as the buffers.  

 



158 

 

4.4.1.2 NSF / α-SNAP purification 

N-terminal glutathione S-transferase (GST) fusion proteins of NSF and α-SNAP were 

expressed, harvested and purified similar to synaptotagmin-1 fragments described in the third 

chapter with the following differences. NSF and α-SNAP were expressed at 20 °C and 25 °C 

respectively and harvested in a buffer containing 50 mM Hepes (pH 7.6), 400 mM KCl, 10% 

glycerol, 2 mM DTT, and protease inhibitors mixture. Cells were lysed and incubated with 

GST resin. NSF and α-SNAP bound to GST resin was washed with PBS+ 1 mM DTT, PBS 

+ 1 mM DTT + 1 % Triton and PBS + 1 mM DTT + 0.5 M NaCl. NSF and α-SNAP were 

treated with benzonase and then cleaved with trombin on GST resin. NSF and α-SNAP were 

further purified with size-exclusion chromatography on a Superdex 200 16/60 column and 

Superdex 75 16/60 column respectively using a buffer containing 20 mM Hepes (pH 7.6), 

150 mM KCl, 10% glycerol, 1 mM TCEP. All the NSF purification buffers included 0.5 mM 

ATP and 2 mM MgCl2.  

 

4.4.1.3 Syntaxin-1 purification 

N-terminal hexa-histidine fusion protein of rat syntaxin-1 was expressed in Escherichia 

coli BL21 (DE3-T1
R
) cells using pET-28a (Novagen) expression vector. pET-28a expression 

vector containing syntaxin-1 was inserted in chemically competent Escherichia coli BL21 

(DE3-T1
R
) cells by the commonly used heat-shock transformation method and plated onto 

Lennox L Broth (LB) - Agar plates using kanamycin as the antibiotic selection. After 

overnight 37 °C incubation, minimal amount of bacteria from the edge of a bacterial colony 

containing syntaxin-1 was inoculated into 2 ml LB media and sequentially transferred to 100 
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ml and 1 L LB media when the optical density (OD) of the cultures reached 0.8 and 

incubated at 37 °C by rotating at 250 RPM. Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 

0.4 mM concentration was added to the 1 L cultures when the OD of the desired number of 1 

L cultures reached 0.8. Syntaxin-1 was expressed for 18 hours by rotating at 250 RPM and at 

23 °C. Cells were incubated 10 minutes on ice and harvested at 4500 × g  by centrifuging 

them at H600A swinging bucket rotor in a Sorvall RC 3C Plus centrifuge for 30 minutes. 

Cells were resuspended in a buffer containing 50 mM Tris⋅HCl (pH 8.0), 500 mM NaCl, 5% 

Triton X-100, 8 mM imidazole, DNAse and protease inhibitor mixture (20 ml buffer per 1 L 

bacterial culture) and lysed using an Avestin EmulsiFlex-C5 homogenizer at 10000 psi for 3 

times. The soluble fraction of the cell lysate was collected after centrifugation at 48,000 

× g for 30 min and incubated with Ni-NTA resin (1 ml resin per 1 L bacterial culture) 

(Qiagen) at 4 °C for 10 minutes. The resin was washed with a buffer containing 50 mM 

Tris⋅HCl (pH 8.0), 250 mM NaCl, 1.5% Triton X-100, 8 mM imidazole (50 ml buffer per 1 

ml of resin). The Ni-NTA tag was cleaved with thrombin in thrombin cleavage buffer with 1 

% β-OG on the resin at room temperature for 3 hours. Syntaxin-1 was further purified with 

an ion exchange Source Q column (GE Healthcare) [buffers: 20 mM Tris⋅HCl (pH 8.0),  1% 

β-OG, 1 mM TCEP and the same buffer with 1 M NaCl]. 

 

4.4.1.4 Synaptobrevin purification 

N-terminal glutathione S-transferase (GST) fusion protein of rat synaptobrevin (VAMP-2) 

was expressed, harvested and purified similar to synaptotagmin-1 fragments described in the 

third chapter with the following differences. Synaptobrevin was expressed at 23 °C and 
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harvested in PBS with 0.05 % Tween-20, 0.4 % Triton X-100, 0.5 % n-Lauroyl Sarcosine, 5 

mM DTT and protease inhibitors mixture. Cells were lysed and incubated with GST resin. 

Synaptobrevin bound to GST resin was washed with PBS + 1 mM DTT + 1 % Triton X-100 

(25 ml PBS per 1 ml of resin). Synaptobrevin was treated with benzonase in benzonase 

buffer with 1 % Triton X-100 and then cleaved with trombin in thrombin cleavage buffer 

with 1 % β-OG on GST resin. Synaptobrevin was further purified with an ion exchange 

Source S column (GE Healthcare) [buffers: 25 mM NaAc (pH 5.5), 5 mM CaCl2, 1 mM 

TCEP. and the same buffer with 1 M NaCl]. 

 

4.4.1.5 SNAP-25 purification 

N-terminal hexa-histidine fusion protein of rat SNAP-25 was expressed, harvested and 

purified similar to synaptotagmin-1 fragments described in the third chapter with the 

following differences. Synaptobrevin was expressed at 23 °C and harvested with a buffer 

containing 50 mM Tris⋅HCl (pH 8.0), 500 mM NaCl, 4 mM imidazole, 1 % Triton X-100, 

and protease inhibitors mixture.  Cells were lysed and incubated with Ni-NTA resin (1 ml 

resin per 1 liter of cell culture). SNAP-25 bound to Ni-NTA resin was washed with with a 

buffer containing 50 mM Tris⋅HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole, and 1 % 

Triton X-100 (25 ml buffer per 1 ml of resin). SNAP-25 was treated with benzonase in 

benzonase buffer and then cleaved with thrombin. SNAP-25 was further purified with size-

exclusion chromatography on a Superdex 75 16/60 column (GE HEalthcare) using 50 mM 

Tris (pH 8.0) containing 125 mM NaCl as the buffers. One mg of SNAP-25 was used for 

size-exclusion chromatography. 
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4.4.1.6 Munc18-1 purification 

N-terminal glutathione S-transferase (GST) fusion proteins of Munc18-1 was expressed, 

harvested and purified similar to synaptotagmin-1 fragments described in the third chapter 

with the following differences. Munc18-1 was expressed at 20 °C and harvested in PBS wit 1 

mM DTT and protease inhibitors mixture. Cells were lysed and incubated with GST resin. 

Munc18-1 bound to GST resin was washed with PBS+ 1 mM DTT, PBS + 1 mM DTT + 1 % 

Triton and PBS + 1 mM DTT + 0.5 M NaCl. Munc18-1 was treated with benzonase and then 

cleaved with trombin on GST resin. Munc18-1 was further purified with size-exclusion 

chromatography on a Superdex 200 16/60 column using a buffer containing 25 mM Hepes 

(pH 7.4), 150 mM KCl, 10% glycerol, 1 mM TCEP. 

 

4.4.1.7 C2AB purification 

C2AB purification is explained in methods section of the third chapter of this manuscript.  

 

4.4.2 Preparation of Phospholipid Vesicles 

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

[phospho-L-serine] (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE), N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl-sn-glycero-3-p

hosphatidylethanolamine (Rho-PE) and N-NBD-1,2-dipalmitoyl-sn-glycero-3-phosp

hatidylethanolamine (NBD-PE), cholesterol (Ch), L-α-phosphatidylinositol-4,5-bisphosphate 

(PIP2), 1-palmitoyl-2-oleoyl-sn-glycerol (DAG) (Avanti Polar Lipids) 1,1'-Dioctadecyl-
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3,3,3',3'-Tetramethylindodicarbocyanine Perchlorate (DiD), (Invitrogen) in chloroform were 

mixed in a glass test tube in a desired ratio, and chloroform was evaporated using dry 

nitrogen stream, while immersing test tubes in 35 °C water bath. The lipids were placed in a 

vacuum chamber overnight for complete removal of the organic solvent.  

For direct method, lipid films were hydrated with reconstitution buffer (25 mM Hepes pH: 

7.4, 150 mM KCl and 10 % glycerol) in an appropriate volume yielding 10 mM lipids. Lipids 

were vortexed for 5 minutes then frozen and thawed five times. Large unilamellar vesicles 

were prepared by extruding the hydrated lipid solution through 0.08-μm polycarbonate 

membranes 23 times using an Avanti Mini-Extruder. The homogeneity of the vesicle size 

distribution was confirmed by dynamic light scattering was centered around a diameter of 80 

nm.  

For standard method, lipid films were dissolved with reconstitution buffer + 2 % octyl-β-D-

glucopyranoside (β-OG) in an appropriate volume yielding 10 mM lipids. Large unilamellar 

vesicles were prepared by dialyzing the lipid solution through a 10 kDa dialysis cassette 

(Pierce). The homogeneity of the vesicle size distribution was confirmed by dynamic light 

scattering was centered around a diameter of 100 nm.  

 

4.4.3 Reconstitution of SNAREs 

For synaptobrevin containing liposomes, synaptobrevin: lipids (M/M); 1: 600 protein to lipid 

ratio is used. In lipid mixing experiments, POPC: DOPS: POPE: Rho-PE: NBD-PE: Ch; 40: 

20: 17: 1.5: 1.5: 20 lipid ratio was used. In content mixing experiments, POPC: DOPS: 
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POPE: DiD: Ch; 39.5: 20: 17: 3.5: 20 lipid ratio was used and lipids are hydrated with 

reconstitution buffer containing 40 mM sulforhodamine B (Acros Organics). 

For syntaxin-1/SNAP-25 containing liposomes, syntaxin-1: SNAP-25: lipids (M/M/M); 1: 5: 

800 protein to lipid ratio was used. In both of the lipid and content mixing experiments, 

POPC: DOPS: POPE: PIP2: DAG: Ch; 38: 18: 20: 2: 2: 20 lipid ratio was used.  

For direct method, syntaxin-1 and SNAP-25 were incubated on room temperature for 20 

minutes. Syntaxin-1/SNAP-25 or synaptobrevin solubilized in reconstitution buffer 

containing 1% β-OG + 1mM TCEP were slowly titrated to the preformed liposomes, while 

vortexing the liposomes. Volume of the protein was adjusted to keep the final concentration 

of β-OG below the solubilization concentration of the proteoliposomes. Proteoliposomes 

were incubated at room temperature for 20 minutes and dialyzed 3 times against 1 L 

reconstitution buffer containing 1 g BioBeads (BioRad) or Amberlite XAD-2 (Sigma-

Aldrich) through a 10 kDa dialysis cassette for 1 hour, 2 hours and 16 hours at 4 °C. For 

content mixing assays, proteoliposomes were purified from excess sulforhodamine B with 

PD-10 (G-25) column (GE Healthcare) according to manufacturer protocol before dialysis.  

For standard method, syntaxin-1 and SNAP-25 were incubated on room temperature for 20 

minutes. Syntaxin-1/SNAP-25 or synaptobrevin solubilized in reconstitution buffer 

containing 1% β-OG + 1mM TCEP was mixed with detergent solubilized lipids to yield 3.75 

mM lipids for Syntaxin-1/SNAP-25 liposomes and 2.5 mM lipids for synaptobrevin 

liposomes. Protein-lipid solutions were incubated at room temperature for 20 minutes and 

dialyzed 3 times against 1 L reconstitution buffer containing 1 g BioBeads (BioRad) or 
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Amberlite XAD-2 (Sigma-Aldrich) through a 10 kDa dialysis cassette for 1 hour, 2 hours and 

16 hours at 4 °C. 

 

4.4.4 Lipid mixing assays  

The syntaxin-1/SNAP-25 containing liposomes (0.25 mM-lipid concentration) were first 

incubated with 4 mM ATP, 2 µM of α-SNAP, 0.8 µM NSF, 5 mM MgCl2 and 2 µM of 

Munc18-1 as a 100 µl reaction using reconstitution buffer with 0.5 mM TCEP and 0.1 mM 

EGTA for 20 minutes at 37 °C. The synaptobrevin containing liposomes (0.125 mM-lipid 

concentration), 0.5 µM C1C2BMun, 1 µM SNAP-25 and 1 µM C2AB were added to the 

reaction after incubation. Final volume of the reaction is adjusted to 200 µl, which brings the 

concentration of pre-incubation molecules to the half. The combination of the proteins used 

in each reaction is indicated in the figures. NBD fluorescence emission experiments at 538 

nm were performed on a Photon Technology International spectrophotometer with a 3 nm slit 

width and 460 nm excitation at 37 °C. The lipid mixing experiments were repeated at least 

three times, and standard deviations were calculated. Microsquare cuvettes with 5 mm 

interior width were used. Ca
2+

 (0.5 mM) was added after 5 minutes of data acquisition and 1 

% β-OG was added at the end of the reaction to reach maximum NBD fluorescence intensity. 

 

4.4.5 Content Mixing Assays 

Samples were treated similar to the samples in lipid mixing assays. The lipid concentration 

for synaptobrevin containing liposomes was determined by UV absorbance of DiD. Lipid 
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and content mixing were monitored simultaneously by measuring dequenching of DiD at 675 

nm (excitation at 650 nm) and sulforhodamine B at 587 nm (excitation at 565 nm) at 30 °C. 

 

4.4.6 Co-Floatation Assays 

Liposomes were prepared with the same lipid compositions as the syntaxin-1/SNAP-25 

containing liposomes without proteins and the lipid molecules stated in Figure 4.4 C. 

C1C2BMUN (1 µM) was mixed with the liposomes (0.5 mM) and incubated at room 

temperature for 30 minutes . The incubated samples were mixed with an equal volume of 80 

% histodenz to make a 40 % layer of histodenz in a 5 × 41 mm ultraclear Bechman centrifuge 

tube. This layer was overlaid sequentially with 35 and 30 % of histodenz and buffer. The 

samples in histodenz gradient were centrifuged in a SW55Ti rotor (Beckman) at 40,000 rpm 

for 4 hours at 4 °C. Liposomes with proteins collected from top of the histodenz gradient and 

analyzed with SDS-PAGE and Coomassie blue staining. 

 

4.4.7 Dynamic Light Scattering 

Samples were analyzed with a Protein Solutions DynaPro instrument from Wyatt 

Technology equipped with a temperature-controlled microsampler. Data were acquired for 

each sample with 10 % laser power and 10 seconds acquisition time for 30 times. The 

samples were prepared in reconstitution buffer and diluted to a final lipid concentration of 30 

µM or 100 µM lipids and centrifuged at 14,000 x g for 10 minutes before each acquisition. 
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The results were analyzed with the Dynamics V6 software to calculate the size distribution of 

the macromolecules in the samples. 
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