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ABSTRACT 

 

When an action potential arrives at the axon terminal, it causes a local increase in intracellular 

Ca2+ concentration that starts a cascade of molecular interactions leading to the fusion of 

synaptic vesicles with the plasma membrane. This process is called neuronal exocytosis and is 

mediated by SNARE proteins. SNAREs are a highly conserved group of proteins that interact 

to form a coiled-coil assembly called the SNARE complex. The assembly of this complex is 

believed to provide the driving force for the fusion of the neurotransmitter-carrying vesicles to 

the presynaptic membrane. In the neuronal system, the SNARE complex is formed by three 

proteins: synaptobrevin, syntaxin-1a, and SNAP25. In addition to the SNAREs, other proteins 

such as Complexin, Synaptotagmin, Munc13, and Munc18 serving regulatory roles by 

interacting with membranes or the SNAREs. 

The primary goal of this study was to investigate Syntaxin-1a, which is known to play an 

essential role in the process of neuronal exocytosis and signal transduction. This protein has 

been studied for years; however, its exact function and mechanism of action are still not fully 

characterized. In this study, I investigated the conformations of the plasma membrane or t-

SNARE Syntaxin-1a that are believed to occur during the priming steps leading to membrane 

fusion. Syntaxin-1a has several domains, including a transmembrane anchor, an H3 or SNARE 

motif, a regulatory Habc motif, a linker that connects the H3 and Habc domains, and a short 

N-terminal segment called N-peptide. During the SNARE assembly process, Syntaxin-1a 

interacts with the SNARE chaperone Munc18.  When bound to Munc18 in solution, the Habc 

and H3 domains are brought into proximity leading to a closed state of Syntaxin-1a. In addition 

to this binding mode, Munc18 also binds to the assembled SNARE complex; however, neither 

the mode of this interaction nor the state of the Habc regulatory domain are well characterized 

in this complex. 
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Here, I examined Syntaxin-1a using two different approaches. In the first, I used CW-EPR 

spectroscopy to determine if Syntaxin-1a (alone and assembled into the t-SNARE or SNARE 

complex) and Munc18 interact with each other. In the second, DEER spectroscopy was used 

to determine the conformation of Syntaxin-1a at different stages during the SNARE assembly 

process and to determine how Munc18 changes the conformation of Syntaxin-1a in different 

environments, and when it is assembled into t-SNARE or cis-SNARE complexes. 

It is generally believed that when Munc18 binds to a complex of Syntaxin-1a and SNAP25, 

SNAP25 is dissociated, and Syntaxin-1a assumes a closed state. However, work from our 

laboratory indicates that Munc18 converts a 2:1 complex of Syntaxin-1a and SNAP25 into a 

1:1 complex, where Syntaxin-1a is in a closed state. The work presented here supports this 

earlier finding and indicates in the absence of an N-terminal fragment of Syntaxin-1a, Munc18 

also binds to the t-SNARE complex. Moreover, Munc18 binds to the SNARE complex through 

the Habc domain of Syntaxin-1a. In the case of the SNARE complex, there is no interaction 

between the complex and Munc18 in the absence of an N-terminal domain of Syntaxin-1a, 

indicating that the N-terminal domain of Syntaxin-1a is required for Munc18 to associate with 

the SNARE complex. 

I confirmed an equilibrium between an open and closed states of Syntaxin-1a for each stage of 

the SNAREs assembly process. For assembled Syntaxin-1a, the equilibrium is shifted primarily 

towards an open state. Munc18 binds to Syntaxin-1a at each step during assembly, and shifts 

the equilibrium towards the closed state of Syntaxin-1a. 
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I. INTRODUCTION 

1.1 Neuronal Exocytosis 

 

Exocytosis and endocytosis are processes that either release material from the cell interior or 

take in material from the external environment, respectively. Both processes involve the 

remodeling of membranes.  They are vital for all living cells, require energy, and are a form of 

active transport. During exocytosis, intracellular vesicles fuse with a plasma membrane 

releasing the vesicle contents to the extracellular space1. 

Neuronal exocytosis is the basis for neurotransmission.  It involves the fusion of synaptic 

vesicles with the presynaptic membrane, thereby releasing neurotransmitter molecules into the 

synaptic cleft. Neurotransmission is the fundamental and highly regulated process underlying 

information transfer between nerve cells. This process is responsible for all functions in the 

central nervous system (CNS), which monitors and coordinates internal organ function and 

responds to all changes in the external environment in all species, from invertebrates to highly 

evolved mammals. Dysfunction in neurotransmission is involved in various neurological 

disorders2,3, including autism, Alzheimer's, bipolar disorder4, dementia, depression5, epilepsy, 

and schizophrenia6,7. Thus, it is essential to understand the complex and sophisticated 

molecular mechanisms and interactions underlying synaptic transmission. 

Neurotransmission is a multistage regulated process that occurs at specific regions between 

two neurons. This region is called a synapse. Synaptic transmission is mediated by repeated 

cycles of exocytosis of neurotransmitters followed by the endocytosis of plasma membrane 

material at the nerve terminus. It relies on proper protein-protein and protein-lipid interactions 

in a time-sensitive manner in the complex neuronal wiring scheme. 
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Despite considerable progress in understanding the molecular level events that underlie 

neuronal exocytosis, the roles of individual proteins remain unknown especially the sequence 

and kinetics of protein-protein interactions that drive the vesicle cycle2,3,5. 

In this section, nerve cells and synapses, the process of intracellular vesicle trafficking, and the 

basics of membrane fusion will be introduced. Then, we will take a closer look at the 

presynaptic active zone, which consists of unique protein components that accomplish synaptic 

vesicle fusion and neurotransmitter release. Among these proteins, are the SNARE proteins: 

Syntaxin-1a (Syx), SNAP-25, and Synaptobrevin (Syb), and complexes that they form. Finally, 

we will describe regulatory proteins like synaptotagmin-1, complexin-1, and Munc18 which 

are neuron-specific and indispensable for proper synaptic function. Synaptotagmin-1 serves as 

the Ca2+ -sensor by coupling Ca2+ -influx tightly with vesicle fusion, and complexin-1 

modulates neuronal exocytosis by suppressing spontaneous vesicle fusion (in the absence of 

Ca2+) and facilitating Ca2+ -evoked release. Munc18 acts as a chaperon for Syx to prevent 

unspecific interactions. This chapter will allow us to have a better molecular view of the fusion 

site. 

 

1.1.1 The nervous system and the neuron  

 

The nervous system consists of the central nervous system (CNS) and the peripheral nervous 

system. There are two components of the CNS, the brain and the spinal cord, while the 

peripheral nervous system is composed of a complex network of neurons8. The nervous system 

is a two-way pathway responsible for sending, receiving, and interpreting information from all 

body parts, with the CNS being its processing center. The nervous system monitors and 

coordinates internal organ function by integrating all information received from the 
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environment with the proprioceptive information to produce and send an appropriate response 

in the form of physiological change or a change in motion8,9. Understanding many functions of 

this fascinating organ entails exploring the interconnections of many nerve cells organized in 

neural networks. This process is the key to understanding the cause of diseases and neurological 

disorders. Even the slightest change at any stage of the neurotransmission process can cause 

significant changes in overall mind and body function. Sleep disorders, impaired 

learning/thinking/memory, impaired motor capacity, and chronic pain are among the general 

examples mentioned before3,10. They all are linked to pathological changes on several levels, 

including the molecular. Unfortunately, many neurological conditions are still not fully 

understood on the neuronal level, not to mention the molecular level, and there is a need to 

understand neurotransmission at the basic chemical level11. 

The basic functional unit of the nervous system is the nerve cell or neuron. There are 86 billion 

of neurons in the brain alone12. They were first described by Ramón y Cajal in 1888. They may 

assume different shapes and sizes, and they have unique functions in the brain, spinal cord, and 

muscle13. All neurons are highly specialized and responsible for different functions in human 

body. We usually classify neurons based on function (motor, sensory, and interneurons) or 

structural differences (multipolar, unipolar, bipolar, pseudo-unipolar)14. Despite this 

variability, all neurons have the same essential components that enable them to receive and 

transmit signals through the body. Neurons are typically composed of a cell body (soma), one 

axon, and many highly branched, thin dendrites (see Figure 1)15. Axons and dendrites are 

bundled together into what are called nerves. There is one particular case where there is no 

axon, and such neuron is called anaxonic. This neuron can be found in some brain regions. 
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Figure 1. Illustration of the single motoneuron.  A neuron cell body (soma) is a compact 

structure that extrudes two types of filaments: axon and dendrites. Dendrites are 

typically highly branched and are responsible for receiving information from other 

neurons. The axon leaves the soma as a single filament that branches at the end. Axon's 

branches are called axon terminals. The axon sends information received by dendrites 

to the next neuron in line.  
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The flow of information in the neuron is unidirectional, from the dendrites through the cell 

body to the axon. In this case, dendrites are the primary input center of the neuron, and they 

receive signals from the preceding neuron's axon terminal. They are usually more numerous, 

significantly shorter, and more highly branched than the axon. The extensive branching can 

substantially increase the contact surface with other neurons16. The neuron's axon is a thin 

extension downward from the cell body, and it carries signals away from the cell body. In 

contrast to dendrites, the branching of the axon occurs at its very end. The branched part of the 

axon, or telodendrion, ends in structures called axon terminals. 

Action potential plays a central role in the cell's communication in the nerve cells. The action 

potential is a fast (up to 100m/s) electrical impulse that originates at the axon's initial segment 

and travels along the axon length17. Upon reaching the axonal terminal, the action potential 

causes a cascade of molecular changes that eventually lead to the transfer of information to the 

next downstream cell. The action potential in the neuron is also called a nerve impulse or spike. 

 

1.1.2 Synapses 

 

As mentioned earlier, the human brain contains about 86 billion neurons, and every single one 

can influence many other cells in the whole human body. A highly specialized mechanism is 

required to enable communication between the elements of the nervous system. Passing 

information between two neurons or a neuron and effector cell is called neurotransmission. 

Neurotransmission takes place through synapses, the functional contact points between 

neurons. In synapses, neurons can pass electrical and chemical signals between each other. 

Synapses are composed of a presynaptic neuron terminus, a synaptic cleft, and a postsynaptic 



28 

 

neuron surface (Figure 2)18. Although there are many subtypes of synapses within the brain, 

the primary two general classes are electrical and chemical synapses. 

 

 

Figure 2. A synapse is a junction between the dendrites of one neuron and the axon 

terminal of another. The synapse is the region where nerve impulses are transmitted.  
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1.1.2.1 Electrical synapses 

 

Despite being in the minority of synapses, electrical synapses are widely distributed in the 

mammalian brain19,20. Electrical synapse are defined by how the two contacting neurons are 

linked. This particular kind of intercellular connection is called a gap junction (Figure 3B). Gap 

junctions contain precisely aligned paired channels in the membrane of each neuron so that 

each pair forms a pore. The size of these pores is large enough to allow molecules with a 

molecular weight of up to several hundred Daltons to diffuse between the cytoplasm of the pre-

and postsynaptic neurons21. In this way, electrical synapses provide a pathway for both ionic 

current and small organic molecules. The direct connection between two neurons allows for 

the uninterrupted and bidirectional spread of electrical changes22. The nature of the electrical 

synapses allows signals to travel much faster than in chemical synapses. However, the 

structural organization of the electrical synapse does not allow for signal amplification or 

modulation. Also, a signal might diminish from one neuron to the next. Both of these factors 

make them less effective. Despite mentioned limitations, electrical synapses are essential for 

the proper and unmodified function of the nervous system23. 

 

1.1.2.2 Chemical synapses 

 

Chemical synapses are the most common of all neuronal communication in mammals. The 

synaptic complex consists of three essential elements (Figure 3A): 

• A presynaptic element (e.g., axon terminal) 

• A synaptic cleft 

• A postsynaptic element (e.g., dendritic spine) 
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This structure is the basic unit of a chemical synapse, and it is required for effective 

neurotransmission24.  
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Figure 3. Two main classes of synapses.  A. Chemical synapse - The presynaptic neuron 

contains synaptic vesicles loaded with neurotransmitters. The postsynaptic neuron is 

equipped with neurotransmitter binding channels on its surface. The synaptic cleft 

separates both neurons. B. Electrical synapse. The presynaptic and postsynaptic neurons 

are connected by intercellular channels called gap junctions. Electrical synapses are 

bidirectional. (Figure source: Pereda, 2014) 21  
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Two elements characterize the presynaptic element. The first one is an active zone with a high 

density of Ca2+ channels. The fusion of synaptic vesicles (exocytosis) occurs in this zone, and 

the whole process is described later in this chapter. The second element is a region where all 

synaptic vesicles containing neurotransmitters are close to the presynaptic membrane. In 

contrast, the postsynaptic element is characterized by a high density of receptors specific for 

certain neurotransmitters. The morphology of the presynaptic and postsynaptic neurons ensure 

that synaptic transmission occurs only in one direction, from the presynaptic element to the 

postsynaptic element. The separation between two neurons (synaptic cleft) is significantly 

more prominent than the gap junction in electrical synapses, with an average distance of about 

20 nm25. The synaptic cleft is filled with proteins responsible for maintaining proper position, 

orientation, and distance between two neurons26. 

Although chemical synapses are slower than electrical synapses, their ability to amplify, 

modulate and adapt the synaptic signal is much greater. These features and the large number 

of chemical synapses in the nervous system make them intensive area research and is one 

reason that they are better understood than electrical synapses21. 

The work presented in this dissertation focuses on the proteins responsible for the events that 

facilitate the synaptic vesicle fusion with the plasma membrane. That is why, the following 

sections will address the pre-synapse and membrane fusion in more detail.  

 

1.1.2.3 Pre-synapse  

 

One of the most characteristic features that differentiates the pre-synapse from post-synapse is 

the presence of numerous synaptic vesicles. Synaptic vesicles are spherically shaped organelles 

with an average diameter of ~40 nm27,28,29. They can be divided into different populations: the 
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readily releasable pool, the recycling pool, and the reserve pool30. The differences between 

these pools are based on their functions and localization in the pre-synapse. Every single 

synaptic vesicle contains a large number of molecules of neurotransmitter. Neurotransmitters 

are released in a controlled manner into the synaptic cleft during neuronal exocytosis, the final 

step in the cycle that leads to information transfer between two neurons31. 

 

1.1.2.4 Vesicle cycle 

 

Vesicle trafficking is a highly regulated process that is assisted by vesicular and plasma 

membrane proteins that function at various steps in this process. These steps include loading 

neurotransmitter into the synaptic vesicle, docking the vesicle, priming, Ca2+-sensing, 

exocytosis, and later vesicle recycling to restart the whole process (see Figure 4 for 

reference)30.  

Once at the synapse, each vesicle is loaded with neurotransmitter. These vesicles are 

translocated to the active zone that is localized directly at the plasma membrane of the 

presynaptic cleft. Each synapse can have from 1 to nearly 1000 active zones forming a region 

where fusion occurs32. The first process in the active zone is docking. The loaded vesicle must 

be docked appropriately near the release site. Although many proteins have been identified on 

synaptic vesicles and at the release site, a knowledge of their role in docking is not well 

understood. Mutations in Munc18 alter docking and vesicle organization, but they do not 

entirely block this process33. Also, SNARE proteins, especially Syntaxin-1a, appear to be 

involved in the docking34. After proper docking and prior to fusion, the vesicle must be primed. 

At this stage, the vesicle is being prepared to undergo membrane fusion in response to an influx 

of Ca2+ and an increase in intracellular Ca2+ levels. This step is believed to involve already 
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partially assembled SNARE complexes (v-SNARE or t-SNARE). Munc13 participates in this 

process by stimulating changes in the closed conformation of Syntaxin-1a, which leads to the 

assembly of v-SNARE or t-SNARE complexes35. Upon the arrival of the action potential at the 

axon terminal, voltage-dependent Ca2+ channels open, causing a sudden Ca2+ influx. Ca2+ ions 

play a role as signaling molecules, and the increase in Ca2+ levels puts in motion all the 

necessary protein-protein and protein-lipid interactions that lead to the fusion of the synaptic 

vesicle with the plasma membrane. This results is the release of neurotransmitter into the 

synaptic cleft. The Ca2+ sensor in this system is a protein called Synaptotagmin. The free energy 

released from the assembly of the SNARE complex is believed to be a driving force of fusion. 

Released neurotransmitter binds to receptors in the postsynaptic membrane and enables 

activation and signaling in the postsynaptic neuron. When vesicles fuse with the membrane, 

the plasma membrane expands. In order to maintain the size, composition, and full 

functionality of synapse, an opposite process to exocytosis – endocytosis recreates the vesicles. 

The vesicle trafficking process is finished when an empty vesicle is retrieved from the 

membrane in clathrin-mediated endocytosis27,30. However, this is not the only mechanism by 

which the vesicles are recycled. 
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Figure 4. Synaptic vesicle cycle in the nerve terminal. Synaptic vesicles loaded with 

neurotransmitters are translocated into the active zone (orange area), where they dock 

and prime. Upon Ca2+  influx, vesicle fuse with the plasma membrane and release its 

content into the synaptic cleft. Membranes and proteins at the presynaptic plasma 

membrane after synaptic vesicle fusion are retrieved by endocytosis. The retrieved 

vesicles are ready to be refilled with neurotransmitter molecules and again participate 

in the fusion reaction. (Figure source: Jahn&Fasshauer, 2012) 30  
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For the past couple of decades, general exocytotic and vesicle recycling mechanisms have been 

investigated36. A brief description of vesicle recycling is as follows. A loaded vesicle docks to 

the plasma membrane and releases its content into the synaptic cleft. The molecular details 

regarding the fusion process and how the empty vesicle is recycled are still not understood. 

Two main mechanisms proposed for vesicle recycling are full collapse30,37 and kiss-and-

run31,38,39. The former involves the full merging of the vesicle and plasma membrane followed 

by clathrin mediated endocytosis, and the latter is a ultrafast endocytosis which is an energy-

efficient pathway39. In the full collapse mechanism, the recovery of proteins and lipids that 

form synaptic vesicle occurs in neuronal endocytosis as a clathrin-mediated pathway40 

requiring a clathrin coat formation around the recovered vesicle30. The clathrin coat consists of 

two layers. The outer layer is composed of clathrin, and the inner layer is formed by clathrin 

adaptors41. The full collapse recovery mechanism is a relatively slow process and is thought to 

be too slow to be consistent with the activity of a fast synapse38,42. The second vesicle recycling 

concept described by a kiss-and-run model is a quick and energy-efficient pathway 

characterized by the lack of a full merging of the vesicle with the membrane. The synaptic 

vesicle must dock and prime in the active zone in this type of event. Afterward, it releases its 

content to the presynaptic cleft through a fusion pore. The empty vesicle disengages from the 

membrane and is ready to be re-loaded with neurotransmitter43.  

Due to the high level of exo- and endocytosis happening in the plasma membrane, the 

presynaptic plasma membrane is specialized and ready for a continuous change in membrane 

conformation, whether it is a kiss-and-run or full collapse fusion model. Both models explain 

the basis of neuronal communication. 
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1.2 Membrane Fusion 

 

Membrane fusion is a process that involves two separate lipid bilayers merging their 

hydrophobic cores to form a single bilayer. Several factors might influence fusion, such as 

charge, curvature, lipid composition, specific proteins (i.e., SNAREs) present on the membrane 

surface, laser radiation, or electric pulses44. Scientists have established that membrane fusion 

occurs through a sequence of consecutive events45,46,47. Initially, two lipid bilayers are brought 

together in a process called docking, where the two membranes are separated by a distance that 

ranges from 0 nm to 50 nm48,49,50,51. When they are in close contact, the water that is associated 

with the opposing monolayers must be removed and the surfaces dehydrated.  According to the 

generally accepted model, membrane fusion proceeds through a stalk intermediate where one 

of the monolayers is destabilized. Some of the lipid acyl chains reorient to face the opposing 

monolayer. This local defect causes the two lipid monolayers to come in contact and merge to 

form a hemifusion diaphragm52. Finally, the fusion of the outer leaflets forms a fusion pore. 

Figure 5 illustrates the proposed chain of events53,54. All these stages are associated with an 

energy barrier that must be overcome for fusion to occur. Unfortunately, it is still not clear how 

high these energy barriers are.   
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Figure 5. Stalk hypothesis for the mechanism of lipid fusion: a. two membranes come in 

close contact b. local disturbance of the membranes c. stalk intermediate d. hemifusion 

diaphragm e. fusion pore. According to the model, fusion is initiated by contact between 

the two opposing lipid bilayers, termed the stalk. Then, the stalk intermediate expands 

to form a hemifusion state, leading to the fusion pore. Figure was based on Figure 1 

from (Chernomordik et al., 1985) 55 and Figure 1 from (Chernomordik and Kozlov, 

2008)56.  
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1.3 The SNARE proteins  

 

Since researchers first began to investigate neuroscience, many biomolecules responsible for 

the proper function of the neuronal system have been identified. As scientific techniques 

evolved and different approaches were taken, more and more information was collected about 

biomolecules in the neurology field. In this dissertation, the focus is directed at the molecules, 

primarily proteins, that are generally responsible for directing vesicles to the presynaptic 

membrane and, in the following steps, docking and triggering the fusion once the action 

potential arrives. Among other roles, these proteins bring two opposite membranes together, 

disturb the lipid bilayer, and decrease the energy barrier to allow fusion to occur. Another fact 

suggesting a significant role in the regulatory system is the speed at which Ca2+-triggered 

membrane fusion happens, just a few hundred microseconds57. Two main contributions made 

it possible to identify the proteins involved in neurotransmission. One, published in 1974, 

described the genetic screens58,59. A second, published in the 1980s, followed and added 

genetic screening experiments in Saccharomyces cerevisiae59. The second one described the 

development of a cell-free in vitro fusion system60. Work based on the results of these 

experiments led to the discovery of the active zone SNARE proteins. SNAREs, an abbreviation 

for soluble NSF attachment receptor proteins, are often called a ‘minimal membrane fusion 

machinery’ primarily because they are sufficient and necessary in the synaptic vesicle cycle, 

especially for events in the active zone61,31.  

The SNARE protein superfamily has been identified as essential for intracellular fusion events 

in all Eukarya. This superfamily includes proteins involved in both exocytic and endocytic 

pathways. The members of the SNARE superfamily have been identified in different cellular 

compartments; however, the best characterized are the SNAREs involved in the neuronal 

exocytosis. The undisputed importance of SNAREs in neuronal fusion was disclosed when 
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these proteins were identified as the target of Clostridium toxins. Neurotoxins produced by 

Clostridium botulinum and Clostridium tetani can cleave the SNAREs, which leads to blockage 

of fusion events and impairs communication between neurons62,63,64. Among 36 small proteins 

that are a member of the SNARE superfamily in humans65, most are transmembrane proteins 

containing a transmembrane domain at their C-terminus. SNAP25 (synaptosome-associated 

protein of 25 kDa) is one of the exceptions to this rule and does not contain a transmembrane 

domain. These are docked to the membrane by the attachment of acyl chains66. 

Additionally, some SNAREs have additional N-terminal α-helical domains. The unique sign 

of all SNARE proteins across different organisms is an evolutionarily conserved stretch of 60- 

70 amino acids composed of heptad repeats called the SNARE domain. The heptad repeat is 

the repetition of hydrophobic residues and the SNARE motif, which is the most characteristic 

feature of this domain67.  

There are three neuronal SNAREs. First to be discovered was Synaptobrevin (or VAMP-2 for 

vesicle-associated membrane protein 2), localized on the surface of the neurotransmitter-

carrying vesicle. Syntaxin-1a and SNAP-25 were discovered shortly after64 and they are both 

located on the presynaptic membrane. Moreover, all three proteins possess highly conserved 

SNARE motifs that are primarily unstructured when in the monomeric state. Through these 

domains, SNAREs can interact with each other to form a coiled-coil tetra-helical bundle called 

the SNARE complex68. It is currently proposed that the complex formation starts from the N-

terminal end of the SNARE motifs of the three SNARE proteins, which then proceeds to their 

C-terminus. This process is also called SNARE zippering69,70,71,72,73. Upon zippering 

hydrophobic amino acids associate with layers of interacting residues74. The interacting 

residues at the center of the SNARE complex form 16 layers labeled from -7 to +8 (Figure 6)75. 

The exception is the 0 layer which is composed of hydrophilic amino acids. The “0-layer”, 

present in the center of the site of interaction between helices, contains one conserved arginine 
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(R) and three conserved glutamine (Q) residues which provide an alternative classification for 

the SNARE proteins giving R- and Q-SNAREs (Figure 6)76. 
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Figure 6. The layers of the SNARE complex. At the bottom there is structutre of the four-

helical bundle of the cis-SNARE core complex68.  The central black polygons represent 

the highly conserved residues of three neuronal SNAREs. (a) Representation of a  cross 

section of a typical (here the −5) hydrophobic layer, ball and stick structures 

representing the amino acids. (b)  The central red layer, called the 0-layer is composed 

of charged residues. (c) Charged residues form hydrogen bonds outside the layer. 

(Figure source Scales et al. 2001) 75  
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Originally it was believed that SNARE-mediated fusion is NSF-dependent, and disassembly 

of the SNARE complex would trigger fusion77. Nevertheless, later studies proved that the 

process of NSF disassembly is independent of fusion initiation and that the SNARE complex 

formation promotes fusion78. The SNARE zippering is proposed to provide the force to 

overcome the energy barrier and bring to oppose membrane close enough to enable fusion69. 

The alternative way in which the SNARE complex could facilitate membrane fusion is by 

destabilizing the membrane surface with Syntaxin-1a and Synaptobrevin transmembrane 

domains. SNARE proteins are essential but not sufficient to mediate the synaptic vesicle cycle. 

Other proteins in the active zone play crucial roles in mediating the synaptic vesicle fusion65. 

 

1.3.1 Syntaxin-1a 

 

Syntaxin-1a is a transmembrane protein categorized as Qa SNARE protein (thanks to the 

glutamine residue in its zero layers) or t-SNARE protein (target SNARE). It is a 33 kDa protein 

localized in the presynaptic membrane through a single-span C-terminal transmembrane region 

(266 – 288)79. The SNARE domain of Syntaxin-1a (192 – 254 residues), called the H3 

domain80, is partially unstructured and gains further alpha-helical character upon assembly in 

a heterodimer with only SNAP-25 or into a full SNARE complex68. The H3 and C-terminal 

transmembrane domains are connected by a short linker (255 – 265 residues)81,82 (see Figure 7 

for reference).  



44 

 

 

Figure 7. Amino acid sequence and domains of Rattus norvegicus Syntaxin -1a. 
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From previous work on Syntaxin-1a in solution, the H3 segment tends to homo-oligomerize 

and form dimers or tetramers when it exceeds concentrations of 2 μM83,84,85. Two helices of 

Syntaxin-1a are in a parallel alignment in the dimer form; however, there are conflicting results 

reported for the tetramer conformation. From studies using EPR, all Syntaxin-1a molecules are 

parallel in the tetrameric complexes85. In contrast, two Syntaxin-1a dimers forming a tetramer 

were observed in antiparallel orientation in the crystal structure, where a Phe217 was observed 

to generate steric hindrance to parallel orientation83. Syntaxin-1a molecules form much bigger 

oligomers that do not appear to be randomly distributed in the plasma membrane86. Instead, 

Syntaxin-1a is organized in 50 to 60 nm average diameter clusters, where the average density 

is 19.6 clusters/μm2.  Each cluster contains about 90 molecules, which suggests a dense packing 

of monomers87. Imaging using dSTORM showed that the clusters are not evenly packed. The 

cluster is more tightly packed at the center, and the density gradually decreases from the center 

to the periphery. There is a dynamic equilibrium between proteins in clusters and free proteins 

in the surrounding membrane88. The Syntaxin-1a clustering is driven by at least two separate 

mechanisms. The first involves ionic interactions between the polybasic linker region and lipids 

in the plasma membrane, especially phosphatidyl inositol phosphates (PIPs)89,90. PIP2 

sequesters the protein into larger, more loose clusters. In addition to PIP291,92, cholesterol is 

reported as a stabilizing agent for Syntaxin-1a clusters93,94,95. This mechanism is called “lipid-

mediated pre-clustering.” The second clustering mechanism, called “cluster tightening by 

protein-protein interactions,” involves the SNARE domain of Syntaxin-1a90,96. In addition to 

the SNARE domain, Syntaxin -1a has a C-terminal transmembrane region, an α-helical Habc 

domain(28-105) and so-called N-peptide (1 – 27 residues)97. The Habc domain is composed of 

three antiparallel α-helices, Ha (29-66), Hb (70-105), and Hc (110-155)68,84,98. The Habc and 

the H3 domains of Syntaxin-1a interact with each other resulting in a closed 

conformation63,99,100,101,102. 
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Current literature extensively documents the interaction between Habc and H3 domains and its 

impact on the ability of Syntaxin-1a to interact with SNAP-25 and Synaptobrevin. In the closed 

conformation, Syntaxin-1a cannot interact with other SNARE proteins and thus cannot 

participate in SNARE complex formation100,103. The open and closed conformations are in 

dynamic equilibrium, and there are conflicting reports about which conformation 

dominates99,104,105. In order to interact with other SNARE proteins, only the H3 domain is 

necessary80. Two mutations, called LE mutation, L165A and E166A were found to disrupt the 

interdomain H3-Habc interaction, which as a result, shifts equilibrium towards an open state 

of Syntaxin-1a103,106. Moreover, with the LE mutation, Syntaxin-1a is more effective at SNARE 

complex formation103,107,108.  

The H3 and Habc domains are connected through a long, unstructured linker (156 – 191) that 

appears to affect the open-close equilibrium109. And the LE mutation mentioned above lies in 

the linker region103. The Habc domain and the N-peptide are necessary to bind Syntaxin-1a to 

the SM protein (Sec1/Munc18 family) Munc18 protein when Syntaxin-1a is alone or when it 

is assembled with other SNARE proteins. Munc18 binds to Syntaxin-1a through its N-peptide, 

Habc, and H3 domains with high affinity110,111. Upon binding, Munc18 stabilizes the closed 

conformation112. This interaction inhibits the formation of the SNARE complex but also 

prevents Syntaxin-1a from unspecific interactions with other proteins. The Syntaxin-1a 

conformation observed in the crystal structure of the Syntaxin-1a-Mucn18 complex is believed 

to represent the closed state (Figure 8)102. Munc18 is able to bind to the acceptor and assembled 

SNARE complexes, but the binding affinity to these complexes is much weaker than to 

Syntaxin-1a alone107,113. The shorter, unstructured N-peptide is not required for Munc18 to bind 

Syntaxin-1a, although it does contribute to the affinity between these proteins107. However, this 

N-peptide segment is crucial for Munc18 to interact with the SNARE complex, suggesting at 

least two possible modes of Munc18 binding to Syntaxin-1a107,114.  
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Figure 8. Representation of the closed state of Syntaxin-1a. When the H3 (red) and Habc 

(orange) domains come into proximity, Syntaxin-1a adapts to a closed state. Fragment 

of the crystal structure of Syntaxin-1a-Munc18 complex (PDB ID: 3C98 
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Lastly, Syntaxin-1a is one of two isoforms of Syntaxin-1 expressed in neurons. The second one 

is Syntaxinaxin-1b. They share a 84% sequence identity and are considered functionally 

equivalent115. Deleting one of these isoforms has little to no effect because the other isoform 

will compensate for the lack of the first one. However, the deletion of both isoforms is 

prenatally lethal116. Moreover, experiments performed on the double knock-out mice for both 

Syntaxin-1a and Syntaxin-1b underline the importance of Syntaxin-1 in neuronal maintenance 

through a neuronal lifetime116,50.  

 

1.3.2 SNAP-25 

 

SNAP-25 (Synaptosomal-associated protein 25) is the first member of the large SNAP-25 

subfamily and is categorized as Q-SNARE. It is a 24 kDa protein with two unique features that 

distinguish it from the other two SNARE proteins. The first feature is the lack of a 

transmembrane domain, and the second is the presence of not one but two SNARE motifs, 

which is a feature found only within the SNAP-25 subfamily117. Two SNARE domains are 

denoted SN1 (7- 83) and SN2 (141-204), and they belong to Qb, and Qc SNAREs, respectively; 

they are connected through a long, flexible linker118. The linker is palmitoylated and anchors 

the protein to the membrane119.  
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Figure 9. Amino acid sequence and domains of Rattus norvegicus SNAP-25. 
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Like Syntaxin-1a, SNAP-25 is organized into clusters on the presynaptic plasma 

membrane86,93,120. These clusters are positioned in close proximity to Syntaxin-1a clusters. 

SNAPE-25 clusters are elliptical in shape and cover an area 28 percent bigger than the area 

covered by Syntaxin-1a clusters88. The cluster's center is more tightly packed, and the density 

gradually decreases from the center to its periphery, in much the same manner as observed for 

Syntaxin-1a clusters88. The individual molecules of SNAP-25 and Syntaxin-1a that surround 

the protein clusters can interact with each other. Work reported by Rickman et al. suggests that 

protein clusters serve as a reservoir pool for both Syntaxin-1a and SNAP-25, from which 

isolated and reactive proteins can form a Syntaxin-1a – SNAP-25 complex120. 

SNAP-25 is mostly unstructured68. Both SN1 and SN2 become α-helical when interacting with 

Syntaxin-1a or when assembled in the SNARE complex while the linker stays disordered and 

flexible68,121. The helicity of the SNARE domains of SNAP-25 is dependent upon ionic 

strength, and helicity increases with an increasing amount of NaCl, MgCl2, and CaCl2
121. It 

was observed by Fasshauer et al. that a high concentration of NaCl is the cause of SNAP-25 

oligomerization121. It is still not known if the increased helicity with ionic strength of isolated 

SNAP-25 is physiologically relevant or if it impacts interactions with other proteins. SNAP-25 

can also adopt a conformation where both its SNARE motifs come in contact, and other 

regulatory proteins can stabilize this state122. 

Lastly, there are two isoforms of SNAP-25, SNAP-25a and SNAP-25b, with only nine amino 

acid differences between them. SNAP-25a has two additional charged amino acids compared 

to SNAP-25b123. Both isoforms are able to drive vesicle fusion. Despite the minimal differences 

between these isoforms, both are critical for neurons to function properly. Experiments 

performed on mice expressing only the SNAP-25a isoform show that the lack of the SNAP-

25b isoform causes defect in spatial learning, higher anxiety, and pathological changes in the 

stratum lucidum of the hippocampus124. The importance of SNAP-25 in neurotransmitter 
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release is well documented. Vesicle fusion is blocked when SNAP-25 is cleaved by botulinum 

toxins63,64. In addition, neuron arborization and neuron survival are decreased by SNAP-25 

deletion125. Last but not least, SNAP-25 knockout neurons have been reported to have impaired 

vesicle docking50. 

 

1.3.3 Synaptobrevin-2 

 

Synaptobrevin-2, also called VAMP-2 (from vesicle-associated membrane protein 2), is 

classified as R-SNARE or v-SNARE (vesicle SNARE). Synaptobrevin-2 is a 13 kDa 

transmembrane protein anchored in the synaptic vesicle membrane through a single pass C-

terminal transmembrane helical region (97 – 116). About 70 molecules of Synaptobrevin-2 can 

be found on the synaptic vesicle29. The SNARE motif of Synaptobrevin-2 (30 – 85) is 

connected to the transmembrane domain by a short linker (86 – 96) (Figure 10). This linker 

contains basic residues that are reported to bind negatively charged lipids126. This protein-lipid 

interaction slightly tilts Synaptobrevin-2, and places the SNARE domain closer to the vesicle 

membrane. The SNARE domain of the intact protein is unstructured on the lipid bilayer127,128. 

However, studies performed on the full-length protein resuspended in detergent buffer show a 

tendency for helical structure129,130. Similar to other SNAREs, the SNARE motif of 

Synaptobrevin-2 turns into a full α−helix during the SNARE complex formation. There are 

also reports that the SNARE domain of Synaptobrevin-2 dynamically binds to lipids with 

relatively low affinity127,130,131,132. This protein-lipid interaction promotes an increase in α-

helicity, which is hypothesized to modulate the ability of Synaptobrevin-2 to assemble into the 

SNARE complex.  Helical structure in the N-terminal fragment may be essential to initiate 

SNARE zippering133. On the other hand, the interaction between the C-terminal segment of the 
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SNARE domain with lipids and the formation of α-helical structure can lower the energy 

barrier for fusion to occur by increasing the rate of the SNARE complex assembly130,132. 
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Figure 10. Amino acid sequence and domains of Rattus norvegicus Synaptobrevin-2. 
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Lastly, the cleavage of Synaptobrevin-2 by botulinum or tetanus neurotoxins stops 

neurotransmitter exocytosis, causing flaccid or spastic paralysis63,134. The importance of the 

Synaptobrevin-2 vesicle trafficking cycle was described by Imig et al50. They performed 

electron tomography experiments on Synaptobrevin-2 knockout neurons and found that 

synaptic vesicle docking was drastically lower. Moreover, the a lack of Synaptobrevin-2 causes 

a 25% increase in the synaptic vesicle volume50. 

 

1.3.4 SNARE complex 

 

The SNARE complex is a three-molecule (Syntaxin-1a, SNAP25, Synaptobrevin-2), highly 

stable four-helical bundle135,136,137. It is also termed the core complex or the ‘SNAREpin’ that 

forms a bridge between the synaptic vesicle and the plasma membrane61,68,70. The core complex 

is composed of SNARE helical domains, each of approximately 60 amino acids, Syntaxin-1a 

and Synaptobevin-2 each contribute one helix, with SNAP-25 contributing two helices68. The 

SNARE complex formation starts from the N-terminal end of the SNARE motifs and proceeds 

towards the C-terminus. It is composed of helical SNARE motifs. This complex has been 

crystallized, resulting in a high-resolution structure (Figure 11)68,73. An analysis of the structure 

reveals that the helices twist around each other and create a leucine-zipper-like assembly with 

an embedded ionic layer consisting of repeating modules of an arginine residue and three 

glutamine residues68. The ionic layer is called the zero layer.  
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Figure 11. The crystal structure of the SNARE complex. The SNARE domains of Syntaxin -

1a (red), SNAP-25 (green) and Synaptobrevin-2 (blue) form a four-helix bundle called 

the SNARE complex (PDB ID: 1SFC) 68 .  
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Once assembled, the SNARE complex is very stable. Disassembly of the SNARE complex 

requires energy and it is mediated by SNAPs (soluble NSF attachment proteins) and ATP-

hydrolyzing NSF (N-ethylmaleimide-sensitive factor), leading to the recycling of the SNAREs 

for another round of membrane fusion138. The process of SNAREs assembly and disassembly 

is presented in Figure 1265. 
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Figure 12.  The SNARE assembly and disassembly cycle . Synaptobrevin-2 (blue) located 

at the synaptic vesicle interacts with the plasma membrane target SNARE proteins 

(Syntaxin-1 and SNAP25). Interaction starts when proteins are in a different membrane, 

and it can be referred as trans position. As proteins zippering proceeds two opposing 

membranes are brought close together. Once membrane fusion is complete, the fully 

formed SNARE complex is located in the plasma membrane and it is called cis -SNARE 

complex. The cis-SNARE complex is disassembled by AAA+ ATPase NSF with the help 

of adaptor proteins, SNAPs, and with hydrolysis of ATP. In a final step all proteins are 

separated and redistributed to their corresponding membranes and ready participate in 

a new fusion cycle. Figure is based on Figure 3 from (Jahn and Scheller, 2006) 65.  
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The results from experiments performed on isolated and assembled SNARE complexes in 

aqueous solution suggest that the SNARE complex is not present as a single monomer. The 

size of the SNARE complex has been measured by multiangle laser light scattering (MALLS), 

gel filtration, analytical ultracentrifugation, and mobility of SDS-resistant complexes on gels. 

In each case, the size of the measured sample appears to be bigger than anticipated for a 

monomeric SNARE complex80,85,139,140,141. Based on these results, the SNARE complex is 

thought to be present as a dimer or trimer141. The interactions and structural features that drive 

core complex oligomerization are not fully understood, but a number of models have been 

proposed. One model involves interactions between the transmembrane domains142. The 

specific amino acid residues in the trans membrane domain of Synaptobrevin (Leu99, Ile102, 

Cys103, Leu107, Ile110, and Ile111) and Syntaxin-1a (Ile270, Cys271, Leu275, Ile278, and 

Ile-279) found to be responsible for heterodimerization142. However, whether these interactions 

are a driving force for SNARE complex oligomerization is unclear. Moreover, some EPR 

studies performed on the synaptic four-helix bundle show that the spin-label is immobile at 

sites that should be exposed to soluiton85. These data imply that contact between surface 

residues on the neighboring bundles might exist. It is suggested that interactions between 

SNARE complex molecules may be critical for catalyzing fusion. It even seems possible that 

a single SNARE complex might actually prevent the fusion when the helical bundle blocks the 

contact between two opposing membranes. Formation of an organized pattern of SNARE 

complexes surrounding a patch of SNARE-free membrane can avoid the steric problem. In this 

patch, lipid mixing could occur. SNARE complex oligomerization in neuronal exocytosis 

might be regulated by a several factors including Ca2+, Synaptotagmin, and 

Complexin/Synaphin140,143,144,145,146. Littleton et al. suggested that purified Synaptotagmin is 

able to dimerize the purified SNARE complex in a Ca2+-dependent manner144. Tokumaru et al. 

discovered that the protein Complexin binds to the assembled the core complex146. Upon 
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binding, Complexin mediates SNARE complex oligomerization which was confirmed by the 

formation of a higher-order SDS-resistant structure.  

Lastly, experimental evidence shows that assembled SNARE proteins are protected from 

clostridial neurotoxin cleavage, which is not the case for the SNAREs in their monomeric form. 

In synapses, a partially zippered SNARE complex protects only the membrane-distal portion 

of the Synaptobrevin SNARE motif. Later, upon competition of zippering, the whole domain 

is protected147. Additionally, experiments performed in chromaffin cells yield similar results 

where the SNAREs are protected from cleavage when assembled into the core complex. In this 

system, free, loosely assembled, and fully assembled SNARE complexes display different 

reactions and sensitivity to an anti-SNAP-25 monoclonal antibody148. 

 

1.3.5 Binary Syntaxin-1a-SNAP25 interaction 

 

SNAP-25 binds to Syntaxin-1a. They coexist on the presynaptic membrane, and it is generally 

believed that interactions between these two proteins are an essential step that precedes SNARE 

complex formation and membrane fusion itself. It turns out that out of three possible binary 

SNARE interactions (Syntaxin-1a – SNAP-25, Syntaxin-1a – Synaptobrevin2, Synaptobrevin2 

– SNAP-25), the interaction between Syntaxin-1a and SNAP-25 results in the most stable 

complex71. This interaction has been extensively studied over the past decades and it appears 

to be quite complex. At least two possible products are formed by the interaction between these 

two proteins61,149,150. The first one is a 1:1 SNAP-25 – Syntaxin-1a complex often referred to 

as the t-SNARE complex or acceptor complex122. The second is the 2:1 complex, in which two 

syntaxin molecules are bound to one SNAP25 molecule151. It is generally believed that the 1:1 

acceptor complex represents the state of the SNARE proteins before the arrival of the Ca2+ 
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trigger, and it serves as a starting point for the SNARE complex formation upon 

Synaptobrevin2's arrival. However, results obtained from work performed in vitro indicate that 

the 2:1 complex is the dominant form. Both SNARE domains of SNAP-25 and SNARE 

domains from the two Syntaxin-1a molecules are in parallel orientation, resembling the full 

SNARE complex. This 2:1 complex is often referred to as a "dead-end complex" because it is 

does not appear to provide a pathway to SNARE complex formation71. Results from lipid 

fusion assays show that the presence of a 2:1 complex drastically decreases fusion efficiency. 

There are two possible pathways for the non-productive 2:1 complex during fusion in an in-

vivo system. In the first, the unproductive complex is disassembled by NSF and α-SNAP to 

free up the SNARE proteins152,153. In the second, the assembly of the 2:1 complex is prevented 

by the accessory proteins in the active zone71,154,155. 

 

1.4 Other proteins 

1.4.1 Munc18 

 

The precise control of the SNARE proteins and their assembly is essential for fusion, and a 

family of SM (Sec1/Munc18- like) proteins – Munc18 and their orthologues - serve to regulate 

the SNAREs156,157. The SM proteins contain a highly conserved polypeptide chain with a 

molecular weight of 60-70 kDa and a length of ~600 amino acids158, and they are essential for 

membrane fusion. The absence of the SM proteins can inhibit membrane fusion in different 

systems, such as the endocrine and the vascular system. Munc18 is a key regulatory protein of 

neurotransmission, and its physiological functions are well researched. The abnormal 

expression of Munc18 is involved in various neurological diseases; for example, it is associated 

with epileptic encephalopathy, autism, schizophrenia, Parkinson’s disease, Alzheimer’s 

disease, multiple sclerosis, Duchenne’s muscular dystrophy, and neuronal ceroid 
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lipofuscinosis159. Moreover, an in vivo study of neurons with a Munc18 knock-out revealed 

that fusion was inhibited at an early state of vesicle priming.  

Munc18 is an arch-shaped, evolutionarily conserved, cytosolic protein that was initially 

discovered based on its affinity for Syntaxin-1a102. Munc18’s tertiary structure is complex, 

consisting of four closely connected domains named 1, 2, 3a, and 3b (domains 1, 2, 3a, and 3b 

form the arch), domains 1 and 3a form an arched gap, domains 3a contacts with the Habc of 

Syntaxin-1a, domain 1 is located on the other side of the arched gap and binds to the n-terminal 

peptide of Syntaxin-1a160. The crystal structure of the Syntaxin-1a – Munc18 complex102 

(Figure 13) indicates one primary role of Munc18: to stabilize the Syntaxin-1a closed 

conformation and protecting it from non-specific interactions. Since Syntaxin-1a is a core 

protein of the SNARE complex, Munc18 may regulate fusion by its interaction with Syntaxin-

1a through its N-terminal peptide, Habc domain, and H3 domain161,162,163,164.  
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Figure 13.  The crystal structure of Syntaxin-1a – Munc18 complex. Munc18 (grey) binds 

simultaneously to the H3 (red) and Habc (orange) domains of Syntaxin -1a, stabilizing 

closed conformation of Syntaxin-1a (PDB ID: 3C98)102.  
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Due to its importance in neurotransmission, the interaction between Munc18 and Syntaxin-1a 

has been well-investigated. Thus far, it has been shown that both the N-terminal peptide and 

Habc domain of Syntaxin-1a play a vital role in synaptic membrane fusion. The N-terminal 

peptide is essential for vesicle fusion, and the Habc domain regulates fusion by actively 

participating in the formation of the closed conformation of Syntaxin-1a. The closed 

conformation makes the Syntaxin-1a H3 domain less accessible for SNARE complex 

formation and prevents non-specific interactions. The current thinking about Munc18 – 

Syntaxin-1a interactions is that these two proteins have several binding modes165. The first and 

best defined mode, is one in which Munc18 binds to Syntaxin-1a via its N-peptide, Habc, and 

H3 domains arresting Syntaxin-1a in a closed conformation and inhibiting the formation of the 

SNARE complex112,160. The second binding mode is based upon the hypothesis that Munc18 - 

when bound to closed Syntaxin-1a - forms a template complex for SNAREs assembly. In this 

binding mode Munc13, another regulatory protein, plays an important role by helping to open 

Syntaxin-1a for SNARE assembly. Munc13 also bridges the synaptic vesicle and presynaptic 

membranes, and together with Munc18 it primes the assembly of the t-SNARE complex166. 

Finally, there is a binding mode in which Munc18 interacts only with the N-terminal peptide 

of Syntaxin-1a. This binding mode involves a smaller protein-protein interface and includes 

only the outer surface of domain 1 or Munc18-1 and an the Syntaxin-1a N-terminal peptide. In 

this binding mode, the H3 domain of Syntaxin-1a is not blocked, making it available for core 

SNARE complex assembly. This interaction may have two functions160. First, upon binding to 

the N-terminal peptide of Syntaxin-1a, Munc18 closes Syntaxin-1a, regulates its accessibility, 

and finally assists Syntaxin-1a in forming the SNARE complex when it disassociates from the 

N-terminal peptide. Another function of this N-terminal binding mode may not be to bind free 

Syntaxin-1a but to bind Syntaxin-1a when it is fully assembled in the SNARE complex167.  



64 

 

All binding modes appear to be vital in the process, and it is highly likely that Munc18 acts by 

keeping Syntaxin-1a in an inactive state, where it is unable to assemble into a SNARE complex 

until an appearance of the activation signal. Studies of the interaction between Munc18 and the 

SNARE complex have presented some evidence regarding this interaction. For example, work 

performed by Zillyet et al. has shown that Munc18 binding to closed Syntaxin-1a does not 

prevent the formation of the core complex on the plasma membrane168. However, at the same 

time, Burkhard et al., based on the results from an assay that measures the formation of sodium 

dodecyl sulfate-resistant SNARE complexes, stated that Munc18 inhibits SNARE complex 

formation107. It seems, that the N-terminal peptide of Syntaxin-1a is essential for Munc18 to 

bind the SNARE complex, as deletion of the N-terminus of Syntaxin-1a tends to eliminate of 

this interaction167. At the same time, the results obtained from FRET experiments show that 

the Syntaxin-1a N-terminal region competes with the SNARE four-helix bundle for Munc18 

binding, suggesting yet another possible binding mode of Munc18114.  

Most of the findings strongly support the idea that the binary Syntaxin-1a – Munc18 interaction 

and its closed Syntaxin-1a product is essential for efficient Syntaxin-1a trafficking, dense-core 

vesicle docking, and neuronal exocytosis. At the same time, the results suggest that the effect 

of Munc18 on fusion may extend past binary Syntaxin-1a – Munc18 interactions. Therefore, it 

is crucial to investigate further and define the binding mode between Munc18 and assembled 

SNARE complex and its functional significance better to understand the role of Munc18 in 

neuronal exocytosis. 
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1.4.2 Synaptotagmin-1 

 

Synaptotagmins are a family of proteins with an N-terminal transmembrane domain and two 

C2 domains. Neuronal Synaptotagmin-1 is the Ca2+ sensor for synchronous neurotransmitter 

release.  It is anchored to the synaptic vesicle through a single N-terminal transmembrane 

domain, and it has two cytosolic C2 domains: C2A and C2B, connected by a flexible 

linker169,170,171. Ca2+-binding loops present within C2A and C2B allow for the coordination of 

up to five Ca2+ ions170.  Synaptotagmin-1 function as a Ca2+ sensor has been extensively studied 

in both, in vitro and in vivo. Even a single mutation disturbing Ca2+-binding without any 

conformational changes in Synaptotagmin-1 decreases the Ca2+ sensitivity of neurotransmitter 

release. Also, knockout experiments confirmed Synaptotagmin-1’s role as the key regulator for 

synchronous synaptic vesicle exocytosis170,172. 

Synaptotagmin-1a interacts with membranes in various ways. The C2B domain has a polybasic 

region that is reported to be involved in a Ca2+-independent interaction with negatively charged 

lipids in the membrane173. The electrostatic interactions between Synaptotagmin-1 and 

membrane are more pronounced in the presence of the polyvalent lipid phosphatidylinositol-

(4,5)-bisphosphate (PI(4,5)P2)174. Moreover, recent EPR work shows that a region with 

conserved arginine residues (often referred to as the arginine apex) opposite the Ca2+-binding 

loops in the C2B domain make contact with the membrane. These multiple sites of interaction 

suggest that the C2B domain binds to bilayer surfaces that are curved175.  

In addition to Ca2+-sensing and membrane binding, Synaptotagmin-1 interacts with the 

SNARE proteins directly176,177,178. These interactions include Syntaxin-1a, SNAP-25, 

Syntaxin-1a – SNAP-25 heterodimers, and the fully assembled SNARE complex143,179. The 

binding of Synaptotagmin-1a with SNARE proteins involves the polybasic face and the 

arginine apex in the C2B domain. It occurs in a Ca2+-free environment, although the presence 
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of Ca2+ enhances the affinity. The interaction between Synaptotagmin-1a and SNARE complex 

is structurally heterogeneous180 and can be disrupted by polyvalent ions such as ATP and Mg2+ 

at physiologically relevant concentrations181. 

Although the interactions of Synaptotagmin-1 with membranes and SNAREs have been well 

described, the actual mechanism of action of this protein as the Ca2+ sensor in neuronal 

exocytosis is not yet been resolved. Models involving either SNARE interactions, membrane 

interactions, or both, have been proposed; however, there is no general agreement on the 

mechanism by which Synaptotagmin 1 regulates fusion. 

 

1.4.3 Complexin 

 

Complexin (also called Synaphin) was discovered because of its ability to bind to the 

assembled SNARE complex182. Binding between Complexin and SNARE complex happens 

through the conserved central helix region of Complexin183. Moreover, a crystal structure 

obtained of the Complexin - SNARE complex shows that Complexin binds as an α-helix, 

antiparallel to the SNARE helices in the groove between Synaptobrevin and Syntaxin-1a. The 

structure indicates that there are ionic interactions, hydrophobic interactions, and hydrogen 

bonding between Complexin 48-70, Synaptobrevin-2 47-68, and Syntaxin-1a 214-232 (Figure 

14)183. An independent X-ray and TROSY-based NMR study confirmed the interaction 

between Complexin and SNARE complex183. 
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Figure 14. Domain diagram of Rattus norvegicus Complexin. The central helix (48 - 70) 

binds to the SNARE complex and the accessory helix (27 -48) might stabilize the binding 

of the central helix with the SNARE complex. On the bottom the Complexin – SNARE 

complex bound structure. Shown in the yellow is the Complexin fragment of the central 

helix and the accessory helix only. The central helix domain binds to Synaptobrevin -2 

(blue) and Syntaxin-1 (red). Structure deposited in PDB as 1KIL 183 . Secondary structure 

was calculated with STRIDE184  
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Complexin, in a manner similar to Synaptotagmin, can bind to both membranes and SNARE 

complex185,186,187. Complexin and the membrane interact through its unstructured N- and C- 

terminal domains. Complexin’s role in fusion has been extensively studied using different 

techniques. Complexin has been studied in liposomes, neurons, and neuroendocrine cells 

across several species via techniques including a lipid mixing assay, reconstituted vesicle 

fusion, antibody perturbation, gene knockout, and overexpression. Although the results are 

reproducible, the conclusions reached are contradictory, suggesting that Complexin has both a 

facilitatory role and an inhibitory effect on vesicle fusion188,189. The fusion facilitating role was 

confirmed in experiments in PC12 cells and chromaffin cells190,191. 

Lastly, a recent report shows that the acute genetic deletion of Cpx decreases the rates of all 

forms of neurotransmitter release in forebrain neurons in the mouse. Additionally, altered 

expression levels of Complexin have been proposed to contribute to many psychiatric 

disorders, including Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease188.  

 

1.4 Electron Paramagnetic Spectroscopy 

 

Spectroscopy is a vast field of study focused on generating and interpreting spectra obtained 

from the interactions of electromagnetic radiation with matter.   

One of the spectroscopic methods widely used in chemistry, biology, physics, and medicine to 

study paramagnetic materials is Electron Paramagnetic Resonance (EPR), also called Electron 

Spin Resonance (ESR). Paramagnetic materials have unpaired electrons, and the magnetic 

moment of the electron spin will align in the presence of an external magnetic field. The EPR 

technique requires a paramagnetic center, and biomolecules like proteins usually do not have 

one. However, there are some proteins that have metal centers that are paramagnetic192, and 
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some intermediates in electron transport (like flavins or tyrosine radicals)193 are paramagnetic, 

thus can be studied with EPR.  However, we do not see these in the proteins we study. To 

enable proteins to be examined by the EPR, we utilize paramagnetic probe molecules. We call 

them spin labels when they are chemically attached to the specific site in the system or spin 

probes when they interact non-covalently with the system194. Due to the requirement of a 

paramagnetic center for EPR spectroscopy, this method is a highly selective technique. 

EPR spectroscopy and the Site Direct Spin Labeling (SDSL) are well-established and powerful 

biophysical techniques to study local structure and dynamics within protein systems. SDSL 

utilizes mutagenesis to allow us to introduce cysteine into the part of the protein that we need 

to examine. Afterward, a paramagnetic probe is attached to the introduced cysteine during spin-

labeling, creating a spin-label site in a specific place in a protein195. An accurate analysis of the 

spin-label dynamics gives valuable data describing the local environment, the protein 

secondary structure, or tertiary contacts made at the labeled site. The depth of the protein's 

membrane penetration can be determined by a continuous-wave (CW) EPR experiment196. 

Pulse EPR approach provides additional structural information about distances and 

conformations of proteins and fill in the gaps and is complementary to data obtained from the 

CW EPR experiment197. The range of information provided by those two types of EPR 

experiments creates an extensive information mosaic. The datasets obtained from the EPR 

experiments enable mapping the local steric accessibility, mobility, conformational changes, 

or interactions within the protein or with other proteins or components in the solution (or 

membrane). Moreover, we can measure the protein oligomerization, tumbling, and stability, 

giving us a more precise picture of the proteins' structure and overall function196. 

The characteristics of the EPR experiment allow it to be used under a wide range of conditions 

with a range of solvents and substances in a protein samples, provided the protein is stable. 

One can even mimic the physiological conditions closely. There is no molecular size limit on 
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the protein samples, which allows for an extensive range of protein sizes to be examined198. 

Measurements can be performed with minimal sample volumes and with relatively low 

concentrations. This method is nondestructive, so samples can be reused for additional 

experiments if needed. EPR spectra (CW-EPR) may be recorded in solution at room 

temperature which allows one to sample dynamics and examine conformational equilibria. The 

EPR features mentioned above give the method some unique advantages compared to other 

biophysical techniques when proteins are characterized. Methods like X-ray crystallography199, 

Nuclear Magnetic Resonance (NMR)200, or Fluorescence Microscopy201 often require usual 

and sometimes non-physiological experiment conditions. With methods like fluorescence, 

sometimes the addition of labels is required that are larger than tested proteins. NMR can 

require high sample concentrations that may create problems with protein stability, and NMR 

is limited in the molecular weight range that can be examined.  X-ray crystallography is a very 

powerful method to determine high-resolution structures, but sometimes it requires an unusual 

sample conditions which may alter protein structure that would be present under more 

physiological conditions.  The limitations make EPR the method of choice for some 

experiments, and particularly when the experiments require physiologically relevant 

condiitons202. EPR spectroscopy is not a method for obtaining a complete three-dimensional 

structure, but EPR is an excellent technique to test protein structural changes and function when 

an initial structure is known. EPR can often be combined with computational methods to test 

structures or modify existing high-resolution structures. 

 

 

 



71 

 

1.5.1 Fundamental Theory and Continuous Wave EPR (CW EPR) 

 

The essence of the EPR lies in the ability of the unpaired electron to adopt one of two energy 

states in the presence of an external magnetic field. It is called Zeeman Effect or Zeeman 

Splitting, and it is represented by Equation 1: 

Hz = g β Sz B0 (1) 

Where g is the g-factor and is equal to 2.002 for a free electron203, β is the Bohr magneton 

(9.274 × 10-21 erg Gauss), Sz is the spin angular momentum and B0 is the applied magnetic 

field. The spin angular momentum is quantized, and along the z-axis or the direction of the 

applied magnetic field, there are two possible values of Sz: -1/2 and +1/2. Therefore, the spin 

energies are: 

E = ±½ g β B0 (2) 

The energy difference between the two states is linear with the field B0 and is given by: 

∆E = g β B0 (3) 

If an alternating electromagnetic field is applied to the sample at a frequency 𝜈 that corresponds 

to the energy difference (ΔE) between these states, transitions are induced between these 

energy states.  For typical EPR experiments these frequencies are in the microwave frequency 

range.  Transitions to a higher energy state absorb energy and transitions to the lower energy 

state release energy as given by: 

∆𝐸 = ℎ𝜈 (4) 

Where h is the Plank's constant and 𝜈 is the frequency the radiation.  In the EPR experiment, 

the magnetic field component of the microwave radiation is applied perpendicular to the static 

magnetic field (B0). Combining equations 3 and 4, the resonance condition can be written as: 
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g β B0 = ℎ𝜈 (5) 

The resonance condition is met, and the absorption power takes place when with the proper 

selection of the electromagnetic radiation frequency and static magnetic field. From the 

equation above that we can obtain the resonance condition in two ways: 

1) By changing the frequency of an alternating magnetic field at a fixed magnetic field 

induction B0 

2) By changing the magnetic field at a fixed frequency. 

In the EPR, the second way is utilized. When a sample is exposed to a magnetic field of varying 

B0 and a constant microwave radiation frequency, the value of B0 is found at which resonance 

occurs, and a single line for a CW EPR spectrum is produced (Figure 15)204. 
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Figure 15. The Zeeman Effect. In the presence of the external magnetic field B, the 

unpaired electron can adopt two distinct energy levels. The transition from the ground 

to the excited state (ms = - ½ to ms = ½) occurs at the resonant magnetic field (Br) upon 

energy absorption. The absorption signal is recorded as the first derivative due to the 

modulation of a magnetic field.  
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There are typically three lines in the EPR spectrum of a nitroxide label. In a nitroxide, this 

characteristic splitting of the signal results from the interaction between the unpaired electron 

on the oxygen atom with the neighboring nitrogen nucleus. A free electron will yield a single 

resonant peak; however, this is not typically observed in organic free radicals. The additional 

three resonance peaks arise from a hyperfine interaction with the nitrogen nucleus, which has 

nuclear spin states of MI=-1, 0, +1.  These spin states generate three values of the local magnetic 

field BI yielding three resonance peaks.  In general, the addition peaks due to hyperfine 

interactions can be utilized to identify paramagnetic species and collect information about the 

environment of the spin205,206,207.  In the CW EPR spectrum of a nitroxide, these are frequently 

referred to as the low field, center field, and high field lines from left to right. (Figure 16)204. 
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Figure 16. The hyperfine interaction. Diagram presenting splitting of energy levels upon 

the interaction between an electron (ms = 1⁄2) and a nitrogen nucleus (nuclear spin I = 

1) at the constant frequency with a swept magnetic field (B0). Vertical arrows indicate 

allowed transitions between the energy levels of the same nuclear spin. Also shown is 

the first derivative of the absorption profile: three possible energy transiti ons shown by 

black arrows, which will produce CW EPR peaks (low field, center field, high field, from 

left to right). 
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1.5.2 Site-Directed Spin Labeling (SDSL) 

 

Initially, the EPR technique had minimal application and was used only to study naturally 

occurring paramagnetic systems, radicals, and transition metal complexes with a residual 

electron spin. This fundamental feature was the primary limitation of the technique in studying 

biological systems, as unpaired electrons are not commonly found in biomolecules due to their 

high reactivity and instability. However, with the advent of spin-labeling, and biochemical 

techniques to place stable radicals at specific locations on biological macromolecules, the 

potential use of EPR has been extended to virtually any molecular system208. That said, proteins 

and protein complexes can be studied through artificially introduced paramagnetic centers. 

There are several approaches that can be used to attach spin labels to proteins.  First, a spin 

label can be attached to a biomolecules through click chemistry209, in a similar manner that is 

used to attach a fluorescent probe. Second, the intein-mediated protein ligation (IPL) method 

produces semi-synthesized proteins with spin labels where spin-labeled synthesized peptides 

are incorporated into proteins210. Thirdly, tRNAs with attached spin-labeled amino acids are 

used to insert labels during translation in nonsense repressor technology211. Last but not least, 

a widely used tool to introduce a spin-label is site-directed spin labeling (SDSL)212,213,214. This 

method is based on cysteine chemistry. All native reactive cysteines, if they are present, are 

eliminated by replacement with other amino acids (the most common is alanine). Then, a 

unique cysteine residue is introduced to the protein at the DNA level. Both steps are performed 

via site-directed mutagenesis. The mutated gene expression follows this in a chosen expression 

system. After the gene expression, protein isolation and purification, the mutated cysteine site 

is labeled with the EPR spin-label of choice typically by creating a disulfide bond between the 

protein and the spin-label. However, there are spin labels that can be attached through non 

reversible bond such a maleimide based labels that reacts with cysteine to form a thio-ether 
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bond. Acetamide-functionalized spin labels also react with cysteine via a C–S bond. These 

reagents can be used under mild reducing conditions that would lead to cleavage of the typical 

disulfide bond215,216. 

One of the most prominent spin-label families comprises nitroxide spin-labels based on the 

nitroxyl(N–O) radicals217,218. These radicals are five- or six-membered heterocyclic derivatives 

of piperidine, pyrrolidine, isoindoline, and other heterocycles containing two heteroatoms. 

Figure 3 presents some of the typical nitroxide families. One of the most classic nitroxides with 

many chemical and materials application is the piperidine-based 2,2,6,6-tetra-methyl 

piperidine 1-oxyl (TEMPO, Figure 17 a) 
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Figure 17. Structure of examples of nitroxide spin labels used in the site -directed spin 

labeling (SDSL) EPR218 . 
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The most commonly used spin-label is the nitroxide reagent – (1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl) methanethiosulfonate spin-label (MTSL) 212,219, which yields a 

so-called R1 side chain (see Figure 18). It is small, very selective, quickly reacting, with a side 

chain area similar to a tryptophan side chain220. The features of MTSL, like its sulfhydryl 

specificity, small size, and structural similarity to tryptophan, made it one of the most popular 

spin labels employed in SDSL EPR experiments. 
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Figure 18. Reaction of the methanethiosulfonate spin-label (MTSL) with a cysteine 

residue via disulfide bond formation generates an R1 side chain 221.  
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MTSL is usually the spin-label of choice due to several reasons, mentioned above. The unique 

dynamic properties of this label side chain provide detailed structural information from the 

lineshape of its EPR spectrum. The EPR spectra are susceptible to even small changes in the 

overall motion of the spin label side chain.  EPR spectra from the R1 side chain are very 

sensitive to the rates and amplitudes of motion of R1 on the ns time scales.  This motion is 

dictated by the local structure around the nitroxide; and as a result, spectra vary depending 

upon the site to which they are attached.  Figure 19 shows characteristic spectra that arise when 

the label is placed at different sites within T4 lysozyme222. 
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Figure 19. The illustration of the CW EPR spectra obtained in different protein 

structural environments. The CW study on the T4 lysozyme's secondary structure 

produces unique EPR spectra. The particular nitroxide used in the experim ent, MTSSL, 

is very sensitive to the motion of the protein backbone, and it explains the spectra' 

uniqueness (Figure source: Mchaourab et all, 1996) 222.  
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1.5.3 Double Electron-Electron Resonance DEER 

 

Double Electron-Electron Resonance (DEER), also called Pulsed Electron Double Resonance 

(PELDOR) spectroscopy, is a rapidly emerging, powerful structural biology technique in 

which we measure the dipolar coupling between two unpaired electron spins (usually site-

directed nitroxide spin labels). In the majority of cases, the spin probe is introduced into two 

different sites, but it is also possible to test single labeled samples, i.e. when studying protein 

aggregation or protein-protein interactions. The dipolar coupling between the two spins can 

then be used to determine the distance between the two spin probes ranging between 1.5 and 8 

nm223,224.  

Two paramagnetic molecules can interact via exchange interactions or dipolar interactions. The 

exchange interaction decreases when the distance between two species increases, which leaves 

it with only dipole-dipole coupling between two unpaired electron spins (S1 and S2 in 

Figure 20). 
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Figure 20. Dipolar interactions between two paramagnetic centers.  
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The dipolar interaction depends on two factors. The first factor is the distance r12 between two 

paramagnetic centers. The second factor is the angle ϴ formed between the interspecies vectors 

S1 and S2 and the applied magnetic field B0. Equation 6 describes this interaction: 

 

𝑣𝑑𝑑(𝑟, 𝜃) =  
𝜇0𝑔1𝑔2𝜇𝐵

2ℎ
∗

1

𝑟3 ∗ (3𝑐𝑜𝑠𝜃2 − 1)  (6) 

 

Where 𝑣𝑑𝑑 is the dipolar coupling, μ0 is the permeability of a vacuum, h is the Planck constant, 

g1 and g2 represent the isotropic g-values of the respective paramagnetic molecules, and μB is 

the Bohr magneton. 

These measurements are typically conducted with Q-band (~34 GHz) but can also be 

performed at X-band (~9.4 GHz) microwave excitation using the 4-pulse DEER sequence. For 

a biological sample, the experiment may require up to 12+ hours of signal averaging, and this 

depends on the sample and, more precisely, spin label concentration. 

The magnetic field is kept fixed in a pulse EPR experiment, the opposite of the CW EPR 

experiment.  In principle, an EPR spectrum may be recorded by exciting over a broad frequency 

range with a single high-power MW pulse and recording the free-induction decal.  But this is 

difficult to do because of the fast relaxation time of the nitroxide and the power required to 

excite the entire spectrum (Figure 21)225. Since the relaxation times of nitroxides is too short 

in most biological systems to execute the DEER experiment at room temperature, pulsed EPR 

measurements such as DEER usually require cryogenic temperatures.   
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Figure 21. Comparison of spin label mobility CW EPR, DEER spectra, and distance 

distribution. Decreasing mobility of spin labels results in larger modulation depth of the 

dipolar evolution and narrower distance distribution (Figure source: Fajer, 2006) 225.  
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The DEER technique carefully manipulates two groups of spins: A spins that are exited at 

the observe position or frequency and B spins at the pump position. These two positions are 

selected from different locations on the absorption spectrum of the nitroxide. The two groups 

of nitroxides can be selectively excited in the 4-pulse DEER experiment, an example of which 

is shown schematically in Figure 22 219. During the experiment, after the first π pulse that flips 

the A spins, there is a π pulse applied to the B spins. This pulse will change the dipolar 

contribution from the B spins felt by the A spins. This way, there will be a phase shift that will 

influence the refocusing of the A spins. The final π pulse on those spins will yield an echo 

recorded in the experiment. This experiment is then repeated by changing the time of the pump 

pulse influencing the B spins. The final result will be the echo intensity. 
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Figure 22. The four-pulse sequence of the DEER experiment. The primary echo sequence 

with observer frequency (ω1) is refocused by applying pump frequency (ω2) at time t 

after the undetected first echo. Times τ1 and τ2 are kept constant, while t can vary 

(Figure inspired by Jeschke, 2012)219  
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The DEER signal that is obtained consists of two types of interactions - intra- and 

intermolecular226. The former describes the interactions between the spin pair and the latter 

between other spin-labeled molecules in the sample. Thus, the echo signal, V(t), is composed 

of a spin pair interaction contribution, F(t), and a background contribution, B(t), where B(t) 

needs to be subtracted to obtain F(t) (Figure 23 A). After fitting the background, B(t), F(t) can 

be obtained by dividing V(t) by B(t) (Figure 23 B), and F(t) is converted into distance 

distribution P(r). 
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Figure 23.  Obtaining F(t) from DEER signal. (a) The echo signal is observed until tma x. 

F(t) has a damped oscillation shape, completely decaying at Tdd. The rest of the signal 

is B(t). Thus, B(t) is fitted in V(t). (b) F(t) is obtained after removing B(t) from V(t) and 

renormalized to time zero, and F(t) is used to obtain the corresponding  Gaussian 

distribution (Figure source: Jeschke, 2007 ) 197.  
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The CW EPR and pulsed EPR with SDSL have become widely used in biophysical research. 

The SDSL CW EPR and DEER create a powerful pair of tools where an electron spin 

introduced into diamagnetic proteins provides information on their local environment and the 

mobility of the protein domain. As a result, we obtain information on secondary structures, 

structural changes associated with protein dynamics, protein-protein interactions, distances 

between two spin-labeled sites, and protein backbone dynamics. The distance distributions 

obtained will reflect the true conformational heterogeneity of the protein and the spin-label 

sidechains. The work presented here features proteins labeled with the MTSL label (which may 

contribute approximately 30-40 nm to the distance distribution). By utilizing these techniques 

in this work, we can better describe the sophisticated interactions between SNARE proteins, 

visualize this protein itself, and learn about higher organization among them. 
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II. RESEARCH AIMS 

The work presented in this dissertation had four main objectives.  

• The first objective was to explore how the chemical and physical environment impacts 

the proteins from the SNARE complex, if the impact is significant, and whether we can 

observe these proteins' aggregation. The first part of chapter four of this work contains 

a detailed description of these findings.  

• The second objective was to shed light on the states of Syntaxin-1a in different stages 

of SNAREs assembly. It is a well-established fact that Syntaxin-1a exists in equilibrium 

between an open and a close state. In this work, I focused on Syntaxin-1a assembled 

into Syntaxin-1a – SNAP25 complex (also called t-SNAREs or acceptor complex) and 

SNARE complex. I confirmed that Syntaxin-1a remains open in the SNARE complex 

with the 6 nm distance between the Glu52 in the Habc and Arg210 in the H3 domain 

when there is no mutations in the Habc domain. Syntaxin-1a in the acceptor complex 

remains open with the 6 nm distance. However, another set of distance populations, of 

about 4 nm, suggests a slightly shorter distance between the Glu52 in the Habc and 

Arg210 in the H3 domain. 

• The third aim of this work was focused on the interaction between Munc18 and 

Syntaxin-1 during SNAREs assembly. Munc18 binds to Syntaxin-1a alone, 

disassociates its aggregates, and shifts it in to the closed state. Therefore, it was essential 

to investigate this interaction to explain the details of the assembly process of Syntaxin-

1a into the t-SNARE or SNARE complex.  

• The final aim was to analyze how lipid bilayer membrane presence affected Syntaxin-

1a and its assembled complexes, as well as its interaction with Munc18. Most of the 

Syntaxin-1a studies are conducted on a water-soluble part of the protein. That includes 

the aspects of this work focused on this protein. At the same time, Syntaxin-1a is a 
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membrane protein, and it was essential to analyze its conformational changes and 

interactions with other proteins in the presence of the lipid membrane. These findings 

allow for a better understanding of what happens during in the neuronal fusion system 

orchestrated by SNARE proteins.  

At this point, all of the proteins involved in neuronal fusion have been identified and analyzed 

in some detail. Still, many studies yield contrary results. Moreover, while functional assay 

studies dominate the research on neuronal fusion, they lack information on the process on a 

biomolecular level. Therefore, the work's overall goal was to expand the existing models of 

neuronal fusion and confirm some of the published earlier hypotheses. At the same time, the 

EPR study was used to provide more detailed insight into the interaction between SNARE 

proteins and accessory proteins.  
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III. MATERIALS AND METHODS 

3.1 Materials 

Plasmids 

Plasmids containing sequences encoding wild-type SNARE proteins, Complexin-1 and 

Munc18-1 were generously provided by the Cafiso laboratory and Tamm laboratory members 

at the University of Virginia. All the sequences originate from Rattus norvegicus. The full-

length sequence of SNAP-25, full-length sequence of Munc18-1, full-length sequence of 

Complexin-1, full-length sequence of syntaxin-1a, 1-262, and 27-262 residues fragments of 

Syntaxin-1a and the 1–96 residues synaptobrevin-2 fragment were cloned into the pET-28a 

vectors, whereas the 180–253 residues syntaxin-1 fragment was cloned into the pET-15b 

vector. All recombinant fusion proteins carried a thrombin-cleavable amino-terminal His6 tag 

to facilitate the purification procedure. 

Syntaxin-1a constructs: full length (1-288), soluble (1-262), ΔN (27-262), H3 (180-253). 

Native cysteines were mutated using the standard PIPE site-directed. For EPR CW and DEER 

measurements, single and double cysteine mutations were introduced into cysteine-free 

construct. 

The correct sequence of all mutants was confirmed by DNA sequencing (GENEWIZ).  

Table 1. General supplies used in the laboratory  

SUPPLIES SOURCE 

BUFFERS AND GENERAL CHEMICAL REAGENTS 

Ethylenediaminetetraacetic acid (EDTA) Bio Basic 

calcium chloride IBI Scientific 

potassium chloride IBI Scientific 
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sodium chloride IBI Scientific 

tris(hydroxymethyl)aminomethane 

hydrochloride (Tris) 

Sigma  

3-(N-morpholino)propanesulfonic acid 

(MOPS) 

Bio Basic 

glycerol Research Products International 

2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) 

Bio Basic 

Chloroform Sigma 

methanol LabChem 

sucrose Sigma 

Bacto Agar BD 

acetic acid Bio Basic 

DDT (Ditiothrietol) G Biosciences 

urea Sigma-Aldrich 

SDS PAGE & DNA gel 

Loading buffer Amresco 

Loading buffer for native page Amresco 

2-mercaptoethanol Sigma 

12 % Mini-PROTEAN TGX gels BioRad 
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4-20 % Mini-PROTEAN TGX gels BioRad 

Protein ladder standard Goldbio 

agarose Invitrogen 

DNA ladder standard Goldbio 

Loading buffer Lonza 

LIPIDS AND DETERGENTS 

triton X-100 

Sigma 

sodium cholate 

n-Dodecylphosphocholine (DPC) Antracen 

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

phosphocholine (POPC) 

Avanti Polar Lipids Inc 

1-palmitoyl-2-oleoyl-snglycero-3-

phosphoethanolamine (POPE) 

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

L-serine (POPS) 

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

(1′-rac-glycerol) (POPG) 

porcine brain L-α-phosphatidylcholine 

(brain PC) 
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porcine brain L-α-phosphatidylethanolamine 

(brain PE) 

porcine brain L-αphosphatidylserine (brain 

PS) 

phosphatidylinositol 4,5-bisphosphate 

(PIP2) 

1,2-dipalmitoyl-snglycero-3-

phosphocholine (DPPC) 

1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE) 

1,2-dipalmitoyl-sn-glycero-3-phospho-L-

serine (DPPS) 

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

(DOPC) 

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

phosphoethanolamine (DOPE) 

1,2-dioleoylsn-glycero-3-phospho-L-serine 

(DOPS) 

cholesterol EMD Millipore/Sigma 

BioBeads Bio-Rad 

PCR AND MINI PREP REAGENTS 
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Primers for PCR Integrated IDT Technologies 

PfuUltra High-Fidelity DNA Polymerase Agilent 

10 X Pfu Turbo polymerase reaction buffer Agilent 

DpnI restriction endonuclease New England Biolabs 

dNTP mixes Bio Basic 

QIAprep spin miniprep kit Qiagen 

GeneJET PCR Purification Kit Thermo Scientific 

PROTEIN EXPRESSION AND PURIFICATION 

Top10 competent cells 

Invitrogen 

BL21(DE3) cells 

Yeast 

IBI Scientific 

Tryptone 

Isopropylβ-D-thiogalacto-pyranoside 

(IPTG) 

Goldbio 

ampicillin sodium salt IBI Scientific 

kanamycin Boston BioProducts 

Benzonase nuclease EMD Millipore 

4-(2-aminoethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF) 

Indofine Chemical Company 
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Aprotinin Research Products International 

Leupeptin Roche 

Thrombin Sigma-Aldrich 

PierceTM Coomassie 

Plus (Bradford) Assay reagent 

Thermo Fisher Scientific 

NiNTA agarose Qiagen 

Profinity IMAC Ni-Charged Resin Biorad 

EPR 

MTSL (S-(1-oxyl-2,2,5,5 – tetramethyl - 2,5 

– dihydro - 1H – pyrrol – 3 - yl) methyl 

methanethiosulfonate) 

Santa Cruz Biotech 

chromium (III) oxalate  

deuterated glycerol Cambridge Isotopes 

 

General Lab Equipment and accessories 

Table 2. General Lab accessories 

SUPPLIES SOURCE 

GENERAL SUPPLY 

Syringes  BD Medical 

Syringe filters  CELLTREAT 
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Needles BD Medical 

Nanopure system Dubuque 

borosilicate tubes DWK Life Sciences (Kimble) 

Culture flasks (2.8L and 500mL) Corning 

General glass and plasticware mainly from Fisher Scientific 

Hamilton Syringes Hamilton 

SDS PAGE & DNA gel 

T100 thermal cycler BioRad 

Gel box BioRad 

Power source BioRad 

Protein Purification 

Dialysis tubing Spectra/Por 

Dialysis cassettes Fisher Scientific 

Amicon Ultra Concentrators EMD Millipore/Sigma 

Columns:  

HiTrap SP 

GE Healthcare 

HiTrap Q HP 

HiPrep 26/10 Desalting 

HiTrap 16/60 Sephacryl S-100 HR 
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MonoQ 5/50 

Superdex75 10/30 

Superdex200 10/30 

Superdex200 Increase 10/30 

DP-10 Desalting  GE Healthcare Life Science 

EPR 

0.6IDx0.84OD-100 mm Borosilicate 

capillaries VitroCom 

1.5IDx1.8OD-100 mm Quartz capillaries 

 

ÄKTA™ lab-scale protein purification systems 

These protein purification systems are designed to purify biomolecules, providing speed, 

performance, and flexibility in the research process. ÄKTA systems use intelligent 

UNICORN™ system control software to combine simplicity with power in protein 

purification. Currently, in the laboratory, we are using: 

• ÄKTAprime plus 

• ÄKTApurifier 100 plus 

NGC Quest 10 Plus Chromatography System  

This system is designed to suit labs with basic purification needs. The NGC Quest 10 Plus 

instrument has automated 10 ml/min pumps that provide accurate gradients for high-resolution 

separations for any application. The NGC Quest 10 Plus system has a multi-wavelength 
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detector with simultaneous four-wavelength monitoring for high-accuracy detection of 

proteins, peptides, and nucleic acids combined with conductivity measurements. Fractionated 

samples can be easily collected from analytical- to preparative-scale purifications using the 

NGC Fraction Collector and BioFrac Fraction Collector.  

NanoDrop Spectrophotometer ND-1000 

Ultracentrifuges: 

• Beckman Coulter with 70 Ti and 45 Ti rotors 

Centrifuges: 

• SORVALL with SLA-3000 rotor 

• Sorvall Tabletop Centrifuge 

EPR Instrumentation: 

• Bruker EMX Xband EPR spectrometer 

• Bruker ELEXSYS E580 Q-band with a EN5107D2dielectric resonator 

 

3.2 Methods 

3.2.1 Site-directed mutagenesis  

 

Site-directed mutagenesis is a technique based on PCR (polymerase chain reaction) with 

precisely modified primers. This technique was utilized to obtain the mutated versions of all 

Syntaxin-1a constructs. All used primers were ordered from IDT Technologies.  

 The reaction was driven by PfuUltra high-fidelity DNA polymerase in a BioRad T100 thermal 

cycler. The cysteine free Syntaxin-1a was used as a matrix in the following PCR reactions 
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leading to the acquisition of modified sequences containing a cysteine coding codon at the site 

of interest. The PCR samples were prepared according to Table 3 and the PCR cycle (Figure 

24) used in PIPE PCR mutagenesis with selected annealing temperatures based on the melting 

temperatures of the primers used. 

 

Table 3. Stock and final concentrations of reagents used in PCR mutagenesis  
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Figure 24. Example BioRad Thermocycler method used for PIPE Mutagenesis of 

Syntaxin-1a. Steps 1 and 2 are denaturation steps, Step 3 is Annealing over a gradient 

according to the placement of the tube in the thermocycler, Step 4 is  extension time and 

temperature, Step 5 lists the number of cycles performed, Step 6 is final extension, step 

7 cools the reaction and holds temperature. The conditions in the image are optimized 

for the standard reactions for Syntaxin-1a.  
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As a last step, samples were incubated for 1h at 37 ⁰C with 20 U of DpnI, a restriction enzyme 

that cleaves the template DNA within its methylated recognition site. After incubating the PCR 

samples with Dpn1, samples were analyzed using 1 % agarose gel electrophoresis (Figure 25).  
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Figure 25. An image of a gel post electrophoresis , bands in the black box show successful 

reaction. 
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The TOP10 chemically competent cells were transformed with plasmids containing the 

obtained mutated sequences and plated on antibiotic-containing LB-agar plates to amplify and 

subsequently isolate plasmids. Plasmids were purified from 5 ml cultures using either QIAprep 

Spin Miniprep Kit or GeneJET PCR Purification Kit. The NanoDrop was employed to monitor 

DNA concentration and purity. The correct sequence of all mutants was confirmed by DNA 

sequencing (GENEWIZ). 

 

3.2.2 Protein expression and purification  

Protein expression  

All recombinant proteins were expressed in BL21 (DE3) cells. A standard heat-shock 

procedure was used to transform the competent E. coli cells with pET-28a or pET-15b vectors. 

Then cells were incubated for 1h at 37⁰C to develop antibiotic resistance. After the incubation, 

cells were plated on the kanamycin/ampicillin LB-agar plates and left for overnight incubation 

at 37⁰C. Grown colonies were used to inoculate 50ml LB media cultures supplied with 

kanamycin (40µg/ml) or ampicillin (50µg/ml). Cultures were incubated in a shaker overnight 

at 37⁰C and used to inoculate 1L of LB media culture containing the desired antibiotic. When 

OD was measured at OD600 ≈ 1.0 culture was induced with 0.5mM IPTG. Cells were grown 

for 4h at 37⁰C or overnight at 20⁰C, leading to similar yields.  

 

Protein purification  

Following induction, cells were collected via centrifugation (7,000rpm, 10min, 4⁰C) and 

resuspended in Extraction buffer (20mM Hepes, 500mM NaCl, 8mM imidazole, pH = 7.4). 

Leupeptin and AEBSF in a concentration of 10µg/ml were added to prevent protein 

degradation, cell lysis, and the release of proteases. Additionally, 1000U of benzonase nuclease 
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was added to remove nucleic acid contaminants. Cells were lysed using the French press and 

pelleted during ultracentrifugation (35,000rpm, 4⁰C, 1h). For all SNARE proteins, 6M urea 

was added before centrifugation. Additionally, 2% of Triton-X 100 was added to full-length 

Syntaxin-1. The supernatant was applied on a Ni-Charged Resin column equilibrated 

beforehand with the Extraction buffer and incubated for 2 hours at 4⁰C. Before proteins could 

be eluted, the column was washed with wash buffer (20mM HEPES, 500mM NaCl, 20mM 

imidazole, pH = 7.4). The washing step for full-length syntaxin-1 was different because of the 

presence of the transmembrane region. It involved rinsing the resin successively with the Wash 

buffer containing 1 % Triton-X100, 6M urea, and 10% Glycerol, the Wash buffer containing 

20% glycerol, and 1% Triton-X100, the Wash buffer with 1% Triton-X100, and finally the 

Wash buffer containing 0.1% DPC. All soluble fragments of Syntaxin-1a, SNAP-25, 

Synaptobrevin-2, and Complexin were eluted with the elution buffer (20mM HEPES, 500mM 

NaCl, 400mM imidazole, pH = 7.4). Full-length syntaxin was eluted with the elution buffer 

containing 0.1% DPC, and the content in each fraction was assessed by SDS polyacrylamide 

gel electrophoresis (Figure 26). 
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Figure 26. Photographs of the typical SDS-PAGE gels (12 %) for individual  proteins 

after purification on NiNTA agarose column.  Here bands corresponding to the protein 

of interest are shown in the red boxes.  

 

 

 

 

 

 



110 

 

Selected fractions of soluble syntaxin-1a, complexin-1, synaptobrevin-2, and SNAP25 were 

then combined in separate dialysis tubing with the proper molecular weight cut-off value for 

each protein and dialyzed against the Dialysis buffer (20mM HEPES, 200mM NaCl, 1Mm 

DTT, 1mM EDTA, pH = 7.4) with one buffer exchange. Before the next step, the amino-

terminal His6 tag was removed by thrombin cleavage (250 µl of 5 mg/ml) during two-hour 

incubation at room temperature or overnight incubation in the cold room. All soluble proteins 

were further purified by ion-exchange chromatography on a HiTrap Q HP column or a HiTrap 

SP HP column using an ÄKTA Prime system with an increasing gradient of the salt buffer 

(20mM HEPES, 1M NaCl, pH = 7.4) (Figure 27A). Munc18-1 was purified in the same way 

as all soluble proteins with 10% glycerol in each buffer. Syntaxin-1a (1-288) was not dialyzed. 

Instead, the purest fractions were digested by thrombin (250µl of a 5mg/ml stock) at room 

temperature for 2 hours or in the cold room overnight. The sample was concentrated to 0.5 ml 

and was purified using the size exclusion column Superdex200 10/300 in the presence of 0.2% 

of DPC using ÄKTA Purifier systems (Figure 27B). All buffers were degassed beforehand by 

vacuum filtration through a 0.22 µm filter. The eluted fractions were monitored by UV 

absorbance at 280nm.  
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Figure 27.  A. Typical chromatograms were obtained from a run on an ion -exchange 

column for Munc18, SNAP-25, Synaptobrevin, and a soluble fragment of Syntaxin -1a. B. 

The typical chromatogram was obtained by running on a size exclusi on column for full-

length Syntaxin-1a. 
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The purity was checked with SDS polyacrylamide gel electrophoresis, followed by Coomassie 

staining (Figure 28). Samples containing the desired protein were mixed and concentrated in 

Amicon Ultra centrifugal filters by centrifugation. The protein concentration was measured by 

absorption at 280 nm and aliquots were flash frozen in liquid nitrogen and stored at −80°C. 
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Figure 28. Photographs of the typical SDS-PAGE gels (12 %) for individual proteins 

after purification on ion-exchange column (Synaptobrevin, SNAP-25, Munc18, Syntaxin-

1a) and on size exclusion column (Full -length Syntaxin-1a). Here bands corresponding 

to the protein of interest are shown in the red boxes , samples tested on a gel had been 

chosen based on a chromatogram.  
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3.2.3 Acceptor (or t-SNARE) complex assembly and purification  

 

SNAP-25 and syntaxin-1 were mixed in a 1:1 ratio to assemble the t-SNARE complex. SNAP-

25 was first combined with equal the Assembly buffer (20Mm HEPES, 150Mm NaCl, pH = 

7.4) with 0.2% of DPC to make the final concentration of DPC at 0.1%. After this, an equal 

amount of syntaxin-1 (1-288) was added dropwise while stirring. The whole assembly was left 

on a rotating incubator in the cold room overnight. On the morning of the next day, the 

overnight assembly was diluted with two volumes of the assembly buffer with no salt to lower 

the salt concentration to 50mM. The acceptor complex was purified on a MonoQ 5/50 GL 

column in the salt gradient using the ÄKTA Purifier systems.  
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Figure 29.  A. The typical chromatogram is obtained from a MonoQ column run to purify 

the acceptor complex. B.  Photograph of the typical SDS-PAGE gels (12 %) for the 

acceptor complex after purification on the ion-exchange column, samples tested on a gel 

were chosen based on a chromatogram.  Peak and bands corresponding to the complex 

are shown in the red boxes.  
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3.2.4 SNARE core complex assembly and purification  

 

SNAP-25, syntaxin-1, and synaptobrevin-2 were mixed in a 1:1:1 ratio to assemble the SNARE 

core complex. SNAP-25 was first combined with an equal amount of synaptobrevin. The 

equivalent amount of the assembly buffer (20Mm HEPES, 150Mm NaCl, pH = 7.4) with 0.2% 

of DPC was added to the protein mixture to achieve the final concentration of DPC at 0.1% (in 

case of full-length syntaxin). After this, an equal amount of syntaxin-1 was added dropwise 

while stirring. The whole assembly was left on a rotating incubator in the cold room overnight. 

On the morning of the next day, sample was diluted with two volumes of the assembly buffer 

with no salt. This step was done to lower the salt concentration to 50mM. The SNARE complex 

was purified on a Mono Q 5/50 GL column in the salt gradient using the ÄKTA Purifier 

systems.  
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Figure 30. A. The typical chromatogram is obtained from a MonoQ column run to purify 

the SNARE complex. B. Photograph of the typical SDS-PAGE gels (12 %) for the SNARE 

complex after purification on the ion-exchange column, samples tested on a gel were 

chosen based on a chromatogram. Peak and bands corresponding to the complex are 

shown in the red boxes.  
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3.2.5 Site-Directed Spin Labeling 

  

All syntaxin-1a mutants were labeled with the cysteine specific spin-label – MTSL ((1-oxy-

2,2,5,5-tetramethylpyrrolinyl-3methyl) methanethiosulfonate). After purification in Q-column 

(soluble syntaxin) or size exclusion column (full-length syntaxin), the protein sample was 

incubated with a 20-fold excess of DTT. After 2 hours, another 20-fold excess of DTT was 

added for another 2 hours. A PD10 column was used to separate unreacted DTT and activated 

syntaxin. Protein was eluted with the Spin label buffer (20Mm HEPES, 500Mm NaCl, 0.15% 

DPC, pH = 7.4) in 0.75 ml fractions. The purest fractions were collected, and 5-fold excess of 

MTSL was applied for 30 minutes of incubation. After this time, another 8-fold excess of 

MTSL was added for overnight incubation at 4⁰C. On the morning of the next day, a PD10 

column was used again to separate labeled protein from the free label. The protein was eluted 

with spin-label buffer in 0.75 ml fractions. Then each eluted fraction was checked on the 

NanoDrop. The eluted fractions of pure spin-labeled syntaxin were concentrated in Amicon 

Ultra centrifugal filters and stored at -80 ⁰C. 

 

3.2.6 Lipid reconstitution  

 

Lipids were mixed in chloroform according to desired composition (Table 4) in glass test tubes 

(13mm x 100mm). Lipids were evaporated under the vacuum in a desiccator for at least 1 hour. 

After the evaporation, the dried down lipids were solubilized in buffer (20Mm HEPES, 150Mm 

NaCl, pH = 7.4) containing 25Mm NaCl. A protein sample was added to solubilized lipids. 

The mixture was incubated for 60 minutes at room temperature, and then the sample was 

diluted with the buffer to obtain 16Mm NaCl. The sample was dialyzed in a dialyzer cassette 
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against the Dialysis buffer (20 Mm HEPES, 150 Mm NaCl, ph = 7.4) overnight with two buffer 

exchanges. 

Table 4. Composition of lipid used in membrane reconstitution experiments  

Name  Lipid composition 

PO-PM1 34% PO-PC, 30% PO-PE, 15% PO-PS, 

1% PIP2, 20% cholesterol 

DO-PM1 34% DO-PC, 30% DO-PE, 15% DO-PS, 

1% PIP2, 20% cholesterol 

DP-PM1 34% DP-PC, 30% DP-PE, 15% DP-PS, 

1% PIP2, 20% cholesterol 

Brain-PM1 34% b-PC, 30% b-PE, 15% b-PS, 1% PIP2, 

20% cholesterol 

POPC-POPG 80% PO-PC, 20% PO-PG 

POPC-DOPS-DPPE 85% POPC, 15% DOPS, 0,5% DPPE 

 

3.2.7 Continuous-wave Electron Paramagnetic Resonance 

 

Measurements were performed using a 7µl sample of single or double spin-labeled syntaxin 

alone. They assembled into t-SNARE or SNARE complex under various conditions and with 

the addition of other proteins. The sample was loaded with a Hamilton syringe into the 

0.6IDx0.84OD-100mm borosilicate glass capillaries that had been flame-sealed at one end 

before the experiment. The concentration of the spin-labeled protein was usually no lower than 

25µM. Spectra were recorded on a Bruker EMX X-band EPR spectrometer at 2mW incident 

microwave power with a modulation amplitude of 1G and frequency of 100kHz. The magnetic 

field was swept through 100G, and up to 150 scans were performed to increase the signal/noise 

ratio. Spectra were then processed using LabVIEW programs provided by Christian Altenbach 

(University of California, Los Angeles, CA), normalized to enable comparison, and plotted in 

OriginPro 7.5 (The OriginLab Corporation) or in-house software provided by one of the 

labmates. 



120 

 

3.2.8 Double Electron-Electron Resonance 

 

Pulsed EPR experiments were conducted on samples containing a single or double spin-labeled 

syntaxin alone. They assembled into t-SNARE or SNARE complex under various conditions 

and with the addition of other proteins. A 16 μL of protein sample was mixed with a 4uL of 

deuterated glycerol, loaded into 1.5 IDx1.8 OD-100 mm quartz capillaries, flash-frozen in 

liquid nitrogen, then ran at 60 K. DEER data wer collected using a dead time free four pulsed 

DEER sequence with an 8-10 ns π/2 pulse and 16-20 ns π pulses. The separation between 

observing and pump frequencies was 75 MHz. All data were collected on a Bruker ELEXSYS 

E580 at Q-band with an EN5107D2 dielectric resonator. Data recorded for up to 24 hours were 

later analyzed using LongDistances version 771 by Christian Altenbach (University of 

California, Los Angeles, CA). The analyzed data were plotted using DavePlot (in-house 

software provided by one of the labmates) through Plotly and Dash frameworks developed by 

the Plotly corporation.  
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IV. RESULTS 

Elucidating conformational states of Syntaxin-1a requires identifying conditions under which 

Syntaxin-1a is in monomeric form and understanding how this condition might affect Syntaxin-

1a interactions with other proteins. The Results section consists of three parts. Part 1 focuses 

on the effect of environment on Synaxin-1a. Part 2 describes the conformational states of 

Synaxin-1a during SNAREs assembly. Finally, Part 3 describes the interactions between 

Syntaxin-1a and two other SNARE-binding proteins, Munc18 and Complexin. 

The CW-EPR and gel filtration experiments were performed at room temperature. In contrast, 

DEER experiments were performed at 56 K following rapid freezing from room temperature. 

The details of each experiment may be found in the Materials and Methods section. 

 

Part 1 – Environmental impact on Syntaxin-1a 

1. DPC is affecting Syntaxin-1a in more than one way 

1.1 DPC is minimizing protein aggregation 

 

It is known that Syntaxin-1a tends to oligomerize when its concentration is higher than 

2 μM83,84. However, there are also reports that the addition of the detergent DPC 

(dodecylphosphocholine) during syntaxin purification or even addition to the final sample 

places syntaxin in a monomeric state227 (personal communication with Dr. Binyong Linag). I 

decided to test how solution environment, especially DPC, determines oligomerization first. 

Three different Syntaxin-1a constructs were examined to confirm that the presence of DPC 

leads to the monomeric state of Syntaxin-1a. The tested constructs were: H3 Syx (189-262) – 

this construct contains only the H3 domain of syntaxin-1a; Syx (1-262) – this construct contains 

both Habc and H3 domains but lacks a transmembrane domain; it is often referred to as soluble 

fragment; FL Syx (1-228) – this construct contains all three domains and is the full-length 
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protein. Each construct contains a single-point cysteine mutation to allow attachment of 

MTSSL spin-label: H3 Syx 242R1, Syx 240R1, and FL Syx 228R1. For the construct lacking 

the transmembrane domain, measurements were performed in the assembly buffer, containing 

0.1% of DPC. 

Measurements of the full-length construct were made using the protein reconstituted into lipid 

bilayers and suspended in an assembly buffer containing 0.1% of DPC. As is shown in Figure 

24, the presence of DPC decreases protein aggregation, but does not completely eliminate it. 

The top panel shows the dipolar interaction data obtain from DEER experiments. Since these 

single labeled Syntaxin-1a mutants only contain one label; any dipolar interaction that is 

observed must arise from an interaction between two (or more) Syntaxin-1a molecules. The 

top panel in Figure 31 shows dipolar interaction in the presence of DPC (green) and the absence 

of DPC (grey). It is clear that DPC is decreasing the amplitude of the dipolar signal and hence 

protein aggregation, but it is not eliminating it. The best results were obtained with the soluble 

construct (Figure 24, Syx 240R1), where the signal in the presence of DPC is close to the 

expected intermolecular background.  

When Syntaxin-1a was reconstituted into DPC micelles, the protein aggregation was 

insignificant in the full-length construct. On the other hand, in the case of the H3 construct, 

DPC had a much smaller effect on Syntaxin-1a aggregation, leaving a significant amount of 

aggregated protein in the sample. However, the present work focuses on the soluble construct 

containing Habc and H3 domain and the full-length construct, and in both these cases the 

reduction in the aggregation provided by the addition of DPC was satisfactory to allow a study 

of Syntain-1a. Syntaxin-1a in the membrane associated state is known to form clusters86,87,88 

and DEER data were obtained confirming protein aggregation in the membrane (Figure 31, 

FL Syx 228R1). Section 2 of this chapter presents a more detailed look at the protein behavior 

on the membrane and its dependence on the membrane composition. The bottom panels in 
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Figure 31 show the EPR lineshapes that were obtained, corresponding to DEER measurements 

in the top panels. The fact the lineshapes of each construct are different in the DPC buffer 

compared to the buffer without DPC suggests that DPC is not only minimizing aggregation, 

but is also affecting the local protein structure at the labeled site. 
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Figure 31.  The DEER data collected on three different single -labeled Syntaxin-1a 

constructs: H3 Syx 242R, Syx 240R and FL Syx228R. For soluble construct s 

measurements were performed in buffer (grey) and in the presence of DPC micelles 

(green), for full length construct measurements we performed on the membrane (grey) 

and in the presence of DPC micelles (green). Top panel presents DEER dipolar data and 

the bottom panel corresponding CW’s lineshapes.  
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1.2 DPC (and SDS) is inducing helical structure after reaching CMC 

 

During these experiments, where DPC was observed to reduce the aggregation of Syntaxin-1a, 

DPC was found to change the shapes of the EPR spectra. It is a known fact that anionic 

detergents like Sodium Dodecyl Sulfate or SDS may induce a helical structure in the 

protein228,229,230,231. To test this, EPR spectra of Syntaxin-1a were obtained with SDS and with 

DPC to compare two changes introduced into the structure by the two detergents. The EPR 

spectra, which reflect the local protein structure were the same in both cases. To investigate 

this further, a titration with detergent was performed to determine whether the changes in the 

EPR spectra were related to the CMC (Critical Micellization Concentration).  Using the Syx 

(1-262) construct with a label at site 228, the DPC concentration was increased in the Syntaxin-

1a sample until no further changes in the EPR spectra were observed.  This occurred at the 

exact point of the CMC, indicating that the formation of helical structure in at the spin labeled 

site (site 228) was dependent on the DPC concentration (Figure 32). 
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Figure 32. DPC titration into Syx 228R1. 
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The induction of helical structure in Syntaxin-1a takes place only in those parts of the protein 

that are known to assume a helical structure at some point during SNARE assembly. The H3 

domain of Syntaxin-1a is generally unstructured, but when bound to other proteins, i.e., 

Munc18 or other SNARE binding partners, it becomes helical. Cysteines and spin labels were 

introduced into the soluble Syntaxin-1a construct containing both Habc and H3 domains at the 

sties shown in Figure 33.  These labels were examined in the presence of DPC and the resulting 

CW EPR spectra are shown Figure 34. 
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Figure 33.  Graphic representation of tested mutation in Syntaxin -1a. The Syntaxin-1a 

model comes from the X-ray structure of Syntaxin-1a-Munc18 complex (PDB ID 3C98).  
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Figure 34. CW-EPR spectra for the corresponding mutants of Syntaxin -1a in the buffer 

(black) and in the presence of DPC micelles (green).  
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1.3 DPC shifts equilibrium between the open and closed state of Syntaxin-1a towards open 

state 

 

As it was already mentioned in the introduction part, Syntaxin-1a has two domains, a SNARE 

forming H3 domain and a regulatory Habc domain. When these domains are interacting, 

Syntaxin-1a is in a closed conformation. When they are dissociated from each other, Syntaxin-

1a is in an open conformation. The open and closed conformations are in a dynamic 

equilibrium, and reports regarding which state dominates are not in agreement. Moreover, a 

specific mutation in the linker between Habc and H3 domains, called the LE mutation, is 

reported to lock Syntaxin-1a in the open state. I conducted preliminary experiments on the set 

of double mutants of the soluble construct of Syntaxin-1a, where I introduced one mutation 

into the Habc domain and the second into the H3 domain to study the distance between these 

two domains. Tested mutants were: Syx 31/240, Syx 52/210, Syx 105/216, Syx105/254, Syx 

151/196, Syx 162/210, Syx LE 52/210, and ΔN Syx 52/210. Syx LE is a soluble construct of 

Syntaxin-1a with the LE mutation introduced into it to favor the open state of Syntaxin-1a, and 

ΔN is a soluble construct of Syntaxin-1a where the first 27 residues of the N-terminal region 

(referred to as N-peptide) have been deleted. From the previous work, a useful label pair tested 

in our laboratory was the 52/210 mutation. Because of that, I focused the rest of my research 

on this mutation. Knowing the addition of DPC was reducing the aggregation significantly, I 

wanted to determine whether DPC impacts the Syntaxin-1a conformation. I collected data on 

the three soluble variants of Syntaxin-1a: Syx 52/210, Syx LE 52/210, and ΔN Syx 52/210 in 

the regular assembly buffer and in the buffer with DPC addition above its CMC. In the case of 

measurements taken in the standard assembly buffer (Figure 35, grey traces), results indicated 

that Syntaxin-1a sampled open (the distance around 6nm) and closed state (the distance 

around 3 nm).  The closed state was strongly favored as observed previously105,130. The two 



131 

 

states were also present in the LE mutant, and the equilibrium between the open and close 

conformation was shifted towards the open state. The addition of DPC to the protein sample 

shifted Syntaxin-1a towards the open conformation in each case.  
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Figure 35. The DEER data collected on three di fferent double-labeled soluble Syntaxin-

1a constructs: Syx 1-262, ΔN Syx 27-262, SyxLE 1-262 165 166. All three constructs 

were labeled at positions 52 (Habc domain) and 210 (H3 domain). Measurements were 

performed in buffer (grey) and in the presence of DPC micelles (green). The top panel 

presents DEER distance distribution, and the bottom panel shows dipolar data.  
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1.4 DPC addition affects binding affinity between Syntaxin-1a and Munc18 

 

Munc18 binds to Syntaxin-1a with a high affinity and -upon binding- stabilizes Syntaxin-1a 

closed conformation. It has been proposed that LE mutation has little to no effect on the 

Munc18a–Syx1a binding mode106. Knowing that both the LE mutation and DPC shift Syntaxin-

1a towards the open conformation, I decided to examine how Munc18 will act on the 

LE Syntaxin mutant in the presence of DPC. In the first step, I recorded a DEER spectrum on 

Syx LE 52/210 alone and equal molar addition of Munc18 in the assembly buffer. I observed 

total closure of Syntaxin-1a (Figure 36, top panel). In the next step, I performed a series of 

DEER measurements in the presence of DPC. The binding between Syntaxin-1a and Munc18 

in the presence of DPC is weaker. Even 3-time excess of Mun18 did not result in full Syntaxin-

1a closure.  
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Figure 36. DEER data (DEER distance distribution, and the dipolar data) collected 

double-labeled soluble Syntaxin-1a constructs: SyxLE 52R1/210R1 in assembly buffer 

(top panel) and in DPC micelles (bottom panel) with the addition of Munc18.  
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2. The buffer used to obtain crystal structure locks Syntaxin-1a in a different state 

than the physiological buffer. 

 

During preliminary research exploring the effects of DPC on Syntaxin and Munc18 – Syntaxin-

1a binding, I found that the Syntaxin-1a conformation obtained in the physiological buffer was 

different than expected based on the Syntaxin-1a - Munc18 crystal structure. I recorded CW 

spectra for Syx 87R1 and 97R1 in two buffer conditions (physiological and crystallization) and 

with and without equal molar addition of Munc18. As can be seen in Figure 37, I obtained 

different lineshapes for both buffer conditions. Under physiological conditions, clear evidence 

for tertiary contact of the spin labeled side chain, particularly at position 87, could be seen.  

The additional feature on the low-field resonance is due to incomplete averaging of Azz, which 

is known to occur when the label is not free to rotate.  These spectra indicate an interaction 

between sites 87 and 91 on Syntaxin-1a with either Munc18 or another Syntaxin, while there 

was little sign of a strong interaction under crystallization conditions.  
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Figure 37. CW lineshapes of single cysteine mutants of soluble Syntaxin1 -a in the 

assembly buffer (black) and the crystallization buffer (green), isolated and with the 

addition of Munc18 (in the assembly buffer – blue, in the crystallizat ion buffer – red). 
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I checked whether Syntaxin-1a – Munc18 complex could form a dimer or other higher 

organization structure with PISA232. As a result, I obtained that, another attainable and 

physiologically relevant structure is a dimer. Figure 38 presents a Syntaxin-1a – Munc18 

complex dimer alongside both tested mutations. Even in dimer formation, both positions face 

outwards, and there is no interaction with Munc18. Possible dimer formation is not an 

explanation for different CW results. 
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Figure 38. Possible dimer as predicted for PDB ID 3C98 by PISA  
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In the second approach, I studied the Chaetomium thermophilum homolog structure of 

Syntaxin-1a-Munc18, Vps45–Tlg2 complex233. 

Munc18 binds to Syntaxin-1a tightly with nanomolar affinity107. The X-ray structures of a 

complex of the two proteins revealed that Munc18 interacts with the entire length of Syntaxin-

1a’s cytoplasmic domain102 (Figure 39, PDB ID 3C98). The Syntaxin-1a interacts with Munc18 

through its N-peptide, Habc domain, and H3 domain. Upon binding H3 domain interacts with 

both Munc18 and Habc domain. As a consequence, Munc18 inhibits SNARE assembly in vitro. 

Still, at the same time, the formation of the Munc18-Syntaxin-1a complex is considered 

essential for Syntaxin-1a trafficking to the membrane - a possible physiologically relevant 

starting point for SNARE complex assembly. The general idea that SM proteins interact with 

Qa-SNARE proteins and produce a closed conformation of Qa-SNARE has been confirmed in 

many cases with a couple of exceptions. Homologous structures lacking some part of Qa-

SNARE protein and thus not fully supporting the closure idea are Sly-Sed5 which contains 

only N-peptide of Qa-SNARE, and Vsp33-Vam3, which has only H3 motif of Vam3. However, 

the recently resolved X-ray structure of Tlg2 (Qa-SNARE) bound to Vps45 (SM protein) 

contains almost complete Qa-SNARE (Figure 32, PDB ID 6XM1). Interestingly, Vps45 

interacts with the same region of Qa-SNARE protein as Munc18, but it seems that the bound 

SNARE stays much more open than Syntaxin-1a. The main difference is in the interactions 

between Qa-SNARE’s domain. In the case of Syntaxin-1a, H3 and Habc interact with each 

other, but in the case of Tlg2, the interaction between H3 and Habc is distanced. The H3 domain 

of Tlg2, similarly to the Syntaxin-1a H3 domain, is prone to oligomerization and the formation 

of tetramers. SM-bound Qa-SNAREs can adopt at least two conformations, one closed and one 

open, partially or more. 

The existence of another binding model can explain the data I obtained for Syx 87 and Syx 91 

mutants. In Syntaxin-1a – Munc18 bound structure, both residues face outwards but in the case 
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of Tlg2 – Vps45 bound structure. Both residues face inwards and this correlates to the CW data 

I obtained. I superpose both crystal structures using PyMol to show the main differences 

(Figure 39). 
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Figure 39. Crystal structures of Munc18 bound to Syntaxin (PDB ID3C98 rat structure 

– top, right corner) and Chaetomium thermophilum homolog (PDB ID 6XM1 – top, left 

corner), both Rattus norvegicus and Chaetomium thermophilum structure overlayed – 

bottom. 

 

 

 

 

 

https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Chaetomium%20thermophilum
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3. Syntaxin-1a aggregation on the membrane depends on the lipid composition. 

 

Syntaxin-1a molecules form aggregates that are 50 to 60 nm in diameter on the plasma 

membrane, and each aggregate contains about 90 molecules suggesting dense packing. The 

cluster's center is more tightly packed, and the density gradually decreases from the center to 

the periphery. Syntaxin-1a aggregation on the membrane may happen through two separate 

mechanisms. The first mechanism is driven by protein-protein interactions. The second driven 

by protein-lipid interactions, called 'lipid-mediated pre-clustering.' This mechanism is based 

on the ionic interactions between the polybasic linker region and lipids in the plasma 

membrane, especially PIP2. In addition to PIP2, cholesterol was reported to be active in 

Syntaxin-1a cluster formation. Moreover, different lipid compositions in the plasma membrane 

were reported to modulate the position of the SNARE complex towards the lipid bilayer187. It 

was in details described in the introduction section of this dissertation. 

I reconstituted FL Syx228R into different lipid bilayers composed of different lipid mixtures: 

PO-PM1, DP-PM1, DO-PM1, brain-PM1, POPC-POPG, POPC-DOPS-DPPE, brain(PC-PS-

PE), brain(PC-PS-PE) + cholesterol, and brain(PC-PS-PE) +PIP2. I used a full-length 

Syntaxin-1a in DPC micelles as a control experiment, which displayed the least aggregation. I 

prepared all samples from the same protein and lipid stocks to reduce the error from different 

labeling efficiency or variability of protein stocks. A single spin-labeled mutant was used in a 

DEER experiment to monitor aggregation, and any dipolar signal under these conditions arises 

from the interactions between other spin labeled Syntaxin. These experiments were used to 

identify the lipid composition having the lowest level of aggregation, which was used for 

further measurements. I observed that the lipid mixture, lipid acyl chain saturation, and head 

group composition are all essential factors in driving Syntaxin-1a aggregation in membranes.  



143 

 

 

Figure 40. The DEER data collected on the full-length construct of Syntaxin-1a – FL Syx 

228R. On the left bar graph is a representation of the dipolar data from all tested 

conditions.  The numbers represent modulation depths (reference), which is the 

amplitude of the dipolar signal relative to the amplitude of the spin -echo in the DEER 

experiment. On the right side of the figure (top) are shown DEER distance distributions 

for the most extreme conditions.  The corresponding dipolar data are shown on the 

bottom. 
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As an extension of the above experiments, I decided to determine how the protein-to-lipid ratio 

modulates Syntaxin-1a aggregation. I reconstituted Syntaxin-1a into two different lipid 

compositions, and I chose one composition displaying the lowest state of aggregation, and one 

displaying the most significant aggregation.  I tested both compositions at protein to lipid ratios 

of 1 to 300 and 1 to 1000. In both compositions, the higher protein to lipid ratio (1:1000) 

displayed greater aggregation than in the lower ratio (1 to 300).  
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Figure 41. The DEER data (top: DEER distance distribution, bottom: the dipolar data) 

collected on the full-length construct of Syntaxin-1a FL Syx228R reconstituted into brain 

PM1 lipid mixture in protein to lipid ratio 1 to 300 (green) and 1 to 1000 (blue) on the 

left. On the right side of the figure, the DEER data collected on the full -length construct 

of Syntaxin (1-288) double-labeled on positions 52 and 210 (FL Syx52R/210R) 

reconstituted into PO PM1 lipid mixture in protein to lipid ratio 1 to 300 (green) and 1 

to 1000 (blue). 
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4. Screening to find conditions with minimized aggregation (Syntaxin-1a and 

SNARE complex) 

 

The assembled SNARE complex has been observed to undergo oligomerizing80,85,139, although 

neither the exact size of these oligomers nor the mechanism of oligomer formation are not fully 

known. Before examining the Syntaxin-1a structure and its role in directing the steps of 

SNAREs assembly, I decided to test a screen a set of conditions to determine which one might 

be best at reducing the aggregation of the SNARE complex. I used the SNARE complex with 

a single label in Syntaxin-1a (Syx 240R1) to screen for these conditions. The results indicate 

that the best condition is the same as that found for Syntaxin-1a, which is the case where the 

SNAREs are present in DPC micelles. I also observed different CW lineshapes for other buffer 

conditions, which suggest that there is a dependence of the state of the SNAREs on 

environment. 
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Figure 42. The DEER and CW data collected from soluble SNARE complex with the 

soluble construct of Syntaxin-1a Syx 240R under various conditions.   On the left bar 

graph is a representation of the dipolar data from all tested conditions and on the right 

corresponding CW lineshapes.  
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Part 2 – Elucidating conformational states of Syntaxin-1a alone and 

assembled into t-SNARE and SNARE complex 

 

1. Continuous-wave EPR measurements on Syntaxin-1a mutant proteins 

alone and assembled into a SNARE complex 

 

Purified Syntaxin-1a mutants were spin-labeled with MTSL and analyzed using continuous-

wave EPR spectroscopy. Single labeled Syntaxin-1a mutants were assembled into the SNARE 

complex, purified on the monoQ column, and CW-EPR spectra were recorded. Figure 43 

presented the superposition of spectra for each spin-labeled Syntaxin-1a mutant alone and 

assembled into the SNARE complex. 
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Figure 43. CW-EPR spectra for soluble mutants of Syntaxin-1a alone or assembled into 

a SNARE complex. Spectra recorded for samples composed of Syntaxin -1a alone are 

shown in black, while green traces correspond assembled SNARE complex samples.  
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In each case, spin-labeling Syntaxin-1a yielded spectra having an excellent signal-to-noise 

ratio. The EPR lineshapes provide information about the behavior of Syntaxin-1a in solution, 

and they are consistent with previous reports105,112,234. Studies of spectral lineshapes of SNARE 

complex samples provide information regarding Syntaxin-1a behavior upon assembly, which 

in most cases confirms earlier findings that the H3 domain becomes structured upon assembly, 

and there is no change to the Habc domain. Surprising results were obtained for two sites in 

the Habc domain (Syx 87R and Syx 91R), suggesting that part of the Habc domain is affected 

by SNARE complex formation. 

 

2. Equilibrium between an open and close state of Syntaxin-1a is shifted 

toward an open state for membrane reconstituted Syntaxin-1a 

 

Going back to what was mentioned in the introduction part, there is a dynamic equilibrium 

between an open conformation of Syntaxin-1a where H3 and Habc domains are separated and 

a closed conformation where H3 and Habc domains interact. There is no clear information on 

which conformation is predominant. Moreover, the particular mutation in the linker between 

Habc and H3 domains, called LE mutation, was reported to lock soluble fragments of Syntaxin-

1a in the open state. I demonstrated above that the addition of the detergent DPC opens 

Syntaxin-1a. Here I tested and compared our different Syntaxin-1a constructs, each labeled in 

two positions, 52 on the Habc domain and 210 on the H3 domain. I used soluble Syntaxin-1a 

fragment Syx (1-262), soluble Syntaxin-1a fragment lacking N-peptide domain ΔSyx (27-262), 

soluble Syntaxin-1a fragment bearing LE mutation Syx LE (1-262), and full-length Syntaxin-

1a construct FL Syx (1-288). I collected the data for all soluble Syntaxin-1a fragments in the 

buffer and the full-length Syntaxin-1a sample was reconstituted into PO-PM1 lipid vesicles. 

For soluble fragments, except LE mutant, equilibrium between two Syntaxin-1a states is shifted 



151 

 

towards a closed state (as described above). Data obtained for LE mutant is consistent with 

those described above and reported previously106 where Syntaxin-1a in an open state. In the 

case of full-length Syntaxin-1a reconstituted into a lipid bilayer, the equilibrium is shifted 

toward an open state (distance distribution around 6 nm) with a tiny population of a closed state 

(distance distribution around 3 nm). The shorter distance seen in the distribution (smaller than 

2 nm) in the full-length protein sample corresponds to the formation of Syntaxin-1a aggregates 

in the form of dimers, as described previously105. 
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Figure 44. DEER data collected on four different double-labeled Syntaxin-1a constructs: 

Syx 1-262 (green), ΔN Syx 27-262 (brown), SyxLE 1-262 165 166 (blue) and FL Syx 1-

288 (magenta). All three constructs were labeled at position 52 (Habc domain) and 210 

(H3 domain). Measurements were performed in buffer (for soluble constructs) and full -

length construct was reconstituted into PO-PM1 lipid vesicles. 
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3. Syntaxin-1a opens up upon assembly into t-SNARE or SNARE complex 

 

Most of the work done on the t-SNARE and SNARE complex includes only a short construct 

of Syntaxin-1a, which contains only the H3 domain (for work performed in solution) or H3 

and transmembrane domains (for work performed in the presence of lipid bilayer). The main 

reason is that the Habc domain is not involved in any of the complex’s formation and might 

inhibit assembly by putting Syntaxin-1a in a closed conformation. Since Syntaxin-1a needs to 

be open to form either acceptor or core complex, it is hypothesized that Syntaxin-1a stays open 

in those complexes after assembly. I decided to test that hypothesis by performing DEER 

measurements on various Syntaxin-1a constructs by attaching the R1 spin-label to the H3 and 

Habc domains when it is assembled into the t-SNARE and SNARE complex. I used Syx 

52R1/210R1, ΔN Syx52R1/210R1, and Syx LE 52R1/210R1 in soluble constructs for these 

experiments. In each case, I observed that upon assembly Syntaxin-1a opens up (Figure 45). 

For the full-length construct, I decided to work only on FL Syx52R1/210R1 because I did not 

observe any significant differences between Syx 52R1/210R1 and ΔN Syx52R1/210R1 or Syx 

LE 52R1/210R1. For the full-length construct, I obtained similar results for measurements 

performed in DPC micelles and with lipid reconstituted samples. The only difference was that 

in the case of the protein samples reconstituted into a lipid bilayer, I detected a distance 

component consistent with protein aggregation, in addition to the distance reflecting the 

distance between the H3 and Habc domains. 
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Figure 45.  DEER data collected on three different doubles labeled Syntaxin -1a 

constructs: Syx 1-262 (left), ΔN Syx 27-262 (middle), SyxLE 1-262 (right) and one full -

length construct. Data was col lected on Syntaxin-1a alone (green), assembled into 

acceptor complex (purple) and assembled into SNARE complex (magenta). All four 

constructs were labeled at position 52 (Habc domain) and 210 (H3 domain). For the full -

length construct on the left side protein sample is in DPC micelles and on the right is 

reconstituted into PO-PM1 lipids vesicles. 
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4. Continuous-wave EPR measurements on full-length Syntaxinaxin-1a 

mutant proteins alone and assembled into SNARE complex in DPC micelles 

and reconstituted into lipid bilayer show that membrane affects Syntaxin-

1a structure 

 

I recorded CW-EPR spectra for full-length Syntaxin-1a alone and assembled them into either 

a t-SNARE or SNARE complex in the presence of DPC micelles or reconstituted into a lipid 

bilayer. Shown in Figure 46 are spectra obtained in DPC micelles with corresponding protein 

samples reconstituted into lipid vesicles. For every sample tested, I observed different 

lineshapes for both conditions. This result may indicate that in addition to lipid-mediated 

clustering, there is other membrane interactions of Syntaxin-1a that are not fully understood.  
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Figure 46.  CW lineshapes of single cysteine mutants of full -length Syntaxin-1a, acceptor 

complex or snare complex in DPC micelles (blue) and reconstituted into lipid vesicles 

(magenta). 
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Part 3 – Study of the interactions between Syntaxin-1a on a different stages 

of SNAREs assembly with Munc18 and Complexin and its impact on 

Syntaxin-1a conformation 

 

1. Continuous-wave EPR measurements on Syntaxin-1a mutant proteins 

alone and assembled into SNARE complex with and without the addition of 

Munc18 

In order to further characterize Syntaxin-1a alone and during SNARE assembly in the presence 

of Munc18, I conducted EPR measurements on samples containing spin-labeled Syntaxin-1a 

alone and assembled into t-SNARE or SNARE complex mixed with one-to-one molar ratio of 

Munc18. Figures 47 - 49 shows spectra that I recorded for given samples. 

 



158 

 

 

Figure 47. CW-EPR spectra for spin-labeled Syntaxin-1a mutants alone and incubated 

with the Munc18. Spectrum of free Syntaxin-1a in solution is shown in black, whereas 

spectrum of Syntaxin-1a incubated with Munc18 is presented in blue.  
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Figure 48.  CW-EPR spectra for spin-labeled Syntaxin-1a mutants assembled into t -

SNARE alone and with the Munc18. Spectrum of Syntaxin-1a assembled into t-SNARE 

complex is shown in brown and t -SNARE complex incubated with Munc18 i s shown in 

orange. 
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Figure 49. CW-EPR spectra for spin-labeled Syntaxin-1a mutants assembled SNARE 

complex alone and incubated with the Munc18.Spectrum of SNARE complex sample in 

solution is presented in green, whereas spectrum of SNARE complex incubated with 

Munc18 is shown in magenta.  
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EPR results obtained for Syntaxin-1a Munc18 binding (Figure 40) seem to be consistent with 

previous work106,112 – the change in the EPR lineshapes after Munc18 addition is clear and 

visible in each tested position. EPR results obtained for t-SNARE Munc18 interactions 

(Figure 48) suggest that Munc18 binds to the acceptor complex through the Habc domain (label 

on position 31) and H3 domain (labels on positions 210, 240, 242). Data obtained for SNARE 

complex Munc18 (Figure 49) interactions suggest that Munc18 binds to Syntaxin-1a assembled 

into SNARE complex only through the N-peptide. The protein samples with spin-label located 

on the positions 52 (Habc domain), 225, 228, 240, and 242 (H3 domain) with the addition of 

Munc18 exhibit spectra that almost perfectly overlap with the spectra obtained without 

Munc18. The lack of any lineshapes changes obtained for positions placed in the H3 region of 

Syntaxin-1a suggests that if Munc18 interacts with the core complex, this interaction is not 

occurring through the Syntaxin-1a SNARE motif. 

 

2. Munc18 disassociates Syntaxin-1a aggregates in solution and on the 

membrane, and Habc domain is essential for this process.  

I used EPR spectroscopy to further explore the Munc18 – Syntaxin-1a interaction, and in 

particular, the ability of Munc18 to disassociate Syntaxin-1a aggregates. I collected the CW 

and DEER spectra for three single-labeled Syntaxin-1a constructs: H3 Syx 242R1, Syx 240R1, 

and FL Syx228R1 alone and with molar addition of Munc18. I performed the measurements 

on soluble Syntaxin-1a constructs: H3 Syx 242R1 and Syx 240R1 in the assembly buffer, 

whereas FL Syx228R1 I reconstituted into PO-PM1 lipid vesicles. I obtained results for the 

samples without and with the addition of Munc18 and pictured them in Figure 50. 
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Figure 50. DEER data collected on full length construct of Syntaxin (1-288) single 

labeled on position 228 reconstituted into brain PM1 lipid mixture (on the left) on 

soluble construct of Syntaxin (1-262) single labeled on position 240 (on the right) and 

on short soluble H3 construct of  Syntaxin (183 – 262) single labeled on position 242 (in 

the middle); alone (green) and with Munc18 addition (pink) . 
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The results I obtained from EPR experiments regarding Syntaxin-1a and Munc18 binding 

(Figure 47) were presented above in the first section of this chapter and show that Munc18 

binds to Syntaxin-1a in each case. However, the EPR spectrum for FL Syx228R1 with Munc18 

shows less changes compared to the soluble construct spin-labeled in the same positions – 

Syx228R1 with Munc18 (Figure 47). The DEER experiments I performed on Syx240R1 in 

assembly buffer show that Syntaxin-1a in solution is aggregated and that Munc18 binding to 

Syntaxin-1a dissociates these aggregates. However, I noted a similar pattern with a much 

smaller effect for the SyxH3 242R1 variant of Syntaxin-1a. When I compared the results 

obtained for Syx240R1 and SyxH3 242R1, it appears that without the Habc domain, Syntaxin-

1a is more prone to aggregation. My results indicate the Habc domain of Syntaxin-1a is 

essential for Munc18 to break apart clusters of Syntaxin-1a, even if Munc18 binds to the H3 

motif of Syntaxin-1a. In the full-length construct, I also observed that Munc18 disassociated 

Syntaxin-1a aggregates upon binding to Syntaxin-1a, but some aggregation still persisted in 

the sample. The fact that there are still some aggregates left in the FL Syx228R sample confirms 

that Syntaxin-1a aggregation on the membrane might depend both on protein-protein and 

protein-lipid interactions. 

 

3. Munc18 closes Syntaxin-1a upon binding to Syntaxin-1a and t-SNARE 

complex. Munc18 shifts the position of the Habc domain in the SNARE 

complex but does not close Syntaxin-1a in the core complex. 

 

The interaction between Munc18 and Syntaxin-1a is well-researched, and it is known that 

Munc18 closes Syntaxin-1a upon binding112. Munc18 can also interact with the t-SNARE 

complex and SNARE complex107. Unfortunately, as previously mentioned in the introduction 
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part, neither the mode of these interactions nor the state of the Habc regulatory domain is well 

characterized in these complexes. 

The previous section presented evidence for Munc18 binding to assembled t-SNARE or 

SNARE complex, along with an indication about regions that were associating. Here, I wanted 

to focus on how Munc18 affects the position of the Habc domain if Syntaxin-1a bears either 

LE mutation or is lacking the N-peptide, and to explore further how the Habc position changes 

in t-SNARE and SNARE complexes upon Munc18 binding for Syntaxin-1a in the absence of 

these mutations. I decided to examine the construct bearing the LE mutation and the construct 

lacking N-peptide, because both were reported to be important for Munc18 binding106. I 

conducted DEER experiments in the absence and presence of Munc18 to observe changes in 

the Habc domain (spin-label on position 52) relative to the H3 domain (spin-label on position 

210) domain of Syntaxin-1a. The DEER data I obtained are presented in Figures 51 to 53. 
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Figure 51. DEER data collected on three different double -labeled soluble Syntaxin-1a 

constructs: Syx 1-262 (left), SyxLE 1-262 165 166 (middle) and ΔN Syx 27-262 (right), 

alone (purple) and with Munc18 addition (magenta). All three constructs were labeled 

at positions 52 (Habc domain) and 210 (H3 domain). Measurements were performed in 

DPC micelles. 
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Figure 52.  DEER data collected on the t-SNARE complex assembled with three different 

double-labeled soluble Syntaxin-1a constructs: Syx 1-262 (left), SyxLE 1-262 165 166 

(middle) and ΔN Syx 27-262 (right), alone (grey) and with Munc18 addition (magenta). 

All three constructs were labeled at positions 52 (Habc domain) and 210 (H3 domain). 

Measurements were performed in DPC micelles. In all three cases, Syntaxinaxin-1a is in 

an open state (grey). Upon Munc18 addition, Habc and H3 domains are put closer and 

form the fully closed state (magenta).  
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Figure 53. DEER data collected on the SNARE complex assembled with three different 

double-labeled soluble Syntaxin-1a constructs: Syx 1-262 (left), SyxLE 1-262 165 166 

(middle) and ΔN Syx 27-262 (right), alone (green) and with Munc18 addition (magenta). 

All three constructs were labeled at positions 52 (Habc domain) and 210 (H3 domain). 

Measurements were performed in DPC micelles. In all three cases, Syntaxinaxin-1a is in 

an open state (green). Upon Munc18 addition (magenta), Habc and H3 domains are put 

closer but do not form the fully closed state. This change occurred only in the SNARE 

complex variant with an unchanged Habc domain (figure on the left). When any changes 

were introduced to the Habc domain like LE mutation or deletion of the first 27 residues 

(ΔN mutation), there was no interaction between Munc18 and SNARE complex. This leads 

to the conclusion that Munc18 – SNARE complex interaction is very sensitive to changes 

in the Habc domain. Again, the Habc domain of Syntaxin -1a is necessary for Munc18 to 

interact with the complex. 
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The DEER data show that Munc18 closes Syntaxin-1a (Figure 51) regardless of construct. The 

DEER data I collected on three variants of the t-SNARE complex containing Syx52/210, 

SyxLE52/210, and ΔNSyx52/210 (Figure 52) shows that in all three cases, Syntaxin-1a is in 

an open state (grey). Upon the Munc18 addition, Habc and H3 domains move closer and form 

the fully closed state. I collected DEER data on three variants of SNARE complex (Figure 53) 

containing the same Syntaxin-1a variants. In all three cases, Syntaxin-1a is in an open state 

(green). Upon the Munc18 addition, Habc and H3 domains are brought closer together but do 

not form the fully closed state. This change occurred only in the SNARE complex variant with 

an unchanged Habc domain (Figure 53, left). When I introduced any changes into the Habc 

domain like LE mutation or deletion of the first 27 residues, I could not detect any interaction 

between Munc18 and SNARE complex. These findings show that Munc18 – SNARE complex 

interaction is very sensitive to changes in the Habc domain. Again, the Habc domain of 

Syntaxin-1a is necessary for Munc18 to interact with the complex. 

 

4. Munc18 closes Syntaxin-1a on the membrane but does not close it in the t-

SNARE and SNARE complex. 

 

Next, I decided to explore the Munc18 interaction with Syntaxin-1a on the membrane using 

just the construct that contains two cysteine mutations but has no modifications to the 

N-peptide or Habc domain. I purified and labeled FL Syx52R1/210R1 and assembled it into a 

t-SNARE or SNARE complex. I reconstituted all three samples (FL Syx52R1/2101R, 

t-SNARE(FL Syx52R1/210R1), and SNARE complex(FL Syx52R1/210R1) into PO-PM1 

lipid vesicles. I chose this particular lipid composition after performing a screening to find a 

lipid composition under which Syntaxin-1a aggregation is at the lowest level. DEER data 

obtained for all protein samples in the absence and presence of Munc18 are shown in Figure 54. 
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Figure 54. DEER data collected on the double labeled full-length Syntaxin-1a 

(52R/210R) construct alone (left, purple), assembled into t -SNARE complex (middle, 

grey) and assembled into SNARE complex (right, green) and with Munc18 addition 

(magenta). Measurements were performed in PO-PM1 lipid vesicles 
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The DEER data shows that Munc18 closes Syntaxin-1a on the membrane. However, there is 

still a significant level of Syntaxin-1a in the open state. My DEER data for the SNARE complex 

(FL Syx52R/210R) are very similar to the DEER data I obtained for the corresponding soluble 

construct and show that upon Munc18 addition, the Habc and H3 domains are put into close 

proximity do not form the fully closed state. On the other hand, DEER data that I obtained for 

the t-SNARE (FL Syx52R/210R) complex indicates that Munc18 may not be able to close 

Syntaxin-1a on the membrane as it does for the soluble constructs. 

 

5. Munc18 binds to the SNARE complex through N-peptide and Habc domain 

of Syntaxin-1a 

I wanted to understand how Munc18 binds to the SNARE complex because the current binding 

modes between these two molecules are contradictory. To do that, I took a closer look at the 

CW-EPR lineshapes of single labeled SNARE complex samples with the addition of Munc18 

that I already presented in Figure 55A. The CW-EPR experiments alone are not enough to fully 

characterize the binding mode between Munc18 and SNARE complex. To supplement them 

and be able to tell more about this interaction, I also performed DEER experiments on single 

labeled SNARE complexes using two different Syntaxin-1a constructs: H3 Syx 242R and Syx 

240R (Figure 55B). 
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Figure 55. A. CW lineshapes of single cysteine mutants of soluble Syntaxin1 -a assembled 

into SNARE complex (green) and with addition of Munc18 (magenta).  

B. DEER data collected on two variants of SNARE complex without (grey) and with 

Munc18 (pink) shows that Munc18 breaks apart SNARE complex aggregates only when 

Habc domain (bottom) of Syntaxin-1a is present. Habc domain of Syntaxin-1a in crucial 

for Munc18 – SNARE complex interactions. 
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I obtained the three SNARE complexes with labeled Syntaxin-1a (soluble fragment with Habc 

and H3 domains) and prepared to run the CW measurements. In the first complex, Syntaxin-

1a was labeled on position 31 in the Habc domain, in the second on position 52, and in the third 

on position 240 in the H3 domain. After the addition of Munc18 (magenta), I observed a change 

in the CW lineshapes only for the SNARE complex with Syntaxin-1a labeled on position 31, 

indicating Munc18 interaction with the SNARE complex occurs through the Habc domain of 

Syntaxin-1a and precisely through Ha domain.  

The DEER data I collected on two variants of SNARE complex; one with only the H3 domain 

of Syntaxin-1a and the second with both Habc and H3 domains of Syntaxin-1a; without (grey) 

and with Munc18 (pink) shows that Munc18 breaks apart SNARE complex aggregates only 

when Habc the domain (right) of Syntaxin-1a is present. This result leads to the conclusion that 

the Habc domain of Syntaxin-1a is necessary for Munc18 – SNARE complex interactions. 

 

6. Munc18 interacts with the t-SNARE complex through both H3 and Habc 

domains, and the Habc domain is unnecessary for interaction to occur. 

Munc18 does not disassociate t-SNARE complex aggregates. 

 

Here, I looked closely at the interaction between the t-SNARE complex and Munc18. Figure 56 

shows CW spectra obtained for single labeled t-SNARE complexes and corresponding DEER 

data. 
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Figure 56. A.  CW lineshapes of single cysteine mutants of soluble Syntaxin1 -a assembled 

into t-SNARE complex (black) and with addition of Munc18 (magenta).  

B. DEER data collected on t-SNARE complex without (grey) and with Munc18 (pink) 

shows that Munc18 does not breaks  apart t-SNARE complex aggregates.  
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The change in the CW lineshapes after adding Munc18 (pink) to the acceptor complex (black) 

indicates that Munc18 binds to the acceptor complex through its interaction with the H3 domain 

of Syntaxin-1a. I tested the two variants of the acceptor complex, one containing just the H3 

domain of Syntaxin-1a and the second with both domains of Syntaxin-1a. In both cases, I 

observed the binding, suggesting that the Habc domain is not necessary for Munc18 to bind to 

the acceptor complex. DEER data collected on the t-SNARE complex with Syx240R alone 

(grey) and with the addition of Munc18 (magenta) shows no change between these two 

samples, which means that Munc18 does not disassociate the aggregates upon binding to the t-

SNARE complex as it does in case of Syntaxin-1a alone or for the SNARE complex. 

 

7. Complexin binds to the SNARE complex and breaks its aggregates.  

 

Complexin was reported to bind to the SNARE complex182, and this interaction was described 

as one of the factors that can modulate SNARE complex oligomerization146. I decided to follow 

up on this hypothesis and run CW-EPR on all previously mentioned single-labeled SNARE 

complex samples in the presence of Complexin (data not shown). In only one case did I observe 

evidence for an interaction between Complexin and SNARE complex, and this was for a 

SNARE complex with Syx 225R1 (Figure 57). 

Additionally, I ran DEER experiments on the SNARE complex alone and with Complexin 

(Figure 57). The results did not confirm the previous hypothesis and showed the opposite. I 

observe that the SNARE complex alone was already in oligomeric form, and upon Complexin 

binding, some of the oligomers were disassociated.  

Knowing that Complexin binding occurs not only to the SNARE complex but also to the 

plasma membrane, I decided to check to see if I could observe a similar interaction between 
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the SNARE complex and Complexin in the presence of the membrane. I performed the same 

experiment for the SNARE complex with FL Syx225R as I did for the SNARE complex with 

Syx225R and the SNARE complex with FL Syx225R that I reconstituted into the PO-PM1 

lipid vesicles. The data I obtained are shown in Figure 50, bottom panel. After the addition of 

Complexin to the sample, I observed a reduction in the overall aggregation in the SNARE 

complex sample as indicated by a decrease in the modulation depth in dipolar evolution data. 
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Figure 57. The DEER data (DEER distance distribution, and the dipola r data) and CW-

EPR spectra for spin-labeled SNARE complex on Syx225R alone (green) incubated with 

the Complexin (green). The top panel shows data obtained in solution, and the bottom 

panel shows data obtain on the membrane.  
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In addition to the DEER measurements, I performed an analytical run using size exclusion 

chromatography to better understand the nature of the oligomers that were formed without and 

with Complexin. The chromatographs I obtained from these two runs are shown in Figure 58. 

From size exclusion column molecules elute according to their sizes starting from the 

molecules that have the highest molecular weight. In the top panel of Figure 58 I show the 

elution profile of SNARE complex sample. There are two peaks. In the bottom panel I show 

the elution profile of SNARE complex sample after incubation with 1:1 molar ratio of 

Complexin. There are three peaks, first two peaks are the same as two peaks on the top panel 

but they are smaller. That means that the fraction of higher molecular structures is smaller. The 

biggest peak is observed for fraction 16 and it corresponds to the SNARE complex – 

Complexin bound molecule. Results obtained from runs on the size exclusion column agree 

with DEER findings that Complexin is disassociating SNARE complex aggregation.  
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Figure 58. Chromatograms obtained from run on size exclusion column. Top panel shows 

chromatogram for SNARE complex sample run alone, and the bottom panel shows 

chromatogram for SNARE complex sample incubated wit Complexin prior to run on the 

column. 
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V. Discussion 

 

The work described in this thesis aimed to determine the structural changes in Syntaxin-1a 

during SNAREs assembly as it is thought to participate in neuronal exocytosis. The chapters 

presented above step through an investigation of Syntaxin-1a as an essential component of the 

SNARE complex, which is crucial for neuronal exocytosis. Each chapter added to the 

complexity to the tested interactions, moving from work on the soluble construct to the full-

length protein to investigating Syntaxin-1a interactions alone and assembled into the t-SNARE 

or SNARE complex with other proteins like Munc18 or Complexin. Future work should 

continue to add to the in vitro system piece-by-piece to understand how each component, lipid 

diversity, or added proteins, functions and changes within the system. 

The first principal aim of this work was to determine how environment impacts the proteins 

that assemble into the SNARE complex and to determine the effect of environment on the 

aggregation of these proteins. It has been reported that Syntaxin-1a tends to oligomerize when 

its concentration is higher than 2 μM83,84. On the other hand, it has been proposed that adding 

the DPC detergent leads to their monomerization state227 (personal communication with Dr 

Binyong Liang). In my work, I tested this hypothesis by the addition of DPC above critical 

micellar concentration (CMC). In Figure 31, the DEER data I obtained for Syx 240R1 shows 

a significant change in modulation depth for the dipolar evolution obtained by DEER upon the 

addition of DPC, where these depths decreased from 12% for Syx 240R1 in buffer to 1% for 

Syx 240R1 in DPC micelles. The modulation depth of the DEER signal depends upon the 

number of excited spin-pairs, and it can provide a rough estimate of the extent of dimerization 

as described previously (citation)235.  One of the potential problems with the use of DPC is that 

this detergent causes Syntaxin-1a to adopt a more helical structure. I did a DPC titration for 

Syx 228R1 and observed that changes induced in the CW-EPR lineshapes continued until the 
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CMC of DPC was reached. At concentrations higher than the CMC, all the EPR lineshapes 

were identical. 

Two mechanisms for Synraxin-1a aggregation have been proposed, and the first one focuses 

on protein-protein interactions; in particular, the interactions between H3 domains in 

neighboring Syntaxin-1a molecules. Interestingly, the Habc domain of Syntaxin-1a plays a role 

and appears to inhibit aggregation which has not been proposed earlier. In Figure 31, the dipolar 

evolution from DEER obtained for H3 Syx242R1 displays a larger modulation depth than does 

the data from Syx 240R1. The modulation depth obtained from H3 Syx 242R1 goes from 17% 

in buffer to 7% in DPC micelles. The fact that DPC addition was less effective at disassociating 

all the Syntaxin-1a aggregates for the shorter (H3) construct as compared to the construct 

having both H3 and Habc domains, suggests a role for the Habc domain in Syntaxin-1a 

aggregation. I observed a similar behavior for DPC at reducing aggregation in the assembled 

SNARE complex. I tested several different conditions and obtained the best results with the 

lowest aggregation of the complex when DPC was present in the tested sample. 

The second mechanism for Syntaxin-1a aggregation is based on protein-lipid interactions. 

Previous work from our group and our collaborators shows the importance of the membrane 

composition and its impact on protein behavior236. I decided to test several lipid compositions 

and determine whether membrane composition has any effect on Syntaxin-1a aggregation. I 

focused on the lipid compositions previously tested by our collaborators (PO-PM1, DO-PM1, 

DP-PM1 brain-PM1) as well as on the presence of PIP2 and cholesterol because these two 

components were previously reported to play a crucial role in Syntaxin-1a aggregation89,90,92,95. 

First, I wanted to compare the full-length protein construct reconstituted into a lipid vesicle 

with a detergent sample (Figure 31). Here I observed that DPC also reduces aggregation in the 

case of the full-length protein. The modulation depth for membrane reconstituted protein is 

15%, while for the detergent sample is 4%. However, the presence of the membrane alters not 
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only protein aggregation but also Syntaxin-1a itself. The CW-EPR lineshapes obtained in 

detergent differ from those obtained in membrane reconstituted samples (Figure 46). In every 

case of full-length Syntaxin-1a, I observed that the lineshapes were broader with features 

characteristic of an immobile spin label. I made a similar observation for the t-SNARE and 

SNARE complex except for the presence of an immobile component. One case that was 

different from that presented above was obtained for the SNARE complex having full-length 

Syntaxin-1a labeled on position 225. The reconstituted sample (magenta lineshape in 

Figure 46) does not show the immobile component in the DPC sample (blue lineshape). 

Figure 40 shows all tested lipid compositions. From the data presented, it is evident that 

membrane composition is a crucial factor in Syntaxin-1a aggregation. I observed the lowest 

aggregation, similar to the aggregation level for the DPC sample, for the PO-PM1 composition. 

Brain-PM1 composition gave the most extensive level of aggregation. Eliminating cholesterol 

and PIP2 from brain-PM1 composition reduces aggregation by about 50%, the modulation 

depth changes from 16.2% for brain-PM1 to 8% brain(PC-PS-PE). Elimination of PIP2 gave 

9.1% modulation depth, while cholesterol elimination resulted in 12.4% modulation depth. 

These results suggest that cholesterol and PIP2 are important for forming Syntaxin-1a clusters, 

but PIP2 has a more significant impact than cholesterol.  

Syntaxin-1a in a solution can adopt two states, open and closed, and these two exist in a 

dynamic equilibrium, with a closed state being the dominant state99,100,105. Munc18 binds to 

Syntaxin-1a tightly with nM affinity106,110 and locks it into the closed conformation. A high-

resolution X-ray structure for Syntaxin-1a when bound to Munc18, represents the closed state 

(PDB ID 3C98)102. I used this structure as a starting point for my investigations using EPR, 

where I can employ different conditions than those used to obtain the X-ray crystallography 

structure. The buffer I used in my measurements (a physiological or assembly buffer) contains 

150 mM NaCl, 20 mM HEPES, and pH 7.4. 
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In contrast, the buffer used for an X-ray experiment (referred to as crystallization buffer) 

contains PEG400, Ammonium Acetate, Sodium Acetate, EDTA, 2-mercaptoethanol, and 

pH 5.3. During my preliminary studies, I tested a series of positions along the Habc and H3 

domains of Syntaxin-1a. For two of them, Syx 87R1 and Syx 91R1, I obtained results that did 

not correspond to data from the crystal structure. As shown in Figure 39, both 87 and 91 are 

facing outside of Mucn18, but the CW-EPR lineshapes obtained for these two mutants 

(Figure  37) show otherwise. 

The lineshapes after Munc18 addition are broader and indicate the presence of an immobile 

component. This might have been a result of dimerization, and I decided to check whether the 

Syntaxin-1a – Munc18 complex could form a dimer or other higher oligomeric structure. I used 

an online tool - PDP-ePISA, and the results based on crystal structure 3C98 suggest that besides 

the monomer, another attainable and possible to form biological unit is a dimer (Figure 38). As 

shown in Figure 38, neither 87 nor 91 has any steric obstacles and both sites are facing towards 

the solution in this dimer structure. I already know that DPC has a significant impact on 

syntaxin-1a, so my second thought was that either the physiological (also called assembly) or 

crystallization buffer might be altering Syntaxin-1a, which results in different binding with 

Munc18. I dialyzed both mutants into a slightly modified crystallization buffer. I removed 

PEG400, EDTA, and 2-mercaptoethanol to keep protein and MTSL stable during CW-EPR 

measurements. The CW lineshapes for both mutants are slightly different under crystallization 

conditions compared to those obtained under physiological conditions. It suggests that there is 

a different conformation for Syntaxn-1a in the crystallization conditions. The EPR spectra for 

sites 87 and 91 obtained after addition and incubation with Munc18 do not change in lineshape 

(Figure 37), which correspond to data obtained under the conditions of protein crystallization. 

As my final step in this investigation, I analyzed and compared two crystal structures of 

homologues complexes. The first one is the crystal structure of the Munc18-Syntaxin-1a 
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complex from Rattus norvegicus (PDB ID 3C98)102, and the second Tlg2 – Vps45 bound 

structure from Chaetomium thermophilum (PDB ID 6XM1)233 where Tlg2 is Qa-SNARE and 

Vps45 is SM protein. Both crystal structures are presented in Figure 32. 

Interestingly, Vps45 interacts with the same region of the Qa-SNARE protein as does Munc18, 

but the bound SNARE is in a much more open configuration than that for the Munc18 bound 

form of Syntaxin-1a. The main difference is in the interactions between Qa-SNARE's domain. 

In the case of Syntaxin-1a, H3 and Habc interact with each other and are roughly parallel, but 

in the case of Tlg2, the interaction between H3 and Habc is not as close and the H3 domain is 

lies at an angle relative to the Habc domain. I overlayed these two structures (Figure 39) using 

PyMOL. To ensure that both structures are aligned properly, I used 45 to 63 amino acid 

sequences from Munc18 (3C98) and 48 to 66 amino acid sequences from Vps45 (6XM1). This 

figure shows that Qa-SNAREs can adopt at least two conformations, one closed (Syntaxin-1a; 

blue) and one partially open (Tlg2; purple). The existence of another binding model might 

explain the data I obtained for Syx 87 and Syx 91 mutants. In Syntaxin-1a – Munc18 bound 

structure, both residues face outwards, but in the case of Tlg2 – Vps45 bound structure, both 

residues face inwards and labels at these sites could be motionally restricted. The position of 

these residues in the Tlg2 – Vps45 structure correlates to the CW data I obtained for the 

Syntaxin-1a – Munc18 complex, and it indicates that the Syntaxin-1a – Munc18 structure may 

sample a state similar to the Chaetomium thermophilum structure under physiological 

conditions. In summary, under physiological conditions I observed interaction between 

Munc18 and Syntaxin-1a that does not correspond to the X-ray structure obtained for this 

complex. The data I obtained for Syntaxin-1a-Munc18 complex fits into the X-ray structure of 

the Chaetomium thermophilum homolog. The fact that under two different conditions I 

obtained two completely different results and additionally the Chaetomium thermophilum 

homolog structure could potentially explain these results suggests at least two different binding 
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modes exist between these two proteins and what was captured in the X-ray structure is just 

one of the possibilities. 

The second aim of this work focused on shedding light on the states of Syntaxin-1a in different 

stages of SNAREs assembly. It is a well-established fact that Syntaxin-1a exists in equilibrium 

between an open and a close state. I already discussed how DPC affects Syntaxin-1a, but in 

addition to these changes, DPC also opens up Syntaxin-1a in the solution. In Figure 35, I 

presented data for three constructs of Syntaxin-1a with spin labels on  Glu52 (Habc domain) 

and Arg210 (H3 domain) each. In each case, both open (distance distribution ~ 6 nm) and 

closed states (distance distribution ~ 3 nm) are observed for Syntaxin-1a. In general, in the 

physiological buffer (grey trace) the equilibrium is shifted towards a closed state. Still, in the 

case of Syx LE 52R/210R, the population of an open state is significant, which is in agreement 

with previous reports103,106. When DPC is present (green trace in Figure 35), the equilibrium 

shifts toward an open state in each sample. Knowing how these different variants of Syntaxin-

1a behave in the solution, I decided to test only the unmodified full-length construct. From the 

DEER data that I obtained for FL Syx52R/210R reconstituted into PO-PM1, I observed that on 

the membrane, in contrast to in a solution, the equilibrium between open and closed state is 

shifted towards an open state (Figure 44) meaning that Syntaxin-1a on the membrane is 

primarily open and available for interactions with other proteins.  

However, the vast majority of the studies on t-SNARE and SNARE complexes use a short 

construct of Syntaxin-1a, which contains only the H3 domain (for work performed in solution) 

or H3 and transmembrane domains (for work performed in the presence of lipid bilayer). The 

reasoning for this decision is simple. There is a general belief that Syntaxin-1a must be open 

to be assembled into a complex so that other proteins can be accommodated when they bind. I 

decided to include the Habc domain in my research to test how the Habc domain of Syntaxin-

1a is positioned relative to the H3 domain in either t-SNARE or SNARE complex. In 
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preliminary experiments, I screened a series of Syntaxin-1a double mutants with one spin-label 

placed on the Habc domain and the other on the H3 domain (data not shown). From that, I 

continued my work on three double mutants Syx 52R1/210R1, ΔN Syx 52R1/210R1, and Syx 

LE 52R1/210R1. In Figure 45, I present the DEER data I obtained for all three mutants 

assembled into t-SNARE and SNARE complexes. The results obtained confirm what has been 

hypothesized: Syntaxin-1a is open when it assembles into a SNARE complex. It is interesting 

to note that Syntaxin-1a is fully open only in the SNARE complex when no other mutations 

are introduced. For ΔN and LE variants, I also observed a distance component in the 

distribution near 4 nm, which might suggest a partially open state where both domains are 

slightly closer to each other but able to fully close. 

These data also suggest that the Habc domain and linker between the Habc and H3 domains 

are important for an open state of Syntaxin-1a in the SNARE complex. I observed an 

equilibrium between fully open and partially open Syntaxin-1a states for the acceptor complex. 

Introducing a mutation in the Habc domain or linker region does not change this. For full-

length protein again, I decided to work with just one construct. The DEER data (Figure 45) 

obtained for the reconstituted t-SNARE and SNARE complexes show the same results as did 

the soluble fragment. Syntaxin-1a is in an open state in the SNARE complex on the membrane. 

Furthermore, in the t-SNARE complex, there is a mixture of both fully- and partially open 

states of Syntaxin-1a. 

The third aim of this work focused on the interaction between Munc18 and Syntaxin-1a during 

SNAREs assembly. Munc18 binds to Syntaxin-1a alone, and the CW-EPR spectra I obtained 

confirm this (Figure 47). The DEER data I got for three different single-labeled Syntaxin-1a 

mutants: H3 Syx 242R1, Syx 240R1, and FL Syx228R1 alone and with equimolar addition of 

Munc18 confirms that Munc18 is disassociating aggregated Syntaxin-1a in solution and on the 

membrane. The exciting observation I made is that the Habc domain is required for Munc18 to 
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disassociate Syntaxin-1a aggregates entirely. There is a significant difference in change in 

modulation depth for Syx 240R1 and H3 Syx 242R1 before and after Munc18 addition. In the 

case of Syx 240R1, Munc18 eliminates aggregation almost entirely. However, for H3 

Syx 242R1, despite the apparent interaction between Munc18 and Syntaxin-1a short construct, 

there is still a significant amount of aggregated Syntaxin-1a in the sample. In the case of the 

full-length construct, Munc18 also did not disassociate Syntaxinaxin-1a entirely. Still, for full-

length protein there are two mechanisms of aggregation, where one driven by protein-protein 

interaction. Munc18 can disassociate these aggregates, and the second one is driven by protein-

lipid interaction. Overall, this allows us to conclude that the Habc domain is not required for 

Munc18 to bind to Syntain-1a, but it is necessary to disassociate Syntaxin-1a clusters.  

While interactions between Munc18 and Syntaxin-1a in isolation have been well-investigated, 

there are many unanswered questions about the Munc18 interactions with Syntaxin-1a during 

SNAREs assembly. After SNARE assembly, there might not be enough space for Munc18 to 

bind to Syntaxin-1a through both the Habc and H3 domains, and it has been proposed that 

Munc18 interacts with the SNARE complex through the Habc domain alone167. In contrast, 

another study114 suggests that there is competition between the Syntaxin-1a N-terminal region 

and the SNARE four-helix bundle for Munc18 binding. Unfortunately, there is no information 

about the position of the Habc domain relative to the H3 domain of Syntaxin-1a. I collected 

DEER data for three Syntaxin-1a constructs: Syx 52R1/210R1, ΔN Syx 52R1/210R1, and Syx 

LE 52R1/210R1 alone (as a reference) and assembled them into a t-SNARE or SNARE 

complex. It is worth mentioning that for Syntaxin-1a in the absence and presence of Munc18, 

in addition to the expected closure of Syntaxin-1a, DPC is changing the binding affinity 

between Munc18 and Syntaxin-1a. The DEER data in Figure 36 shows that without DPC, the 

addition of an equal molar amount of Munc18 is enough to fully close Syntaxin-1a, while in 

the case of DPC addition, even 3-time excess of Munc18 is not enough to fully close Syntaxin-
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1a. I observed that in the presence of detergent binding between Syntaxin-1a and Munc18 

might be much weaker than without detergent. 

Munc18 interacts with the t-SNARE complex through Habc and H3 domains of Syntaxin-1a 

(Figure 48 & Figure 56A). The CW-EPR results I obtained for the t-SNARE Munc18 

interaction suggests that Munc18 binds to the acceptor complex through the Habc domain 

(label on position 31) and H3 domain (labels on positions 210, 240, 242). The fact that I 

observed an interaction between the t-SNARE complex composed of the shorter H3 Syx 242R1 

with Munc18 suggests that the Habc domain is not required for a Munc18-t-SNARE complex 

interaction. Upon binding, Munc18 closes Syntaxin-1a in the t-SNARE complex in a similar 

manner as observed for Syntaxin-1a alone (Figure 52). The DEER data obtain for the single-

labeled t-SNARE complex suggest that this complex is not monomeric (Figure 56B). Munc18, 

despite binding to the complex, is not disassociating the aggregates. However, further 

exploration of the t-SNARE complex is required. Finally, although the Habc domain might not 

be crucial it is important for the Munc18-t-SNARE complex interaction. 

A much lower binding affinity characterizes the binding of Munc18 to the SNARE complex 

than the binding of Munc18 binding to Syntaxin-1a167. This and the fact that the presence of 

DPC also weakens Munc18 binding affinity might be the reason why the changes observed in 

the DEER data (Figure 53) are minimal. The CW-EPR lineshapes for the single-labeled 

SNARE complex (Figure 49 & Figure 55) that were collected for the sample of SNARE 

complex alone and after incubation with Munc18 show that Munc18 binds only to N-peptide 

and Habc domains of Syntaxin-1a when Syntaxin-1a is assembled into the complex. Upon 

binding to the N-peptide and Habc domain, Munc18 shifts the Habc domain closer to the 

H3 domain but does not fully close Syntaxin-1a. However, this change occurred only for 

Syx 52R1/210R1. I did not observe any interaction for either ΔN Syx 52R1/210R1 or 

Syx LE 52R1/210R1. This finding suggests that interaction between Munc18 and SNARE 
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complex is not only weak but also very sensitive to any changes introduced into N-peptide or 

Habc domains. To test if Munc18 can interact with the SNARE complex through its core 

domain and not only through the N-peptide/Habc domains of Syntaxin-1a, I performed DEER 

experiments on two variants of the single-labeled SNARE complex, one with Syx 240R1 and 

the second with shorter Syntaxin-1a H3 Syx 242R1 (Figure 55). From the CW spectrum of the 

SNARE complex with a spin-label on Syx 240R1, I cannot determine if Munc18 interacts with 

the core complex. However, from the DEER data on this sample in the absence and presence 

of Munc18, it is apparent that in the presence of Munc18 the Habc domain shifts position and 

oligomers of the SNARE complex are dissociated. For the SNARE complex with 

H3 Syx 242R1, I did not observe changes in the CW spectrum or the DEER traces after 

Munc18 addition. The lack of changes suggests that the interaction between Munc18 and 

SNARE complex occurs only through N-peptide and Habc domains of Syntaxin-1a. Finally, 

all the above allows us to conclude that Munc18 – SNARE complex interaction is very sensitive 

to changes in the Habc domain and that the Habc domain of Syntaxin-1a is necessary for 

Munc18 to interact with the complex, as it was shown before by ITC measurments107,167. 
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VI. Outlook and Future directions 

 

Syntaxin-1a is undeniably one of the essential elements of the neuronal fusion machinery. Its 

distinguishing feature is the presence of a separate regulatory domain (N-peptide and Habc 

domain) in addition to its SNARE motif. This domain enables Syntaxin-1a to be regulated by 

other components in the neuronal system. Indeed, critical regulatory proteins like Munc18 or 

Synaptotagmin105,163,236,237, have been reported to interact with Syntaxin-1a during SNAREs 

assembly. Despite three decades of extensive research, the exact mechanism of Syntaxin-1a 

interactions and functions remains a mystery. 

The work presented in this dissertation significantly expands our current knowledge regarding 

Syntaxin-1a and the SNAREs in the areas of: 

• Syntaxin-1a conformational changes during SNAREs assembly. 

• Impact on the Syntaxin-1a aggregation states and possible binding modes with Munc18. 

• Interactions between Munc18 and Syntaxin-1a during SNAREs assembly 

• Importance of cell membrane composition and its influence on SNARE proteins. 

The progress made here will allow us to investigate other aspects of the regulatory mechanism 

that governs neuronal exocytosis by allowing us to tackle the following types of problems.  

First, a necessary next step to this EPR study will be to add additional elements of complexity 

to the Syntaxin-1a interactions during SNARE assembly in the form of the lipid bilayer. While 

this study highlighted the importance of the membrane, the focus was only on one membrane 

composition. Additional experiments performed on samples reconstituted into different lipid 

bilayers would add valuable information on how membrane composition affects t-SNAREs, 

the SNARE complex, and its interaction with other proteins.  
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Second, in this work, I placed the main focus of the work on Syntaxin-1a. In the next step, it 

would be good to take a closer look at SNAP-25 or Synaptobrevin and examine the t-SNARE 

or SNARE complex by describing interactions made by different proteins in the complex. It 

might be especially interesting to investigate the t-SNARE complex by examining single or 

double spin-labeled mutants of Syntaxin-1a and SNAP-25 to better understand the 

stoichiometry and oligomerization state of this assembly.  

Lastly, most of the work I preformed and presented was on soluble constructs of the SNAREs. 

For membrane interactions, I only looked at the full-length construct of Syntaxin-1a either 

alone or assembled into a complex. With just this one protein, I observed the importance of the 

membrane. The next logical step to further understand the neuronal exocytosis machinery 

would be to use palmitoylated SNAP-25 and Synaptobrevin anchored in the lipid bilayer. One 

could begin by examining protein-lipid interactions and adding membrane-bound protein to the 

system until all three SNAREs in the sample were assembled and membrane-associated. The 

CW-EPR experiments would allow observation of any local structural changes resulting from 

the presence of the membrane, while DEER experiments performed on single-labeled mutants 

would provide insight into the oligomerization state of the complex. 
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