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Abstract 
 

Munc18-1, a protein of the Sec1/Munc18-1 (SM) protein family, is interacting with high 

affinity with Syntaxin-1a, a neuronal SNARE protein. Neuronal SNARE proteins constitute 

the core machinery that drives the fusion of neurotransmitter-loaded synaptic vesicles 

with the plasma membrane. The tight interaction between Munc18-1 and Syntaxin-1a 

controls neurotransmitter release. However, biochemically this interaction inhibits 

SNARE complex formation, because Syntaxin-1a is locked in a closed conformation by 

Munc18-1. In this conformation, the SNARE domain of Syntaxin-1a is bound inside the 

central cavity of Munc18-1. It remains unclear whether Syntaxin-1a must leave the tight 

grip of Munc18-1 to adopt an open conformation that can then assemble into a SNARE 

complex or, whether, Munc18-1 remains bound, renders Syntaxin-1a open and by this 

facilitates SNARE complex formation. The latter scenario implies that the Munc18-

1/Syntaxin-1a complex must be able to undergo conformational changes, a notion that is 

supported by Syntaxin-1a mutations that bypass the inhibitory activity of Munc18-1. 

Such changes might be triggered by additional factors such as Munc13 or induced by 

post-translational modifications. However, the mechanism of the conformational 

changes of the Munc18-1/Syntaxin-1a complex have remained elusive so far. To shed 

more light on these putative conformational changes, I have investigated the effects of 

several point mutations in Syntaxin-1a on its interaction with Munc18-1 using 

biochemical and biophysical approaches. I also examined whether these mutations can 

bypass the inhibition of SNARE complex formation that is exerted by Munc18-1. Lastly, I 

created a homologous 3D model which shows the structural changes during the 

conformational transitions.  The results from this study suggest that Syntaxin-1a opens 

up while in complex with Munc18-1.   
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Résumé 

 

Munc18-1, une protéine de la famille des Sec1/Munc18-1 (SM) protéines, se lie avec une 

grande affinité à Syntaxin-1a, une protéine qui appartient au complexe neuronal SNARE. 

Les protéines du complexe SNARE forment la machine principale qui permet la fusion des 

vésicules contenant le neurotransmetteur avec la membrane plasmique. L’interaction 

entre Munc18-1 et Syntaxin-1a contrôle le relâchement du neurotransmetteur. 

Cependant, biochimiquement, cette interaction inhibe la formation du complexe SNARE. 

Cela s’explique car Syntaxin-1a est bloquée en conformation fermée par Munc18-1. Dans 

cette conformation, le domaine SNARE de Syntaxin-1a est lié à l’intérieur de la cavité 

centrale de Munc18-1. Il n’est pas clair si Syntaxin-1a doit se détacher de Munc18-1 pour 

adopter une conformation ouverte permettant ensuite la formation du complexe SNARE, 

ou si Munc18-1 reste lié, rendant Syntaxin-1a ouvert et facilite ainsi la formation du 

complexe SNARE. Ce dernier scénario implique que le complexe Munc18-1/Syntaxin-1a 

doit être capable de subir des changements de conformation, ce qui est soutenu par les 

mutations de Syntaxin-1a qui contournent l'activité inhibitrice de Munc18-1. Ces 

changements pourraient être déclenchés par des facteurs tels que Munc13 ou induits par 

des modifications post-traductionnelles. Cependant, le mécanisme des changements de 

conformation du complexe Munc18-1/Syntaxin-1a est resté insaisissable jusqu'à 

présent. Afin d'éclaircir ces changements de conformation putatifs, j'ai étudié les effets, 

de manière biochimique et biophysique, de plusieurs mutations ponctuelles dans 

Syntaxin-1a qui changent son interaction avec Munc18-1. J'ai également examiné si ces 

mutations peuvent contourner l'inhibition de la formation du complexe SNARE qui est 

exercée par Munc18-1. Enfin, j'ai créé un modèle 3D homologue qui montre les 

changements structurels au cours des transitions de conformation.  Les résultats de cette 

étude suggèrent que Syntaxin-1a s'ouvre lorsqu'elle est en complexe avec Munc18-1. 
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1. Introduction 
1.1 Presynaptic fusion machinery 

One of the defining characteristics of the eukaryotic cell is the compartmentalization 

into membrane enclosed systems. Intracellular transport of molecules between these 

compartments involves membrane fusion between transport vesicles and specific 

compartment membranes. Soluble NSF Attachment Protein Receptor (SNARE) complex 

formation is the core machinery driving fusion of transport vesicles and target 

membranes. SNARE complex assembly is assisted by other proteins, such as tethering 

factors and the Sec1/Munc18 (SM) proteins, and disassembled by NSF proteins and 

soluble NSF attachment proteins (SNAPs). SNARE mediated fusion of the membranes is 

characteristic of numerous processes, including exocytosis, i.e., neuronal, pancreatic and 

blood cell.  

Neuronal communication between nerve terminals is achieved by the release of 

neurotransmitter molecules at the synaptic cleft. Neurotransmitters are loaded to 

synaptic vesicles via active transport performed by proton pumps. Synaptic vesicles then 

translocate to the release site and cluster at the active zone where they are docked and 

primed (Jahn and Fasshauer, 2012, Sudhof, 2004). Action potentials arriving to the 

presynaptic terminals trigger Ca2+-depended synaptic exocytosis, characterized by the 

fusion of synaptic vesicles carrying neurotransmitters with the presynaptic plasma 

membrane (Figure 1.1). Synaptic fusion is achieved by the zippering of the SNARE 

domains of Syntaxin-1a and SNAP25 (plasma membrane) with the SNARE domain of 

Synaptobrevin (vesicle) into a four-helical bundle, the SNARE complex (Sutton et al., 

1998). 

Figure 1.1: SNARE complex assembly drives membrane fusion. Assembly of the two target membrane 
proteins, Syntaxin and SNAP25, with the vesicle protein, Synaptobrevin, leads to the formation of a SNARE 
complex. This tight four-helix bundle assists the merging of the two membranes, i.e. the fusion of the vesicle 
with the plasma membrane. 
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1.2 SNARE protein family 
SNARE proteins are relatively small cytoplasmatic orientated membrane 

associated proteins, characterized by the presence of the 70-residue long SNARE motif, 

by which they interact forming the SNARE complex (Figure 1.2.). In isolation, they are 

intrinsically disordered. They interact by zippering into a four-helical bundle, a parallel 

coiled coil. Coiled-coil proteins are characterized by seven residue repeats, with nonpolar 

side chains at the first (a) and fourth (d) positions (Hodges, 1973).  

 

The structural features of the assembled SNARE complex allowed for the 

identification of the 16 highly conserved layers of interacting amino acid side chains in 

the center of the four-helix bundle (Fasshauer et al., 1998). The central layer (0 layer) is 

composed of three Glutamine (Q) residues and one Arginine (R) residue, each 

contributed by a distinct SNARE motif. The presence of these conserved residues at the 

center of the SNARE motif led to the classification of the SNARE protein family into Q-

SNAREs and R-SNAREs, thus forming the Qa, Qb, Qc and R classes (Bock et al., 2001). They 

were afterwards further classified by sequence analysis into 20 basic SNARE subgroups 

where they cluster according to their sequence. SNARE protein subgroups categorized 

based on the intracellular compartment they localize: I. Endoplasmic reticulum, II. Golgi 

apparatus, IIIa. trans-Golgi network, IIIb. Endosomal compartments and IV. Secretion 

(Figure 1.3) (Kloepper et al., 2007). 

 

Figure 1.2: SNARE complex structure in cartoon with surface representation (PDB: 1sfc). SNARE 
motifs are contributed by Qa SNARE-Syntaxin (red), Qb SNARE-SNAP25-N (green), Qc SNARE-SNAP25-C 
(green), R- SNARE-Synaptobrevin (blue). 
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At the presynaptic terminal, besides with its SNARE partners, Syntaxin-1a (QaIV), 

also interacts with Munc18-1, an SM protein. Members of the SM family interact with 

their cognate Syntaxin (Qa-SNARE) and facilitate vesicle fusion, in a fashion that is not 

well understood yet.  In vitro, the strong interaction of Munc18-1 with Syntaxin-1a 

inhibits binding of the latter to its SNARE partners, SNAP25 and Synaptobrevin (Pevsner 

et al., 1994c). This interaction will be further discussed later. 

Syntaxin-1a possesses three larger structurally distinct regions: a SNARE motif 

(H3 domain), an N-terminal regulatory domain, which folds into a three-helix bundle 

(Habc domain), and a C-terminal transmembrane domain (TMR) (Figure 1.4). Other 

smaller regions, such as the very N-terminal region (the so-called N-peptide) and the 

region between the Habc and H3 domains, the linker region, have a regulatory function 

for the interaction of Syntaxin-1a with Munc18-1 (Burkhardt et al., 2008).  

Mutations in these regions seem to affect the function of Syntaxin-1a, probably 

due to interference with its interactions with binding partners and its conformational 

transitions.  

Figure 1.3: Illustration of eukaryotic cell trafficking steps and indication of the SNARE subgroups 
involved at every step (left) and the SM proteins involved in the respective steps (right). Adapted 
from(Yu and Hughson, 2010). 
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 Syntaxin-1a assembles into SNARE complex with SNAP25 and Synaptobrevin 

through interactions with its H3 forming (Söllner et al., 1993, Sutton et al., 1998).  

Additionally, Syntaxin-1a assembles in another interacting complex. Syntaxin-1a 

interacts with Munc18-1, through an interaction which inhibits Syntaxin-1a from 

interacting with SNAP25 and Synaptobrevin (Pevsner et al., 1994a). Structurally, 

Syntaxin-1a is thought to exist in two conformations: Open and closed (Fig 1.4). Syntaxin 

is considered in open conformation when the SNARE motif (Syntaxin H3) is in SNARE 

complex (PDB entry: 1sfc).  Within the SNARE complex, the Syntaxin H3 folds into an 

extended non-interrupted helix. However, in closed conformation, as determined when 

Syntaxin-1a interacts with Munc18-1 (PDB entry: 3c98), H3 is partially interacting with 

its own Habc domain, and is partially distorted and buried within the Munc18 central 

Figure 1.4: Syntaxin-1a domain composition and conformations. Schematic representation of 
Syntaxin-1a domain composition (top) Highlighted with light yellow the N-peptide, with orange the Habc 
domain, red the SNARE motif and pink the transmembrane domain (TMR). Cartoon representation of closed 
conformation (middle) from the Munc18/Syntaxin complex (pdb: 3c98) and drawing of a hypothetical open 
conformation based on the SNARE domain structure from the SNARE complex (pdb: 1sfc). 

https://www.rcsb.org/structure/1SFC
https://www.rcsb.org/structure/3C98
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cavity. The linker between the domains Habc and H3 partially forms a small helix 

extending almost vertically over the end of Hc and the start of H3 helices. In this 

conformation, Syntaxin does not allow SNARE complex formation. 

The structure of Syntaxin linker region is flexible. This means that it can fluctuate 

between a partially helical structure, described above for the closed conformation, to 

being mainly unstructured in the open conformation (Margittai et al., 2003). A well-

studied mutant in the Syntaxin linker region, the so-called LE mutant, referred to 

hereafter as Syx1aLE, also supports the importance of this region for the function of 

Syntaxin (Dulubova et al., 1999). Although Syx1aLE is often referred to as "open Syntaxin", 

since it was initially thought to prevent Syntaxin to form the closed conformation and to 

be unable to interact with Munc18 (Dulubova et al., 1999), it was later shown that Syx1aLE 

can still bind tightly to Munc18 but also that the mutation overcomes the inhibition of 

Munc18-1 observed in vitro and that Syx1aLE proceeds to SNARE complex formation even 

in the presence of Munc18-1 (Burkhardt et al., 2008). In Syntaxin-1a knock out mice, 

expression of Syntaxin-1bLE, the second Syntaxin isoform carrying the LE mutations, 

drastically enhances the rate of synaptic vesicle fusion (Gerber et al., 2008). In the same 

study, homozygous Syx1bLE mice were severely ataxic with lethal epileptic seizures after 

that are 2 weeks old. Combined, these observations suggested an important role for the 

Syntaxin linker in maintaining or regulating the “opening” of Syntaxin-1a and/or its 

interaction with Munc18-1 and SNARE proteins. Therefore, further investigation on the 

effect of this region on the interaction with Munc18-1 and SNARE complex formation 

could shed light on how the transition of Syntaxin-1a conformations is achieved. 

1.3 SM protein family 
As mentioned above, the SNARE mediated fusion of vesicles is regulated also through 

their interaction with proteins of the SM family. Members of this family were initially 

discovered by genetic screening of C. elegans with uncoordinated behavior phenotype, 

unc-18, (Brenner, 1974) and of secretion mutants, Sec1, of the yeast S. cerevisiae (Novick 

and Schekman, 1979). Generally, SM proteins are cytoplasmic proteins, with a molecular 

weight of around 70kDa, that act at distinct vesicle trafficking steps by interacting with 

their cognate Syntaxin (Qa-SNARE). As outlined above, Munc18s (Munc18-1 orthologs or 

isoforms) are involved in exocytosis, whereas other SM proteins function in vesicle 

trafficking steps between compartments: Sly1s in ER-Golgi trafficking, Vps45s in the 
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trans-Golgi network and Vps33s in the vacuolar-lysosomal processes (Toonen and 

Verhage, 2003, Morey et al., 2017). However, it is not entirely understood how the 

vesicular transport is facilitated by SM proteins.  

1.4 Munc18-1 
Whereas most eukaryotes possess one SM protein involved in secretion, 

vertebrates possess three Munc18 isoforms with tissue specific distribution. Munc18-1 

is involved mainly in neuronal exocytosis, whilst Munc18-2 and Munc18-3 are, among 

other things, involved in immune cells’ exocytosis and glucose transporter 4 (GLUT4) 

exocytosis, respectively, have a more ubiquitous distribution (Toonen and Verhage, 

2003).  

Munc18-1 is the most extensively studied member of the SM family. Interaction of 

Munc18-1 with Syntaxin-1a at the presynaptic terminals is indispensable for 

neurotransmission, as Munc18-1 knock-out in mice leads to depletion of synaptic 

transmission (Verhage et al., 2000). The distribution of two known splice variants of 

Munc18, long (M18L, or Munc18-1a) and short (M18S, or Munc18-1b), has been 

characterized. M18L variant (603aa) differs from the M18S variant (594aa) by an eleven 

amino-acid elongation of the C-terminus. M18L variant localizes specifically in inhibitory 

(GABAergic) terminals of hippocampal interneurons and its reduction is suspected to 

contribute to cognitive decline. M18S is broadly distributed to both GABAergic as well as 

glutamatergic terminals (Ramos-Miguel et al., 2015). Both splice variants shown to 

support synaptic secretion to a similar extent, differ however in their ability to support 

vesicle release during short term plasticity (Meijer et al., 2015).  

Variations in Munc18 quantities are responsible for several neuro and 

neurodevelopmental disorders. Destabilization of the Munc18-1/Syntaxin-1a balance 

has been linked with Schizophrenia (Gil-Pisa et al., 2012). De novo mutations (missense, 

nonsense, splice site and frameshift) in the STXBP1 gene, which codes for Munc18-1, have 

been identified in patients with Ohtahara, West, and Dravet syndromes, early-onset 

epileptic encephalopathy, non-syndromic epilepsy, intellectual disability, and autism 

(Stamberger et al., 2016). Synaptic strength reduction of paralvumin-expressing 

interneurons and decreased connectivity of somatostatin-expressing neurons in STXBP1 

haploinsufficient mice was suggested to be the defying mechanism for the observed 

reduced cortical inhibition and the linked neurobehavioral phenotypes (Chen et al., 

2020a). However, it has been also suggested that missense mutations of Munc18 can have 
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dominant negative effect, as they misfold and act as aggregation nuclei for Munc18 wt, 

resulting to even lower levels of functional proteins (Guiberson et al., 2018).  

1.4.1 Munc18-1/Syntaxin-1a interaction 

Munc18-1 consists of 3 structurally distinct domains that fold into an arch-shaped 

globular protein (Figure 1.5). This arch-shaped protein wraps around Syntaxin-1a in 

closed conformation through interactions of the Syntaxin Ha and Hc helices with the 

binding cleft of Munc18-1, the inner hydrophobic cavity formed between the domains 3a 

and 1 (Misura et al., 2000, Burkhardt et al., 2008). This interaction locks Syntaxin in the 

closed conformation and in which, in vitro, Syntaxin is unable to form the SNARE complex 

Figure 1.5: Munc18-1 in complex with Syntaxin-1a structure. Spheres (left) and cartoon representation 
(right) of the two proteins in complex (pdb: 3c98) in “front” (top) and “side” view (bottom). Munc18 domain 
1 is coloured blue, domain 2 green and domain 3 yellow. Syntaxin Habc is coloured orange and SNARE 
magenta. Domains as well as important regions on both proteins (Syntaxin Linker, Munc18 domain 3a 
helices 11 & 12) that are mentioned in the current study are indicated.     
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(Dulubova et al., 1999). This tight binding mode appears to disagree with genetic 

observations, which rather promote a facilitating role of Munc18 in vesicle fusion. An 

additional binding site involves interactions at the outer surface of domain 1 of Munc18 

with the Syntaxin-1a N-peptide (Burkhardt et al., 2008).  

The N-peptide interaction mode is common between Munc18s (Hu et al., 2007, 

Christie et al., 2012, Morey et al., 2017) as well as other SM proteins, such as Vps45 

(Furgason et al., 2009, Eisemann et al., 2020) and Sly1p (Demircioglu et al., 2014, 

Yamaguchi et al., 2002). Interestingly, some members of this family do not possess the N-

peptide binding mode. In particular, Vps33A does have the necessary hydrophobic N-

peptide binding pocket (Hu et al., 2007).  It should be noted that Vam3, which is a cognate 

Qa- SNARE, does not adopt a closed conformation (Dulubova et al., 2001).  

The in vivo role of this N-peptide interaction is elusive. In Munc18 null neurons, 

and Syntaxin-depleted PC12 cells, secretion is restored even if N-peptide interactions are 

disrupted (Meijer et al., 2012, Park et al., 2016). Additionally, PC12 secretion as well as 

Syntaxin plasma membrane localization are abolished when single N-peptide mutations 

are introduced to SyxLE. These observations agree with a recent study in Syntaxin null 

mice, where neuronal survival and neurotransmitter release from central synapses are 

not impaired when N-peptide is deleted (Vardar et al., 2021). Interestingly, in the same 

study, neurotransmitter release was not affected when they used a SyxLE mutant lacking 

Table 1.1: Table of PDB available Sec1/Munc18 (SM) family structures 
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the N-peptide, despite the observed reduction of docked vesicles and ultimate neuronal 

death. 

An annotation of the available PDB structures of SM proteins is demonstrated at 

Table 1.1. Notably, other SM proteins fold into the same arch-shaped structure with 

conserved topology (Figure 1.6). As summarized by Archbold et al., 2014, all SM proteins 

share U-shaped architecture, where domain 3 is inserted by splitting domain 2. Domain 

1 adopts a Rossman fold and domain 2 is structurally similar, but with some difference in 

the connectivity to domain 1. Domain 3, whose topology is conserved in all SM crystal 

structures is subdivided into domain 3a and 3b (Archbold et al., 2014).  

The structure of Vps33 in complex with Vam3 (Qa SNARE) and Nyv1 (R SNARE), 

has revealed a different binding mode where both SNARE motifs of the Qa- and R- 

SNAREs bind to Vps33 at two, non-overlapping, binding sites (Baker et al., 2015). 

Whether this binding mode is different to the one observed for Munc18 or whether it 

Figure 1.6: SM protein topology derived from eight unique crystal structures. Monosiga brevicolis 
Unc18-1 (pdb: 2xhe) in cartoon representation in the central panel. SM proteins fold into the arch shape of 
three structurally distinct domains: domain 1 (blue), domain 2 (magenta) and domain 3 (yellow). The 
disordered regions are indicated with starts. Adopted from (Archbold et al., 2014). 

https://www.rcsb.org/structure/2XHE
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could be a snapshot of a later step in the assembly cascade, at which the SM protein 

arranges SNARE proteins for final zippering is unclear yet. 

Of specific importance is the loop between the helices 11 and 12 of domain 3a 

(residues 317-333). In the Munc18-1/Syntaxin-1a structure (PDB Entry: 3C98), this loop 

is partly disordered (Figure 1.7). The rest folds back towards Munc18, whilst in the 

structure of Munc18-1 and of Munc18-3 in complex with the Syntaxin-4 N-peptide (PDB 

Entries: 3PUJ, 3PUK) or the Munc18-2 alone (PDB Entry: 4CCA) this region adopts a helical 

fold which leads to an extension of helix 12.  

Several residues of domain 3 loop have been studied for their contribution to the 

interaction Munc18-1/Syntaxin-1a. For instance, mutations clustering at tip of sec1 

(yeast Munc18-1 homologue) domain 3a were found to have dominant negative effect on 

invertase secretion. Their corresponding mutations on Munc18-1 caused inhibition of 

exocytosis when tested in bovine chromaffin cells (Boyd et al., 2008a). Munc18-1 domain 

3a is thought to interact with Synaptobrevin. Mutations such as D326K and L348R were 

introduced into Munc18-1 to study the effect on Synaptobrevin binding. The effect of 

these mutations, promotion (D326K) and inhibition (L348R) of SNARE complex 

formation SNARE assembly assessed through lipid mixing assays was attributed to an 

interference with binding of Synaptobrevin-2 to Munc18-1on (Parisotto et al., 2014, 

Sitarska et al., 2017).  

In Munc18-1 deficient cells, neither Munc18-1Δ317-333 nor Munc18-1Δ324-339, 

Munc18-1 variants with truncated loop, were able to rescue fusion of secretory granules, 

although binding to Syntaxin-1a in vitro seemed indistinguishable from that of Munc18-

1 wt (Martin et al., 2013, Munch et al., 2016). Munc18-1Δ317-333 has reduced mobility, to 

Munc18-1wt when probed by single molecule analysis (Kasula et al., 2016).  

Also, the presence of a Proline residue (P335) at the tip of helix 12, which can act 

as a hinge residue for regulation of the loop, supports the idea of a conformational switch 

(Han et al., 2014).  Substitution of P335 with an alanine residue, inserted to extend helix 

12, exhibits gain-of-function effects on exocytosis, in vivo and in vitro (Han et al., 2014; 

Parisotto et al., 2014; Munch et al., 2016; Park et al., 2017). The marked conservation of 

proline 335 and the pathogenic phenotype of individuals carrying mutations at this 

position (P335S and P335L) point towards a key role of this helix breaking proline for 

Munc18-1 function (Hu et al., 2011, Stamberger et al., 2016). 

 

https://www.rcsb.org/structure/3C98
https://www.rcsb.org/structure/3PUJ
https://www.rcsb.org/structure/3PUK
https://www.rcsb.org/structure/4CCA
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In agreement with this idea, the recently resolved structure of another SM, Vps45, 

in complex with its cognate Qa- SNARE, Tlg2, has finally shed more light to the SM/Qa 

SNARE interaction (Eisemann et al., 2020). The structure of this complex has revealed 

Figure 1.7: Munc18 structural features: domain composition and topology.  Munc18 from pdb:3c98 structure 
in spheres (left), cartoon representation (right) and structural topology (bottom). Domain 1 is coloured blue, 
domain 2 green and domain 3 yellow. Important loops that are mentioned in the current study are indicated 
(Helices 11& 12, β10β11 loop). Disordered loops from the complex’ structure are noted with square. 

https://www.rcsb.org/structure/3C98
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another binding mode for the complex. Vps45 bound to a not so closed Tlg2. Vps45 

domain 3a helices 11 and 12 adopt an unfurled, helical extended conformation while Tlg2 

is bound, through N-peptide, Habc domain and H3 domain (Figure 1.8). Notably, Tlg2 

adopts a new conformation, neither closed nor open, where the H3 is shaping into a less 

interrupted, as compared to the one observed at the Munc18/Syntaxin, helix.  

 

The extension of Munc18 domain 3a helices 11 and 12 has been recently observed. 

The structure of Munc18-1 bearing two sequential mutations (K332E, K333E) at the 

hinge of helix 11 (Munc18KEKE) has been solved (Wang et al., 2020) confirming the notion 

that Munc18-1 can also undergo conformational change at domain 3a as the other SM 

homologues. It is, therefore, becoming more and more probable that Munc18 domain 3a 

regulates the Munc18/Syntaxin, and SNARE, complexes’ interactions in a manner 

involving a conformational change of the helices’ 11 and 12 hinge loop.  

 

But how is this regulation exerted?  

 

Figure 1.8: Comparison of Munc18/Syntaxin complex to Vps45/Tlgg3 complex. Cartoon and surface 
representations of the Munc18/Syntaxin (pdb:3c98) complex (left) and Vps45/Tlg2 (6xm1). Munc18 
domains are colored as previously described (Fig 1.5). Vps45 (colored light blue), also arch shaped, with 
helices 11 and 12 helically structured (extended). Tlg2 Habc domain (light brown) is buried inside the 
cavity formed Vps45 while Tlg2 H3 domain (light red) is adopting an extended helix conformation that 
protrudes the complex’ structure. Tlg2’s linker structure has not been resolved. 
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1.5 Munc18/Syntaxin complex regulation 

1.5.1 Regulation through a conformational transition 

As mentioned above, Syntaxin can fold into two conformations, at least. A closed 

(Munc18-1 bound) and an open (in SNARE complex). So far, mutations at two Syntaxin 

regions, linker, and N-peptide, have indicated a possibility for additional Syntaxin 

conformation. In vitro, disruption of the N-peptide interactions impairs the Munc18 

exerted inhibition of SNARE complex formation (Burkhardt et al., 2008), comparable to 

the Syx1aLE caused effects. The differences on the emitted Tryptophan fluorescence when 

these mutants interact with Munc18, in comparison to when Syntaxinwt is interacting, 

indicate that small structural changes could be taking place. Structurally, both mutants 

(SyxLE and SyxΔΝ) bind to Munc18 in close conformation (Colbert et al., 2013). The overall 

similar effects caused by those two mutations point towards a possible communication 

of these two spatially distinct regions. 

Consequently, the involvement of the Syntaxin linker region is being extensively 

studied, as its flexibility when Syntaxin is in solution (Margittai et al., 2003) as well as its 

protruding position and proximity to Munc18 domain 3a  (when in complex with 

Munc18) makes it a good candidate for a Syntaxin conformational regulator. It is possible 

that this inhibition could be caused not only by the interactions between the two domains 

(Habc and SNARE), but also by the structural features of this conformation. This means 

that the presence of a small linker helix over the N-terminal end of the H3 helix could be 

acting as a physical obstacle, a “lid”, which precludes the other SNARE motifs from 

approaching and initiating the zippering of the complex. SNARE assembly proceeds from 

the N- to the C-terminus of the SNARE motif (Pobbati et al., 2006). Therefore, the presence 

of the Syntaxin linker in such configuration around the initiation point for zippering could 

be serving as a handle for Munc18 (or/and other factors such as Munc13) to open 

Syntaxin. 

This idea is also being supported by the structure of the linker of Sso1p, the yeast 

homologue of Syntaxin-1a (Figure 1.9). As seen by the structure of Sso1p alone (PDB: 

1FIO), its linker adopts a more rigid conformation, through the formation of 2 helices that 

interact with the Habc, which is thought to slow down SNARE complex formation 

observed by this protein (Munson et al., 2000).  

https://www.rcsb.org/structure/1FIO
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Similarly, Sed5p, the yeast QaI homologue, was found to interact with its cognate 

SM, Sly1p, in its closed conformation (Demircioglu et al., 2014), with Sly1p in this case 

acting as an accelerator of SNARE complex formation. Are, therefore, these two examples 

the extreme outliers of SM/Qa SNARE interaction or are they pieces of the same SM/Qa 

SNARE puzzle? Could the structure of an extended intermediate complex, like the one for 

Vps45/Tlg2, be a common feature for Munc18/Syntaxin in an activated form? 

1.5.2 Regulation through protein-protein interactions 

Several studies have proposed a templating role for domain 3a (Parisotto et al., 

2014, Baker et al., 2015, Jiao et al., 2018, Wang et al., 2019, Lai et al., 2017). As mentioned 

above, specific mutations at domain 3a have been introduced and tested for their ability 

to interfere with Synaptobrevin binding, based on the Vps33/Nyv1 structure (Sitarska et 

al., 2017, Parisotto et al., 2014). Munc18 binding to the SNARE four helix bundle was 

proposed, (Xu et al., 2010, Parisotto et al., 2014) as well as the formation of a 

Munc18/Syntaxin/Synaptobrevin complex (Jiao et al., 2018) that acts as a template 

intermediate for SNAP25 Qc binding.  

Munc13-1 has been suggested to act in a templating complex with 

Munc18/Syntaxin through interactions of its MUN domain with Munc18 domain 3a (Ma 

et al., 2011). At this templating complex the MUN domain is believed to promote proper 

Syntaxin/Synaptobrevin orientation (Lai et al., 2017). However, the exact mechanism of 

action of Munc13-1 is incomprehensible.  Unc-13, discovered in the genetic studies of the 

worm (Brenner, 1974), is a regulator of neuronal communication. Munc13-1, the 

neuronal, vertebrate homologue, is crucial for spontaneous and Ca2+-evoked and vesicle 

Figure 1.9: Comparison Syntaxin closed conformation to Sso1p structure. Syntaxin linker (teal) folds 
over Hc (orange) and H3 (magenta) into a partial helix. On the contrary, the respective region on Sso1p 
(right) folds into two helices that interact with the respective Hc and H3. 
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release from glutamatergic synapses (Augustin et al., 1999a, Varoqueaux et al., 2002). 

However, its action mode remains unclear. 

The MUN domain belongs to the large protein family of Complex Associated with 

Tethering Containing Helical Rods (CATCHR) proteins. CATCHR are involved as tethering 

factors in different trafficking steps (Varoqueaux and Fasshauer, 2017). Munc13 domain 

architecture, similar to other MUN-domain proteins, is characterized by the presence of 

the MUN domain, C1 and C2 domains and a Ca2+ calmodulin and diacylglycerol binding 

sites. The MUN domain is a ~700 residue long autonomously folded domain (Basu et al., 

2005) which folds into two stacked helical bundles (Li et al., 2011) shares structural 

homology with the exocyst complex type of proteins (Pei et al., 2009), the other CATCHR 

type of secretion tethering factors. Besides assisting the above-mentioned template 

complex, Munc13 is believed to catalyze SNARE complex formation through interaction 

of its MUN domain with the Munc18/Syntaxin complex. MUN domain is thought to 

catalyze SNARE complex formation through interactions at Munc18 domain 3a/Syntaxin 

linker region side (Wang et al., 2017, Wang et al., 2020) catalyzing this way the Syntaxin 

opening, although, in solution, interaction with Munc18 and/or Syntaxin is weak 

(~40μM).  

1.5.3 Regulation by post-translational modifications 

Munc18 phosphorylation by Protein Kinase C has been shown to interfere with its 

binding to Syntaxin (Barclay et al., 2004). PKC phosphorylates Munc18 in a calcium 

dependent manner at Munc18 domain 3a Ser306 and Ser313, which suggested a closed-

cavity conformation that precludes Syntaxin from binding (Bar-On et al., 2011). Munc18 

phosphorylation by Src at Tyr473 lead to decrease in synaptic transmission in a fashion 

not well understood (Meijer et al., 2018). ERK1/2 phosphorylation at Ser241, decrease in 

synaptic transmission through a process that ultimately leads to ubiquitination and 

proteasomal degradation for the ERK-phosphorylated Munc18-1 (Schmitz et al., 2016). 

Polyubiquitination and subsequent proteasomal degradation of Munc18 has been also 

reported in another study to be the causal factor for the disease phenotype of the C180Y 

mutation (Martin et al., 2014). 
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In the light of these findings, it is conceivable that the tight interaction of Munc18-

1 with Syntaxin-1a in closed conformation observed by X-ray analysis is a snapshot of a 

low energy conformations that inhibits SNARE complex formation, while other, more 

loose conformations might exist as well. The interaction in closed conformation could be 

a safeguard for keeping Syntaxin inactive when not needed to interact with the SNAREs. 

But at the very moment, when the SNARE complex needs to be formed, a switch of 

Syntaxin to the open conformation could be assisted by a conformational switch of 

Munc18. But are there indications that Munc18-1 could be flexible? For starters, the 

presence of disordered regions in Munc18, at helices 11 and 12, which seem to adopt 

helical structure in homologous complexes, as well as   the rotational differences between 

the solved structures of the SM proteins point towards structural flexibility, for Domain 

3a, and Munc18 per se. In such a scenario, the conformational change of Syntaxin could 

be linked to a conformational change in Munc18, where both molecules could be changing 

together leading to an “activation” of Syntaxin, while still in complex with Munc18. This 

scenario could potentially explain the similarities in the observations arising from the 

SyxLE and SyxΔΝ.  

Are, therefore, the interactions at Munc18-1 domain 3a/Syntaxin-1a linker and Munc18-1 

domain 1/ Syntaxin-1a N-terminus linked? Is there an allosteric regulation taking place? 
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2. Aims 
The interaction of Munc18-1 with Syntaxin-1a is indispensable for synaptic 

secretion. However, while being studied for years, the precise role of this interaction and 

its mechanism are still elusive. At the core of this quandary lies the apparent 

disagreement between genetics, which point towards a beneficial role of this interaction 

for vesicle fusion, and biochemistry, which rather suggests an inhibitory effect. How can 

this discrepancy between in vivo and in vitro observations be reconciled? Several factors 

have been suggested to regulate this interaction. Such factors could “open” Syntaxin-1a 

through a direct interaction with the Munc18-1/Syntaxin-1a complex, although no 

compelling evidence for such a scenario has been brought by so far. Another possible 

scenario is that other factors could act through post-translational modifications of 

Munc18-1 or syntaxin. Either way, it remains unclear how this conformational transition 

of Syntaxin-1a while in complex with Munc18 is taking place. Therefore, a better 

understanding of the intrinsic conformational flexibility of the Munc18-1/Syntaxin-1a 

complex is indispensable to appreciate how other factors influence this interaction. 

With this study, I aimed to shed light on a putative conformational flexibility of the 

Munc18-1/Syntaxin-1a complex by which Munc18-1 may render Syntaxin-1a ready for 

SNARE complex formation. To probe this I wanted to introduce point mutations at key 

interaction points of the complex, based on the already available crystal structure 

(Burkhardt et al., 2008, Misura et al., 2000) and previous conservation studies at the lab 

(unpublished observations and (Morey et al., 2017). In addition, I mutated residues in 

both interacting partners that could be involved in a conformational transition were 

targeted (Colbert et al., 2013).  I planned to investigate the effect of these mutations on 

the interaction by a variety of biochemical and biophysical approaches 

Additionally, the target was to investigate and characterize the Munc18-

1/Syntaxin-1a interactions using the aforementioned mutants and to evaluate their 

ability to form the Munc18-1/Syntaxin-1a complex. Additionally, it was required to 

assess the possibility of Munc18-1a to block Syntaxin-1a from assembling into SNARE 

complex and to investigate the impact of the mutations on the physicochemical 

properties of the Munc18-1/Syntaxin-1a complex.  

Furthermore, to complement my research,  the putative protein-protein 

interactions of the Munc18-1/Syntaxin-1a complex with Munc13-1 MUN-domain (Yang 
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et al., 2015, Wang et al., 2017) and Synaptobrevin (Sitarska et al., 2017, Park et al., 2017, 

Jiao et al., 2018) were explored.  

Last of all, I had the intention to inspect the structural details of the conformational 
transition of Munc18-1/Syntaxin-1 using homology modelling to support the hypothesis 
I established from this research.  
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3 Materials and Methods 
3.1 Chemicals & enzymes 
All chemicals and enzymes used in this study were purchased from Roth, Sigma, Thermo-

Fisher Scientific. Bacterial media were purchased from Formedium.  

 

3.2 DNA constructs 
The protein constructs used in this study are given in tables (Table 3.1, Table 3.2 and 

Table 3.3). All Syntaxin-1a and Munc18-1 constructs were derived from rat (Rattus 

norvegicus). All Syntaxin-1a, Munc18-1 and MUN variants, and MUNwt were cloned in 

pET28a vector ordered from Genscript.  

 

 

 

 

 

 

 

Name Gene Fragment Mutation Organism Vector 
Munc18 wt Munc18-1  1 - 586  

Rattus norvegicus pET-28a 
Munc18 W28A Munc18-1  1 - 586 W28A Rattus norvegicus pET-28a 
Munc18 N261A Munc18-1  1 - 586 N261A Rattus norvegicus pET-28a 
Munc18 Δ269-275 Munc18-1  1 - 268, 276 - 586 Δ269 - 275 Rattus norvegicus pET-28a 
Munc18 R315A Munc18-1  1 - 586 R315A Rattus norvegicus pET-28a 
Munc18 D326K Munc18-1  1 - 586 D326K Rattus norvegicus pET-28a 
Munc18 KEKE Munc18-1  1 - 586 K332E, K333E Rattus norvegicus pET-28a 
Munc18 Δ317-333 Munc18-1  1 - 316, 334 - 586 Δ317-333 Rattus norvegicus pET-28a 
Munc18 P335A Munc18-1  1 - 586 P335A Rattus norvegicus pET-28a 
Munc18 Y337A Munc18-1  1 - 586 Y337A Rattus norvegicus pET-28a 
Munc18 L348R Munc18-1  1 - 586 L348R Rattus norvegicus pET-28a 
Munc18 Y473D Munc18-1  1 - 586 Y473D Rattus norvegicus pET-28a 

Table 3.1 Munc18-1 constructs used in this study 
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Name Gene Fragment Mutation Organism Vector 
Syntaxin wt Syntaxin-1a 1 - 262 C145S Rattus norvegicus pET-28a 
Syntaxin wt*1 Syntaxin-1a 1 - 262  M001C, C145S Rattus norvegicus pET-28a 
Syntaxin wt*186 Syntaxin-1a 1 - 262 C145S, S186C Rattus norvegicus pET-28a 
Syntaxin ΔΝ Syntaxin-1a 25-262  Δ(2-25) Rattus norvegicus pET-28a 
Syntaxin Δ(11-26) Syntaxin-1a 2-10,27-262 M001C, C145S, Δ(11-26) Rattus norvegicus pET-28a 
Syntaxin 3x(11-26) Syntaxin-1a 2-10, 3x(11-26) 27-262 M001C, C145S, 3x(11-26) Rattus norvegicus pET-28a 
Syntaxin F34A Syntaxin-1a 1 - 262  C145S, F34A Rattus norvegicus pET-28a 
Syntaxin F34Y Syntaxin-1a 1 - 262  C145S, F34Y Rattus norvegicus pET-28a 
Syntaxin N135A Syntaxin-1a 1 - 262 C145S, N135A Rattus norvegicus pET-28a 
Syntaxin N135D Syntaxin-1a 1 - 262 C145S, N135D Rattus norvegicus pET-28a 
Syntaxin N135A_F177A Syntaxin-1a 1 - 262 C145S, N135A, F177A Rattus norvegicus pET-28a 
Syntaxin R142A Syntaxin-1a 1 - 262  C145S, R142A Rattus norvegicus pET-28a 
Syntaxin K146A Syntaxin-1a 1 - 262  C145S, K146A Rattus norvegicus pET-28a 
Syntaxin RI Syntaxin-1a 1 - 262  C145S, R151A, I155A Rattus norvegicus pET-28a 
Syntaxin L165A Syntaxin-1a 1 - 262  C145S, L165A Rattus norvegicus pET-28a 
Syntaxin E166A Syntaxin-1a 1 - 262  C145S, E166A Rattus norvegicus pET-28a 
Syntaxin LE Syntaxin-1a 1 - 262  C145S, L165A, E166A Rattus norvegicus pET-28a 
Syntaxin LE*186 Syntaxin-1a 1 - 262 C145S, S186C Rattus norvegicus pET-28a 
Syntaxin RL Syntaxin-1a 1 - 262  C145S, R142A, L165A Rattus norvegicus pET-28a 
Syntaxin E166A_F177A Syntaxin-1a 1 - 262  C145S, E166A, F177A Rattus norvegicus pET-28a 

Syntaxin M168A Syntaxin-1a 1 - 262  C145S, M168A Rattus norvegicus pET-28a 
Syntaxin nLE Syntaxin-1a 1 - 262 C145S, L169A, E170A Rattus norvegicus pET-28a 
Syntaxin F177A Syntaxin-1a 1 - 262 C145S, F177A Rattus norvegicus pET-28a 
Syntaxin ΔLinker Syntaxin-1a 1 - 160, 183- 262 C145S, Δ (161-182) Rattus norvegicus pET-28a 
Syntaxin ΔLinker*1 Syntaxin-1a 1 - 160, 183- 262 M001C, C145S, Δ(161-182) Rattus norvegicus pET-28a 
Syntaxin ΔLinker*186 Syntaxin-1a 1 - 160, 183- 262 C145S, Δ (161-182), S186C Rattus norvegicus pET-28a 
Syntaxin H213A Syntaxin-1a 1 - 262 C145S, H213A Rattus norvegicus pET-28a 
Syntaxin E224A  Syntaxin-1a 1 - 262 C145S, E224A Rattus norvegicus pET-28a 
Syntaxin E234A Syntaxin-1a  1 - 262 C145S, E234A Rattus norvegicus pET-28a 
Syntaxin Habc*59 Syntaxin-1a 1 - 150  C145S, S59C Rattus norvegicus pET-28a 
Syntaxin H3*186 Syntaxin-1a  183 - 262 S186C Rattus norvegicus pET-28a 

Table 3.2 Syntaxin-1a constructs used in this study 
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3.2.1 Protein Expression and Purification  

E. coli BL21 competent cells (50 μL) were transformed with the 1-2 μL of pET28a 

vectors carrying the sequence corresponding to the proteins of interest with the required 

mutations (Fig.4.1.A), by heat-shock at 42° C for 90 s. Transformed cells were selected by 

overnight incubation at 37° C on Luria Bertani (LB)-agar plates containing Kanamycin 

(50 μg/ml). 

Single colonies were picked and grown overnight at 37°C with agitation in LB 

containing Kanamycin (50 μg/ml), which was then used for the inoculation of 500 mL of 

LB with Kanamycin (50 μg/ml). For Munc18-1 wt and Munc13 wt, E. coli cells were grown 

in Terrific Broth (1.2 % w/v tryptone, 2.4 %w/v yeast extract, 0.4%w/v glycerol) 

medium with 10%v/v TB salt (0.17 M KH2PO4, 0.72 M K2HPO4) and Kanamycin (50 

μg/ml). Induction of protein expression was achieved by addition of 1 mM IPTG (or 

0.25 mM for Munc18 variants) when OD600nm≈0.4-0.6 for cultures in LB, or OD600nm≈0.8-

1.2 for cultures in TB, and incubation for 4 h at 37° C (LB) or overnight at 23° C (TB) with 

agitation. The bacterial pellet was collected after centrifugation at 2250 rcf for 30 min at 

4° C, resuspended in Binding Buffer (500 nM NaCl, 8 mM or 15 mM Imidazole, 200 nM 

Tris pH 8.0) and stored at -20° C.  

Name Gene Fragment Mutation Organism Vector 
SNAP25 wt SNAP25 1 - 206  

Rattus norvegicus pET-28a 
SN1 SNAP25 1-83  

Rattus norvegicus pET-28a 
SN2 SNAP25 120 -  206  

Rattus norvegicus pET-28a 
SN25 noTrp SNAP25 1 - 206  

Rattus norvegicus pET-28a 
Synaptobrevin wt Synaptobrevin 1-96  

Rattus norvegicus pET-28a 
Synaptobrevin 1-87 Synaptobrevin 1-87  

Rattus norvegicus pET-28a 
Synaptobrevin 30-89 Synaptobrevin 30-89 Δ1-29 Rattus norvegicus pET-28a 
Synaptobrevin*28 Synaptobrevin 1-96 S28C Rattus norvegicus pET-28a 
Synaptobrevin WW89.90SS Synaptobrevin 1-96 W89S, W90S Rattus norvegicus pET-28a 
MUN 933 Munc13-1  933–1407, EF, 1453–1531  

Rattus norvegicus pET-28a 
MUN 933 NF Munc13-1 933–1407, EF, 1453–1532 N1128A & F1131A Rattus norvegicus pET-28a 

Table 3.3 SNAP25, Synaptobrevin and MUN constructs used in this study 
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 For purification, the resuspended bacterial pellet was thawed, and cell lysis was 

achieved by addition of lysis buffer (1 mM MgCl2, 0.5% (v/v) Triton-X 100, 1 mM PMSF, 

0.25 mg/ml lysozyme and 10 μg/mL DNase A). To increase the yield of purification 6M 

Urea was added to SNARE proteins. Following an incubation of 10min with the lysis 

reagents, the bacterial lysate was subjected to 4x30s rounds of sonication (Branson 

Ultrasonics) with 1-minute intervals on ice and then centrifuged at 9685rcf for 1 hour at 

4°C. The supernatant was mixed with Ni2+ charged resin beads and incubated for 2h at  

4°C with agitation. The supernatant-beads mixture was transferred to glass 

chromatography column (BioRad) and the unbound contents are collected at the flow-

through fraction. The remaining unbound fraction was washed with 20x column volumes 

of Binding Buffer (500 nM NaCl, 8 mM or 15 mM Imidazole, 200 nM Tris pH 8.0). Then, 

elution of the desired proteins was achieved by 3 washes of the column with 3x column 

volume of Elution Buffer (500 nM NaCl, 400 mM or 500 mM Imidazole, 200 nM Tris pH 

8.0). The eluates containing the protein of interest were pooled and dialyzed overnight  

in 2L Buffer A (100 mM NaCl, 20 mM Tris pH 7.4, 1 mM EDTA, 1 mM DTT) at 4°C. 

 To increase the purity of the proteins, the pooled eluates were subjected to Ion 

Exchange Chromatography. There, proteins of interest are bound to Mono Q 10/100 GL 

or Mono S 10/100 GL (Pharmacia Biotech) columns based on their pI using the AKTA 

purifier system and eluted with a gradient of NaCl from Buffer A (100 mM NaCl, 20 mM 

Tris pH 7.4, 1 mM EDTA, 1 mM DTT) to Buffer B (1M NaCl, 20 mM Tris pH 7.4, 1 mM 

EDTA, 1 mM DTT). Elution fractions with sufficient ratio of protein amount and purity 

were pooled, aliquoted and either stored at -80° C (only the SNARE proteins) or used 

directly in experiments. Pure Munc18-1 wt and variants, as well as MUN, were always 

used without prior freezing. 

3.3 Analytical Size-Exclusion Chromatography 
Analytical Size-Exclusion chromatography was used to get an estimation of the 

population composition (monomeric, oligomeric) of purified proteins. For that reason, 

500μL or protein prep was loaded on a Superdex 200 10/300 GL (Pharmacia Biotech) 

column equilibrated with Gel Filtration Buffer (150 mM NaCl, 20 mM Tris pH 7.4, 1 mM 

DTT) using the AKTA explorer system, followed by wash of the column with 1x column 

volume of Gel Filtration Buffer. The elution volumes of the protein samples were 

compared to the ones of the standards for the estimation of their MW. Also, analytical 
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size-exclusion chromatography was used for the identification of protein-protein 

interactions. Equimolar concentrations of Syntaxin-1a and Munc18-1 variants were 

mixed and let to interact overnight at 4° C. Then, 500μL of the mixture were loaded on 

the column and purified as described above. The elution volume of the mixture was 

compared to the ones of the single proteins and any shifts to smaller elution volumes 

were attributed to complex formation.  

3.4 Analytical Polyacrylamide Gel Electrophoresis 
Besides the application of SDS Polyacrylamide gel electrophoresis (PAGE) for the 

evaluation of the purity of the protein preparations, PAGE was used for the identification 

of complex formation. With the neuronal SNARE complex being SDS resistant (Hayashi et 

al., 1994), SNARE complex formation can be evaluated using two types of PAGE: Native 

(non-denaturating) and SDS PAGE. For native gels, the concentrations and incubation 

times varied depending on the interaction tested. For the SNARE complex 

formation/inhibition tests, excess of Munc18-1 wt was premixed and incubated for 

10min at RT with Syntaxin-1a mutants. Then, excess of SNAP25 wt was added to the 

mixture and the SNARE complex formation reactions were initiated by the addition of 

excess of Synaptobrevin-2 (1-96). The reactions were terminated at specific time points 

(0’, 5’, 10’, 15’ and 30min) by the addition of SDS loading buffer and the samples were 

loaded onto 10 % and 15 % SDS-PAGE and electrophoresed. All gels were stained by 

Coomassie.  

3.5 Intrinsic Tryptophan Fluorescence Measurements 
Tryptophan residues on folded proteins can be used to observe conformational 

changes, as their photophysical properties are highly sensitive to their local environment. 

With Munc18-1 carrying five Trp residues and Syntaxin-1a having none, any changes on 

the measured emission (λemm≈330nm) when specifically exciting for Tryptophan 

(λexc=295nm) can be attributed to the interaction of Munc18-1 with Syntaxin-1a. 

Fluorescence emission measurements and scans of Munc18-1 after addition of Syntaxin-

1a were performed in 1cm quartz cuvettes (Hellma) in Phosphobuffer (150 mM NaCl, 20 

mM Na3PO4, 1 mM DTT) using a PTI QuantaMaster Spectrometer in T-configuration. 

Emission spectra were measured in the range of 310-450nm.  
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3.6 Fluorescence Anisotropy 

3.6.1 Fluorescent protein labelling 

Purified preparations of single cysteine carrying variants of Syntaxin and 

Synaptobrevin (constructs for labelling) were dialyzed twice against Phosphate Buffer 

(100mM Na3PO4, 100mM NaCl) to remove DTT. After dialysis, protein concentration of 

the sample was determined and 10-20x fold molar excess of respective dye, Oregon Green 

488 Maleimide or Texas Red C2 Maleimide (Invitrogen), was added to it and incubated at 

RT for 2h with end-to-end rotation. Reaction was terminated by addition of 5mM DTT 

and passed through a size exclusion chromatography column (Sephadex G-50 packed 

column) equilibrated with Phosphate Buffer (100mM Na3PO4, 100mM NaCl) containing 

1mM DTT to remove the remaining free dye. Samples from the eluates were loaded on 

SDS gels and visualized at UV and visible light after Coomassie staining. Labelled eluates 

were pooled, and labelling efficiency and protein concentration were determined by 

absorption spectroscopy.  

3.6.2 Fluorescence anisotropy 

Anisotropy measurements can provide information on the shape and size of 

proteins in real time. This is based on the principle of photoselective excitation of 

fluorophores by polarized light. Therefore, the local flexibility of a fluorescently labeled 

residue enables the detection of changes upon complex formation in real-time. 

Synaptobrevin-2 (1-96) labeled at Cys28 with Oregon Green dye was used to detect 

SNARE complex formation with Fluorescence Anisotropy. Syntaxin-1a (500 nM), wt or 

mutants, preincubated, or not, with 750 nM Munc18-1, wt or mutants, was mixed with 40 

nM of labelled Synaptobrevin-2 in phosphate buffer (150 mM NaCl, 20 mM Na3PO4, 1 mM 

DTT) and the reaction was initiated by the addition of 750 nM SNAP25 wt. The anisotropy 

(r) of the mixtures was determined as 𝑟𝑟(𝑡𝑡) = 𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝)−𝐺𝐺(𝑝𝑝𝑝𝑝𝑝𝑝)
𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝)+2𝑥𝑥𝐺𝐺𝑥𝑥𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝)

, where I(par) is the 

intensity of light detected with a vertical excitation polarizer and a vertical emission 

polarizer and I(per) is the intensity of light detected with a vertical excitation polarizer 

and a horizontal emission polarizer. The G factor was determined through a 

measurement with the polarizer in horizontal orientation and was defined as: 𝐺𝐺 = 𝐼𝐼𝐻𝐻𝐻𝐻
𝐼𝐼𝐻𝐻𝐻𝐻

. 

Anisotropy measurements of complex formation were performed at λemi=524nm in 1cm 
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quartz cuvettes (Hellma) in a total 2.5 ml reaction volume after excitation at λexc=496nm, 

using a PTI QuantaMaster with polarizers in T-configuration.  

3.7 Homology modelling 
PDB structures for the Vps45/Tlg2 complex (6xm1) and Munc18-1 K332E_K333E 

(6lpc) (Eisemann et al., 2020, Wang et al., 2020) were retrieved used as templates for the 

acquisition of a 3D models of Munc18-1/Syntaxin-1a, and Munc18-1, respectively in 

extended conformations. Models were created, optimized, and evaluated using the 

Modeller software (Webb and Sali, 2016) as demonstrated in scheme (Figure 3.1). The 

scripts of the code can be found at the (Appendix Fig.1).  

In general, target sequences (of the query protein/s) were aligned with the sequence of 

the template protein, or complex using the align2d.py script. Then, model was created 

by running the model-single.py, or in the case of linker refining, the model-loop-

define.py scripts using as input the output alignment file (target-template.ali) and the 

template pdb file.  The number of models created was customized to the needs of the 

experiment: less for the same protein, more for the linkers’ refining. Modelling was run 

for defined number of times and respective number of .pdb files were created, as well as 

a .log file with the summary of parameters. Of these, DOPE score was used to evaluate the 

models. The models with the lowest DOPE score were selected as the best model and then 

evaluate_model.py script was run to determine the DOPE score for each residue and 

plotted.  

Figure 3.1 Schematic representation of homology modelling process. First structural alignment is 
created, followed by modeling using the alignment file as template. Then, after identification of the model 
with the lowest DOPE score, the energy profile for is aminoacid position is calculated using the 
evaluate_model.py script. 
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4. Results 
4.1 Syntaxin-1a and Munc18-1 mutations used in the study 

 

 

For this study, 25 different variants of Syntaxin-1a and 12 of Munc18-1 were used. 

Most syntaxin mutants carried single amino acid exchanges to alanine, 5 mutants carried 

a combination of 2 amino acid substitutions. 3 mutants were shortened variants of 

syntaxin and one was elongated with an insertion as described in the section 3.2. These 

mutations are localized at different regions of syntaxin as illustrated in Figure 4.1. 

Likewise, most Munc18-1 mutations were single amino acid substitutions to alanines. 

Two shortened variants of Munc18-1 were used as well (Figure 4.1).  

 

 

 

Figure 4.1 Representation of mutations in Munc18 and Syntaxin used in this study. Dot representation 
(center) of Munc18 (blue) and Syntaxin (red) mutated residues in the X-ray structure of the 
Munc18/Syntaxin complex (pdb:3c98). Table of Syntaxin (red) and Munc18-1 (blue) used in this study. The 
region on the molecule they localize is indicated. Throughout the study, the variants will be referred to as 
Syx1a or Munc18-1 with the mutations as extension as given above. 
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4.2 Mutations in the linker region of Syntaxin-1a ease SNARE complex 

formation in the presence of Munc18-1.  
 

4.2.1 Syntaxin-1a linker variants bind to Munc18-1wt 

The combination of the two point mutations L165A and E166A mutation in the 

linker region of syntaxin 1a (Syx1aLE) is known to loosen the inhibition of SNARE complex 

formation exerted through the tight interaction of syntaxin 1a with Munc18-1 (Dulubova 

et al., 1999). It was shown that Syx1aLE can form SNARE complexes almost with the same 

speed in the absence or presence of Munc18 (Dulubova et al., 1999, Burkhardt et al., 

2008). Here, we wanted to gain a deeper look into the mechanism that allows Syx1aLE 

mutant to escape the tight grip of Munc18-1. To do so, we first inspected the conservation 

pattern of the Syntaxin-1a linker and how it interacts with other regions of Syntaxin 1a 

and with Munc18-1. The Syntaxin-1a linker is ~20 residue long region between Hc and 

H3 helices of Syntaxin. The conservation analysis revealed that other amino acids, e.g., 

M168 and F177, are even more conserved than the conspicuous L165 and E166 residues 

(Figure 4.2). I then substituted several residues of the Syntaxin-1a linker region to 

alanines. In the crystal structure, these residues are either involved in polar (R142, K146, 

E166) or hydrophobic (L165, M168, F177) interactions between the linker and H3 

helices. Additionally, I also removed the entire linker region, i.e., residues 161 to 182 

(Syx1aΔLinker). 

Figure 4.2: Weblogo representation of the amino-acid conservation of the Syntaxin linker region. 
The weblogo was generated from a multiple sequence alignment of vertebrate Syntaxin (QaIV) sequences 
(top) and of Syntaxin-1a sequences (bottom). Black boxes indicate the L165_E166 and L169_E166 
residues, red boxes the M168 and F177 residues. The complete weblogo file (full sequence) can be found 
in the appendix. 
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To determine whether these Syntaxin-1a mutants still form a stable complex with 

Munc18-1wt, they were mixed with Munc18-1 and ran on non-denaturating (native) gels. 

All linker mutants were able to bind to Munc18-1wt, including Syx1aΔLinker, the mutant in 

which the entire linker region had been removed (Figure 4.3). This suggests that the 

entire linker region of syntaxin is not essential for a tight interaction of the two proteins. 

 

4.2.2 Munc18-1 exerted inhibition of SNARE complex formation is overcome 

by Syntaxin-1a linker mutants 

 

As outlined above, the LE mutant had been suggested earlier to be able to engage 

with its partner SNAREs SNAP-25 and synaptobrevin while in complex with Munc18-1 

As the other linker variants tested here were able to form a tight complex with Munc18-

1 as well, I tested next the ability of these syntaxin variants to form a SNARE complex in 

the presence of Munc18-1. To better compare the strength of the inhibitory effect of 

Munc18 on the Syntaxin variants, fluorescence anisotropy measurements using 

fluorescently labelled Synaptobrevin (Synaptobrevin*28 Oregon Green, or Syb*28) were 

carried out. Previous studies had shown that SNARE complex (SC) formation using 

fluorescently labelled Synaptobrevin leads to an increase in fluorescence anisotropy 

(Burkhardt et al., 2008). This approach allowed me to monitor SNARE complex formation 

over time. When Syntaxin-1wt was preincubated with wt Munc18-1, SNARE complex 

formation was inhibited, consistent with previous reports (Burkhardt et al., 2008) (Figure 

Figure 4.3 Syntaxin linker mutants form a stable complex with Munc18wt shown by native gel 
electrophoresis. Equimolar concentrations (~37μmole per lane) of Munc18-1 and Syntaxin mutants 
were loaded individually, as well as in mixtures. The Munc18-1/Syntaxin-1a complex is indicated by 
arrows. 
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4.4). Using this assay, I was able to confirm that all Syntaxin-1a linker mutants are less 

inhibited than Syntaxin-1awt, as observed by the higher rate of fluorescence anisotropy 

increase in the presence of Munc18wt as compared to the mix of Munc18wt and Syntaxin-

1wt. 

 

 

Figure 4.4: Reduced inhibition of SNARE complex formation by Munc18-1 was observed for 
several Syntaxin-1a linker variants by fluorescence anisotropy. 40nM of Synaptobrevin labeled with 
Oregon Green at Cys28 were mixed with 500nM Syntaxin-1awt, or Syntaxin-1a mutant, preincubated 
(blue trace) or not (red trace) with 750nM Munc18-1 wt. SNARE complex formation was followed by an 
increase in fluorescence anisotropy upon addition of 750nM SNAP25. Fluorescence of labeled 
Synaptobrevin was monitored at a wavelength of 524nm upon excitation at 496nm. When Syntaxin-1a 
wt is preincubated with Munc18-1 SNARE complex formation is very slow (top left). Different Syntaxin-
1a linker mutants were able to more rapidly, to different extents, form a SNARE complex in the presence 
of Munc18-1(rest). 
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Faster SNARE complex formation was observed for the mutant lacking the entire 

linker region, Syx1aΔLinker. Its rate of SNARE complex formation in the presence of 

Munc18-1 was comparable to that of Syx1aLE (Figure 4.5.B&D), corroborating earlier 

observations (Burkhardt et al., 2008). For both variants, the rates were comparable in 

the presence or absence of Munc18-1, suggesting that Munc18-1 inhibitory effect on the 

ability of bound syntaxin to form a SNARE complex has been removed to a great extent 

or even entirely. 

But why and how does the linker of syntaxin play such an important role in the 

regulation of SNARE assembly through Munc18-1? To find out what exactly could be 

changing in the linker region when the two adjacent residues 165 and 166 are mutated 

to alanines, I re-inspected the structure of the Munc18-1/Syntaxin 1a complex. The two 

residues are in the centre of the small linker helix, yet, while L165 points towards a 

hydrophobic patch (formed by the C-terminal end of the linker and the N-terminal end of 

the H3-helix), the negatively charged E166 interacts with the positively charged Arg142 

of the Hc-helix.  

Figure 4.5: Syx1aLE(B), Syx1aL169A_E170A (C), Syx1aΔLinker(D), Syx1aR142A_L165A(E) and Syx1aE166A_F177A 

(F) variants can more rapidly form a SNARE complex in the presence of Munc18-1 compared to 
other Syx variants tested in this study. The increase in fluorescence anisotropy was measured in the 
presence (blue trace) or absence (red trace) of Munc18-1. 
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Recently, a new double mutant, Syntaxin-1aL169A_E170A, which also affects two 

sequential residues on the linker helix, was reported to have a similar effect as Syx1aLE 

(Wang et al., 2017). When I tested Syx1aL169A_E170A in my SNARE assembly assay, I found 

that it indeed can escape almost completely from the tight grip of Munc18, similar to the 

effect caused by Syx1aLE (Figure 4.5.C). Comparable to the situation in Syx1aLE, the two 

residues in Syx1aL169A_E170A point towards different directions, the L169 points towards 

the hydrophobic patch and E170 points towards the outer surface of the linker. 

Therefore, it seems that alterations of the interactions of the linker with other 

regions of the molecule reduce the inhibition exerted by Munc18-1 with different 

efficiencies. While mutations of one residue of the linker reduced the inhibitory effect 

only somewhat, mutations of two residues that are involved in different interaction 

networks in the complex ease a more complete escape, probably because these residues 

connect two interaction networks. To test the idea of such interaction networks, I 

designed two additional double mutants: Syx1aR142A_L165A and Syx1aE166A_F177A. These two 

mutants were designed to combine residues pointing towards polar interactions (R142 

and E166) and residues pointing towards the hydrophobic core (L165 and F177). Indeed, 

both, Syx1aR142A_L165A (Figure 4.5.E) and Syx1aE166A_F177A (Figure 4.5.F), show a near 

complete loss of the inhibition by Munc18-1 as seen by SDS gel electrophoresis and 

fluorescence anisotropy. 

Lastly, to compare what extent each mutant removed the inhibitory effect of 

Munc18-1, I measured SNARE complex formation for each mutant in the presence of 

Munc18wt using the Fluorescence Anisotropy assay. Of all the mutants studied, strongest 

Figure 4.6: Rate of SNARE complex formation of different syntaxin variants in complex with 
Munc18wt. For each trace, 40nM of Synaptobrevin labeled with Oregon Green at Cys28 were mixed with 
500nM of respective Syntaxin-1a variant, preincubated with 750nM Munc18-1wt. SNARE complex 
formation was followed by an increase in fluorescence anisotropy upon addition of 750nM SNAP25. 
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inhibition by Munc18-1 was exerted on Syntaxinwt (Figure 4.6). The least inhibited 

mutants were SyxLE (Figure 4.6.C) and SyxL169A_E170A (Figure 4.6.A).  

 

4.3 The intrinsic Tryptophan fluorescence emission of Munc18-1wt 

increases when interacting with Syntaxin-1awt  

 

Earlier studies had shown that the intrinsic tryptophan fluorescence of Munc18-1 

is increasing when it is bound to Syntaxin-1a (Burkhardt et al., 2008). When Munc18-1 

was mixed with Syx1aΔLinker, the emitted fluorescence was lower than that of the mix of 

the two wild-type proteins. Similarly, I found a reduced increase upon mixing with 

Munc18-1 for all linker region mutants compared to that of the interaction with 

Syntaxinwt (Figure 4.7). The small reduction of the dequenching effect by the linker 

variants of syntaxin compared to that of syntaxin wt could reflect a change in the local 

environment of one or several tryptophans in Munc18-1.  

 

 

4.3.1 Tryptophan emitted fluorescence increase is caused by the interaction 

of Munc18 Tryptophan28 with Syntaxin Phenylalanine34 

 

Figure 4.7: Addition of Syntaxin-1a to Munc18-1 leads to increase in tryptophan fluorescence. 
A.Tryptophan fluorescence emission spectra of individual Munc18-1 or in complex with Syntaxin-1awt 
or Syntaxin-1a ΔLinker were recorded upon excitation at 295 nm. Addition of an excess of Syntaxin-1a wt 
(340nM) to 200nM Munc18-1wt leads to a higher increase in emitted fluorescence than the addition of 
the same amount of Syntaxin-1a ΔLinker. B. Changes in the tryptophan fluorescence measured at 332nm 
upon titration of different syntaxin 1a variants into 150 nM Munc18-1. Addition of either Syx1awt or 
mutants to Munc18-1 led to a clear increase in fluorescence that was saturated at an equimolar ratio. 
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In order to pinpoint the tryptophan(s) involved in dequenching upon complex 

formation, I inspected the crystal structure of the complex (pdb: 3c98). Trp287 is located 

in the inner cavity of Munc18-1. Trp478, Trp522 and Trp563 are present at the outer surface 

of domain 2. They are not in direct contact with syntaxin in the complex and therefore 

not very likely to change upon complex formation. By contrast, Trp28 on the inner surface 

Figure 4.8: Munc18-1 W28 interacts through pi-pi stacking with Syntaxin-1a F34 causing the increase 
in Tryptophan emitted fluorescence. A. When in Munc18/Syntaxin complex, the aromatic rings of 
Syntaxin-1a Phe34 and Munc18-1 Trp28 lie within ~4.2Å distance and orient creating a 29.7° angle between 
them as measured with Pymol using the crystal structure of the complex (pdb:3c98). B. Tryptophan 
fluorescence emission spectra of individual Munc18-1wt, Munc18-1W28A or in complex with Syntaxin-1awt or 
Syntaxin-1aF34A were recorded upon excitation at 295 nm. Addition of an excess of Syntaxin-1a wt (300nM) to 
200nM Munc18-1 wt or Munc18-1W28A. The expected increase in emitted fluorescence is observed when 
Syntaxin-1a wt is added to Munc18-1wt, however no such an increase is observed when Syntaxin-1a wt is added 
to Munc18-1W28A. Difference at the initial fluorescence emission spectrum of Munc18-1 wt and Munc18-1W28A 

are caused by the lack of one out of the 5 Tryptophans from the later. C. Changes in the tryptophan 
fluorescence measured at 332nm upon titration of different syntaxin 1a variants into 200 nM Munc18-1 wt 
or Munc18-1W28A. Addition of either Syx1awt to Munc18-1wt led to a clear increase in fluorescence, while 
titration of Syx1aF34A to Munc18-1 wt leads to lower increase, and titration of Syx1awt to Munc18-1W28A leads to 
almost no increase in Trp emitted fluorescence. 
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of domain 1 is in contact with Phe34 on the Ha helix of Syntaxin-1a. The distance (~5 Å) 

between the two aromatic rings of Trp28 and Phe34 and the angle (~30°) formed between 

them qualifies them for a pi-pi stacking interaction pair (Piovesan et al., 2016) (Figure 

4.8.A) and thus were plausible candidates for the observed Trp fluorescence dequenching 

effect observed upon complex formation between syntaxin 1a and Munc18-1. 

To confirm their involvement in Trp dequenching, I used a Syx1a variant in which 

the highly conserved Phe34 was changed to alanine (Syx1aF34A). In another construct, 

Trp28 of Munc18-1 was also substituted to alanine (M18W28A). Indeed, interaction of 

Munc18-1wt with Syx1aF34A led to drastic reduction of tryptophan dequenching and 

almost no increase was observed when Syntaxin-1a wt was titrated to M18W28A (Figure 

4.8.B-C). This corroborates the initial idea that the tryptophan fluorescence dequenching 

upon complex formation is largely caused by the close proximity of tryptophan 28 of 

Munc18-1 and phenylalanine 34 of Syntaxin. 

 

4.3.2 The Munc18 Tryptophan28 – Syntaxin Phenylalanine34 pair 

contributes to the tight interaction of the two proteins 

The proximity of Trp28 to Phe34 suggests that these residues also contribute to the 

tight interaction of the two proteins. Phe34 is at N-terminal tip of the Ha helix of Syntaxin-

1a which interacts with the inner cavity of domain 1. Previous observations highlighted 

Figure 4.9: Trp28-Phe34 interaction is important for maintaining the inhibition.  A. Syx1aF34A variant can 
more rapidly form a SNARE complex in the presence of Munc18-1 compared to other Syxwt The increase in 
fluorescence anisotropy was measured in the presence (blue trace) or absence (red trace) of Munc18-1. B. 
SNARE complex forms more rapidly when Syxwt is preincubated with Munc18-1W28A (grey), as compared to 
when preincubated with Munc18-1wt(blue). 
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the importance of the Syntaxin-1a N-peptide interaction with the outer surface of 

Munc18-1 domain 1 (Burkhardt et al., 2008, Colbert et al., 2013). I wondered whether the 

inner surface of domain 1 of Munc18-1 is an equally important interaction contributor to 

the interaction with syntaxin. To explore this, I tested the effect of the two mutations on 

the inhibitory effect of Munc18 on SNARE complex formation. I found that the 

substitution of Phe34 with a tyrosine led to a partial loss of inhibition (data not shown). A 

much stronger loss of inhibition was observed when Phe34 was changed to an alanine 

(Figure 4.9.A).  

This effect was comparable to the one caused by double mutations in the linker of 

Syntaxin-1a as described above (Figure 4.5). Similarly, when I tested the effect of the 

W28A substitution, I found a reduction, yet smaller than for SyxF34A, on the inhibition of 

SNARE complex formation (Figure 4.9.B). The effects caused by F34A and W28A are very 

interesting, because they suggest that this region, which is far away from the linker region 

of Syntaxin, is also involved in maintaining the tight grip of Syntaxin by Munc18. 

 

4.4 The linker between the N-peptide and the Habc domain of 

Syntaxin-1a also contribute to the tight interaction of syx and 

Munc18 
As detailed in Introduction, in the crystal structure of the Munc18a/Syntaxin 1a 

complex, Syntaxin adopts a closed conformation, in which the SNARE motif is bound to 

the Habc-domain. The closed conformation of Syntaxin is held by the concave surface 

between domains 1 and 3 of the arch-shaped Munc18-1. While the inner surface of 

domain 1 is interacting mainly with the SNARE motif of Syntaxin, the outer surface of 

domain 1 binds to the very N-terminal region of Syntaxin 1a, the so-called N-peptide. The 

two bindings sites are spatially separated, yet mutations on both sites (SyntaxinLE, 

SyntaxinΔLinker and SyntaxinΔN, SyntaxinF34A) lead to comparable effects as shown in 

previous studies (Colbert et al., 2013, Burkhardt et al., 2008) and here. This is puzzling as 

no obvious molecular communication can be gleaned from the crystal structure. I noticed 

that the N-peptide of Syntaxin is connected to the Ha-helix by a short stretch, which has 

not received a lot of attention in mutational studies so far. What role does the short linker 

stretch play for the interaction of Syntaxin with Munc18? When I took a closer look at the 

conservation of the short linker between N-peptide and Ha-helix (Appendix Fig. 2), I 



  Results 
 

 36 

noticed that this stretch is also conserved, not only in sequence composition but also in 

length. We thus discussed in our research group, whether the length conservation might 

indicate that the given length of the connection of the N-peptide (bound to the outer 

surface of domain 1) to the closed conformation (bound to the inner surface of domain 

1) could be important to hold domain 1 of Munc18-1 at a defined distance or to restrict 

its movements. In this regard note that the domain 1 was found to be slightly rotated in 

different crystal structures (Archbold et al., 2014). Henceforth, we decided to test this 

idea by removing the linker (SyxΔ11-26), which should make it impossible for the N-peptide 

to reach its binding site, or by extending the length of the linker region, which should 

remove the firm grip on the position of domain 1 of Munc18-1. To extend the linker, we 

decided to add two times the linker sequence between position 11 and 26 (Syx3x(11-26)).  

I found that both mutants (SyxΔ11-26 & Syx3x(11-26)) are able to form a stable complex 

with Munc18wt, as seen by native gel electrophoresis (Figure 4.10). When SNAP-25 and 

synaptobrevin were added to the mix, SNARE complexes started to appear (Figure 4.10). 

This indicated that the linker variants could be more prone to escape the tight grip of 

Munc18-1 than wt syntaxin. To analyze this more precisely I used the fluorescence 

anisotropy assay for SNARE complex assembly yet again.  

Figure 4.10: N-terminus mutants bind to Munc18wt. 55μΜ of Munc18wt, 34μΜ Syxwt, SyxΔ(11-26)& Syx3x(11-

26)  were loaded per lane alone, as mixtures. 82μΜ SNAP25 and 82μΜ Synaptobrevin (Syb) were also mixed 
with the syntaxin variants in the presence and absence of Munc18wt. Dashed boxes indicate the smear 
corresponding to the SNARE complex, single asterisk the Munc18/Syntaxin complexes and double 
asterisks the “unstable” Munc18/Syntaxin complexes. 
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As shown in Figure 4.10, the rate of SNARE complex formation of Syx3x(11-26) in the 

presence of Munc18-1 was comparable to a syntaxin without N-peptide (SyxΔΝ). 

Interestingly, SyxΔ(11-26) (Figure 4.11.C) assembled even somewhat faster into a SNARE 

complex in the presence of Munc18-1. This suggests that the 11-26 region is indeed 

important for the interaction of Munc18 and syntaxin and that it might play a role in the 

allosteric coupling of the two spatially separated interaction surfaces. 

 

4.5 Munc18-1 domain 3a regulates SNARE complex formation 
As outlined in the Introduction, Munc18 and other SM proteins share an overall 

conserved topology and structure. However, several slightly different conformations 

were described for the different crystal structures of this protein family. One structural 

difference was observed for the position of domain 1 as discussed above. Another major 

structural change was noticed for the so-called “helical hairpin” at the tip of domain 3a. 

In the absence of bound syntaxin, the “helical hairpin” usually adopts an extended 

conformation, whereas it is in a so-called furled conformation in the Munc18-1/syntaxin 

complex. It is plausible that when Syntaxin-1a is bound to Munc18-1, the extension of 

helix 12 is clashing the H3 helix of Syntaxin-1a in closed conformation.  

Several point, deletion, and insertion mutations have been tested to understand a 

possible conformational change of this region upon (un-)binding to Syntaxin, but the 

picture remains ambiguous still. In the following sections, I have tested the effect of 

several Munc18 variants. 

Figure 4.11: Syx1aΔΝ(Α), Syx1a3x(11-26) (Β) and Syx1aΔ(11-26)(C) variants can more rapidly form a 
SNARE complex in the presence of Munc18-1 as compared to other Syx variants tested in this study. 
The increase in fluorescence anisotropy was measured in the presence (blue trace) or absence (red trace) 
of Munc18-1wt.   
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4.5.1 Munc18 P335A significantly affects the inhibition 

A highly conserved proline is located at the hinge of α11α12 helices of Munc18. 

When mutated to alanine it was associated with gain-of-function effect as it promotes 

exocytosis, though the molecular mechanism by which this occurs is unclear. (Han et al., 

2014, Munch et al., 2016, Martin et al., 2013). It is thought that the P335A change shifts 

Munc18a Munc18-1 towards the extended helix conformation that would interfere with 

binding of the closed syntaxin. Therefore, I wanted to get a better understanding of the 

involvement of this residue in the interaction of Munc18 with Syntaxin. I started by 

looking into the ability of Munc18P335A to form a tight complex with syntaxin. For this, I 

used size exclusion chromatography. As it can be seen in Figure 4.12, individual Munc18wt 

and syntaxin eluted each as single peaks form the size-exclusion column. When the two 

proteins were mixed, they formed a complex that eluted earlier from the column. When I 

ran Munc18P335A, the protein eluted much earlier than Munc18wt, suggesting that 

Munc18P335A oligomerizes. Most probably, it forms a homodimer. When mixed with 

syntaxin, Munc18P335A, a complex formed that eluted at the same volume as the 

Munc18wt/Syntaxin-1a complex, revealing that the P335A change still allows for 

interaction with Syntaxin-1a (Figure 4.12.A). Munc18-1P335A/Syx-1awt also migrated as a 

stable complex on a native gel, as seen by the appearance of a sharp band (Figure 4.17.A).  

Figure 4.12: Munc18P335A binds to Syntaxinwt with reduced inhibitory “power”. A. Size Exclusion 
chromatography of ~22μΜ individual Munc18P335A (ochra), Munc18wt (grey), and Syntaxinwt (red dashed) 
alone, or in mixtures. Munc18P335A alone elutes as a dimer, however, when mixed with Syntaxin, the elution 
peak at a value like wt complex. B. SC formation in the presence of Munc18P335A (grey) is significantly faster 
than in the presence of Munc18wt, at a level comparable to the effects seen by SyntaxinLE. 
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Next, I tested the effect of the P335A change on the block exerted on SNARE 

complex formation using the fluorescence anisotropy assay. As shown in Figure 4.12.B, 

Munc18P335A slowed the transition of bound Syntaxin-1a towards the SNARE complex 

somewhat, but much less than Munc18wt. This indicates that the P335A change might 

have eased the conformational change of the closed Syntaxin-1a towards a configuration 

that allows for SNARE complex formation. It is possible that proline 335 has a functional 

role to keep the loop unfurled. 

 

4.5.2 Inhibition regulation by domain 3a could be caused by “steric” 

restrictions 

 

Figure 4.13: Inhibition is maintained when Tyr337-Asn135 interaction is disrupted but is affected with 
the introduction of negative charge. A. Inhibition is only mildly reduced, as seen by the small differences at 
SC formation when Munc18Y337A is present (grey). B. Inhibition of SC formation is reduced when Asn135 is 
substituted by an aspartate as seen by the increase in anisotropy when SyxN135D is in complex with Munc18wt 
(grey trace). 
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In close vicinity of Pro335 is Tyr337. It is on helix 12 of domain 3a and in polar 

contact with Asp135 of the Hc helix of syntaxin (Figure 4.13). This residue has been 

previously studied in other in vivo studies, with unclear observations (Han et al., 2013, 

Boyd et al., 2008b, Han et al., 2014). Mutation of Y337 to leucine (Y337L) has been 

designed as the equivalent of sec1 F361L mutant. Boyd et al., 2008 discovered the F361L 

mutant in a random mutagenesis approach in yeast, having mutated its Munc18-1 

equivalent, Y337L for further study. Munc18-1Y337L was found to inhibit secretion in PC12 

cells (Boyd et al., 2008b). However, Han et al. 2013 & 2014, studied the effects of the 

Y337L mutation in combination with other mutations at domain 3a.  To study this 

interaction, I designed four mutants. One mutant of Munc18 where tyrosine mutated to 

alanine (Munc18Y337A), and three mutants of Syntaxin, in which asparagine was mutated 

to (i) alanine (SyxN135A), (ii) aspartate (SyxN135D) and (iii) a double mutant, in which 

N135A was combined with the alanine mutation of the hydrophobic residue F177 in the 

linker helix (SyxN135A_F177A). 

When measuring SNARE complex formation, I did not observe a significant 

difference between the inhibition on SNARE complex formation exerted by Munc18Y337A 

and Munc18wt (Figure 4.13.A). Similarly, SyxN135A, and, even the double mutant 

SyxN135A_F177A, to my surprise, were inhibited by Munc18wt (Figure 4.13.B). However, 

SyxN135D showed more reduced inhibition, suggesting that the introduction of the 

negative charge by the aspartate affects the environment around these two interacting 

residues. 

 

4.5.3 SNARE complex formation is pH sensitive 

 

Another intriguing residue of the Munc18-1/Syntaxin-1a complex interface 

involved in the network of interactions is Histidine-213 of Syntaxin H3 helix. The 

presence of the imidazole ring of histidine side chain at the H3 helix breaking point, and, 

in polar interaction with Munc18 domain 3a Pro335, made it a candidate residue for a 

possible conformational regulation (Figure 4.14.A). I, therefore, mutated the histidine to 

an alanine (SyxH213A) and monitored SNARE complex formation using the fluorescence 

anisotropy assay and SDS electrophoresis. Inhibition of SyntaxinH213A by Munc18wt was 
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only somewhat abolished. Note that SNARE complex formation in the absence of Munc18 

appeared to be somewhat slower than for wt syntaxin. 

Given the sensitivity of the imidazole ring to protonation (Schönichen et al., 2013), 

I sought to investigate whether Munc18/Syntaxin interaction is affected by pH changes. 

To study this, I measured for Syb*28 OG fluorescence anisotropy increase in three pH 

conditions, pH 5.7, pH 7.0 and pH 8.0. Interestingly, SNARE complex formation is 

accelerated drastically at acetic pH (pH 5.7) (Figure 4.14.A). Also, when SyxH213A was 

mixed with its partner SNAREs at acetic pH, SNARE complex was accelerated, although at 

slower pace than with Syntaxinwt, and reaches a lower saturation value (Figure 4.14.B). 

Nevertheless, even in acetic pH, SNARE complex formation is slowed down in the 

presence of Munc18wt. In general, SyntaxinH213A assembles more slowly into a SNARE 

complex than Syntaxinwt at all three pH conditions studied, which suggests that His213 

might be important for SNARE complex formation. This residue lies between residues of 

-3 and -4 layers of the SNARE helix, and is conserved, suggesting that it could play a role 

during SNARE complex formation. 

Figure 4.14: SNARE complex formation accelerates at acetic pH. A. SC formation at pH 5.7 (yellow 
traces) is very fast as observed by the immediate increase in Syb*28 anisotropy. In more alkaline pH (pH 
8.0) SC formation proceeds slower (blue traces). Pre-incubation of Syntaxinwt with Munc18wt affects the 
rate of anisotropy increase. B. As for Syntaxinwt, SC formation using SyntaxinH213A proceeds faster at acetic 
(yellow) and slower at alkaline (blue) pH. However, they rate of increase of anisotropy seems to be lower 
than of Syntaxinwt. Interaction with Munc18wt affects the rate SC formation also for SyntaxinH213A. 
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4.5.4 The α11α12 helical hairpin is dispensable for maintaining the 

inhibition, but it is needed to keep the interaction. 

 

I also characterized the previously described mutant, in which the α11α12 helical 

hairpin loop residues 317 – 333 are removed entirely in order to prevent an extended 

conformation of that stretch (Munc18Δ317-333) (Martin et al., 2013). Upon native gel 

electrophoresis, a stable complex formed between Syxwt and Munc18Δ317-333 (Figure 

4.15). When Munc18Δ317-333 was preincubated with Syxwt, SNARE complex formation was 

slightly faster compared to when Munc18wt was used (Figure 4.15.A). The difference of 

the effects between Munc18Δ317-333 and Munc18wt, though, is more prominent when 

Munc18Δ317-333 is interacting with SyxΔN, i.e., when the N-peptide region of syntaxin was 

absent. Fluorescence anisotropy was increasing at a faster rate for Munc18Δ317-33/SyxΔN 

than for the Munc18wt/SyxΔN containing reaction, whilst still somewhat slower to when 

no Munc18 is present. The faster rate for Munc18Δ317-33/SyxΔN could have resulted by an 

instability of the Munc18/Syntaxin complex due to disruption of interactions at the two 

interacting sides. To test for this, I used native gel electrophoresis. Indeed, the 

Munc18Δ(317-333)/SyntaxinΔN mixture ran as a smear and not as a sharp band. This 

indicates that this complex is less stable compared to the one of Munc18Δ317-33/Syxwt 

Figure 4.15: Munc18 α11α12 loop residues confer to inhibition. A. SNARE complex only slightly faster 
when Syntaxinwt is interacting with Munc18Δ(317-333) (grey trace) than with Munc18wt (green trace)  as seen 
by the anisotropy increase of Syb*28 OG. However, when SyntaxinΔΝ is interacting with Munc18Δ(317-333) 
inhibition is almost completely abolished (blue trace), yet increased in comparison to then Munc18wt is 
interacting (red). B. Munc18Δ(317-333) is not forming stable complex with SyntaxinΔN and Syntaxin3x(11-25) as 
seen by the smear migration on the native gel electrophoresis of the respective mixtures (indicated by the 
brace symbol). 
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(Figure 4.15.B). A similar, but even more prominent effect was observed for the 

combination of Munc18Δ(317-333) and Syntaxin3x(11-26). 

 

4.5.5 Interactions of both domain 3a and 1 of Munc18 with syntaxin are 

needed to maintain the tight grip 

 The experiments described above indicated that stronger effects became more 

noticeable when the interaction of the two molecules were perturbed at two spatially 

separated sites. I thus decided to explore this combinatorial approach further. In a new 

set of experiments, I mixed another domain 3a mutant, Munc18P335A, with different 

Figure 4.16: SNARE complex inhibition is almost completely overcome when interactions at domain 1 
and domain 3a are affected.  A-C. Munc18P335A does not inhibit Syntaxin N-terminus mutants (black traces). 
D. Munc18W28A does not inhibit SyntaxinN135D (blue), that only has a mild loss of inhibition effect when 
interacting with Munc18wt (red trace). 
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Syntaxin N-terminus mutants and measured SNARE complex formation. For all 3 

mixtures examined, the rate of SNARE complex formation was almost indistinguishable 

in the absence or presence of Munc18P335A (Figure 4.16.A-C). This suggests that a 

combination of mutants, at both interacting regions studied, leads to complete loss of 

inhibition. Then, I checked whether a similar effect could be observed with a different 

combination. For this, I selected Munc18W28A and SyxN135D. 

Again, inhibition of SNARE complex formation was almost completely removed as 

seen by the increase in anisotropy of the Munc18W28A/SyxN135D mixture (Figure 4.16.D). 

To examine whether the observed synergy of the combinations of mutants on the 

inhibition is a result of Munc18/Syntaxin complex destabilization, I ran the mixtures in 

native gel electrophoresis. Indeed, for almost all combinations checked, 

Munc18/Syntaxin complexes were unstable as they appeared as a smear instead of sharp 

band (Figure 4.17). 
 

4.5.6 Domain 3a extension does not clash with Syntaxin binding 

 

Recently a new structure of individual Munc18-1 has been solved (pdb:6lpc) 

(Wang et al., 2020). For this structure, a Munc18-1 variant carrying two sequential 

mutations of Lysines 332 and 333 of domain 3a, in close vicinity of P335, had been used 

(Munc18-1K332E_K333E or Munc18KEKE).  K332 and K333 localize to the tip of domain 3a, 

Figure 4.17: Munc18x/Syntaxin mutation combinations complexes are unstable. A. Munc18P335A 
mixtures with Syntaxin N-terminus mutants migrate as a smear at a native gel (indicated with a box) 
instead of a sharp band as the Munc18P335A/Syntaxinwt complex (indicated by arrow). B. Munc18P335A 
mixtures with Syntaxin mutants, especially of the linker region as well as the N-terminus (Syntaxin3x(11-25)),  
migrate as a smear (indicated by a box). 
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mediating interaction with Syntaxin-1a H3. The Munc18-1K332E_K333E was first introduced 

by Han et al., 2013 to bear mutations at the conserved K332 and K333 lysines in order to 

interfere with the interactions of domain 3a with Syntaxin-1a H3. However, Munc18-

1K332E_K333E did not affect secretion in PC12 cells (Han et al., 2013).  

Munc18-1KEKE structure was solved as homodimer packed against each other 

through domain 3a. The structure revealed that isolated Munc18-1, like its other paralogs 

Munc18-2 and Munc18-3, alone can adopt a different conformation. At the Munc18KEKE 

structure, the α11α12 loop is unfurled causing the extension of the helical hairpin. 

To investigate how the mutations effect the interaction with syntaxin, I expressed 

and purified Munc18KEKE. Upon size exclusion chromatography, Munc18KEKE eluted as a 

monomer and formed a stable complex with Syntaxinwt (Figure 4.18.B), corroborating the 

earlier study (Wang et al., 2020). Munc18KEKE also inhibited SNARE complex formation to 

very similar degree as Munc18wt (Figure 4.18.A). 

  

 

4.5.7 Munc18 domain 3a templating role was not detected 

 It has been proposed that two variants of domain 3a (Munc18D326K and 

Munc18L348R) might affect SNARE complex formation through interference with a 

Figure 4.18: Munc18KEKE behaves like Munc18wt. A. SC formation is inhibited when Syntaxinwt is 
interacting with Munc18KEKE (grey trace) as when interacting with Munc18wt (blue trace) as seen by the 
anisotropy increase of Syb*28 OG. B. Munc18KEKE elutes as a monomer (dashed blue trace) and as a complex 
when mixed with Syntaxinwt (blue solid trace). 
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putative Synaptobrevin binding step (Sitarska et al., 2017, Parisotto et al., 2014). 

Munc18D326K has been suggested to promote SNARE complex formation through 

facilitation of Synaptobrevin binding and Munc18L348R is thought to inhibit SNARE 

complex formation through interference with Synaptobrevin binding. I tested both 

variants in my assays. For both variants, SNARE complex inhibition was almost 

unaffected as observed by fluorescence anisotropy increase of Synaptobrevin at pH 7.4 

(Figure 4.19.A&C). Bearing in mind that the potential interference with Synaptobrevin 

binding described for these mutants might cause problems in this experimental 

approach, in which only low concentrations of Synaptobrevin are used. I also checked for 

SNARE complex formation using the same assay at pH 5.7 for better resolution of small 

differences. To my surprise, SNARE complex formation was accelerated when 

Figure 4.19: Munc18D326K and Munc18L348R. A. SC formation is inhibited when Syntaxinwt is interacting 
with Munc18L348R (grey trace) as seen by the anisotropy increase of Syb*28 OG at pH 7.4. B. SC formation is 
less inhibited when Syntaxinwt is interacting with Munc18L348R (grey trace) as seen by the anisotropy 
increase of Syb*28 OG at pH 5.7. C. Munc18D326K inhibits SC formation at pH 7.4 and pH 5.7 (D). 
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Munc18L348R is present in comparison to Munc18wt and Munc18D326K, which were 

indistinguishable (Figure 4.19.B&D). 

 I also used gel electrophoresis. Again, I did not detect any differences between 

Munc18L348R and Munc18wt (data not shown). It is worth mentioning though that 

Munc18L348R had an increased propensity of precipitation in comparison to other Munc18 

variants. 

 

4.5.8 The Munc18 β10β11 hairpin loop confers interactions necessary for the 

inhibition 

 A previous study of SM proteins in our laboratory revealed that β10β11 hairpin loop 

(residues 269-275) is shorter in Munc18-3, the pancreatic paralogue of Munc18-1, than 

in Munc18-1(Morey, 2015). This loop is involved in an extensive interaction network 

with the Syntaxin H3 region, as seen by the crystal structure of the Munc18/Syntaxin 

complex. It was therefore proposed that this region could contribute to the interactions 

necessary to maintain the complex in closed conformation (Morey, 2015). To study that, 

we created a variant where those residues were removed (Munc18Δ269-275). 

Using the Fluorescence Anisotropy of Syb*28 assay, SNARE complex formation was 

slightly faster in the presence of Munc18Δ269-275 than Munc18wt (Figure 4.20.A). To better 

address the difference arising from the removal of the β10β11 hairpin loop, I ran the same 

Figure 4.20: Munc18 β10β11 loop residues confer to inhibition. SNARE complex forms faster when 
Syntaxinwt is interacting with Munc18Δ269-275 (grey trace) than with Munc18wt (blue trace) as seen by the 
anisotropy increase of Syb*28 OG in buffer at pH 7.4 (A) and pH 5.7 (B). 



  Results 
 

 48 

reactions at acetic pH. Previously, I observed that SNARE complex formation proceeded 

faster at acetic pH and gave better resolution between small differences in reaction rate 

(section 4.4.3). This experiment too exhibits that SNARE complex formation proceeds at 

faster rate in Munc18Δ(269-275) than with Munc18wt (Figure 4.20.B), corroborating the 

idea that the loop contributes to the grip of Munc18. 

4.5.9 Mutations that did not affect inhibition 

Few mutations designed in my study did not affect the inhibition of SNARE 

assembly exerted by Munc18. For example, I tested a variant that had previously 

described to mimic a phosphorylation site, Munc18Y473D, and that was reported to affect 

the stimulatory role of Munc18 (Meijer et al., 2018). When observing for SNARE complex 

formation in the presence of Munc18Y473D, only a minute difference in the fluorescence 

anisotropy increase was detected (Figure 4.21). As the change was small and not clear, I 

did not pursue this line further. 

I also took a closer look to some interacting residues of the complex interface, such 

as the binding cleft, created by Munc18-1’s inner cavity. There, Munc18 Asn261, is 

involved in a network of interactions with Glu324 and Glu234, located on the H3 helix of 

Syntaxin-1a. To examine the contribution of this interaction to the inhibition, I mutated 

these residues to alanines. No change in SNARE complex formation was observed with 

either the fluorescence anisotropy or the SDS electrophoresis assays when Syntaxinwt 

was mixed with the Munc18N261A mutant (Figure 4.22).  

Figure 4.21: Munc18Y473D might be inhibit SC formation more than Munc18wt. A. SC formation is 
inhibited when Syntaxinwt is interacting with Munc18Y473D (grey trace) as when interacting with Munc18wt 

(blue trace) as seen by the anisotropy increase of Syb*28 OG. 
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I also studied this interaction using Syntaxin mutants. I did not observe changes 

in the SNARE complex inhibition when using SyntaxinE224A (Figure 4.23). The mutant 

seems to behave like Syntaxinwt. Inhibition and binding to Munc18wt is maintained, as 

well as tryptophan emitted fluorescence increase is similar to the one observed when 

Syntaxinwt is titrated to Munc18wt (data not shown).  

The observations when using SyntaxinE234A, however, were rather unexpected. 

Using the same assay, fluorescence anisotropy was immediately starting to increase with 

Figure 4.22: Munc18N261A behaves like Munc18wt. A. SC formation is inhibited when Syntaxinwt is 
interacting with Munc18N261A (grey trace) as seen by the anisotropy increase of Syb*28 OG. B. No SNARE 
complex was observed after SDS PAGE electrophoresis of Syntaxin, SNAP25 and Synaptobrevin mixtures, 
when Munc18N261A was present (right panel). In the absence of Munc18, SNARE complexes formed, with 
the amount increasing from 0’-30’ (left panel).   

Figure 4.23: SyntaxinE224A behaves like Syntaxinwt. A. SC formation is inhibited when SyntaxinE224A is 
interacting with Munc18E224A (grey trace) as seen by the anisotropy increase of Syb*28 OG. B. No SNARE 
complex was observed after SDS PAGE electrophoresis of SyntaxinE224A, SNAP25 and Synaptobrevin 
mixtures, when Munc18wt was present (right panel). 
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the addition of only SyntaxinE234A before addition of SNAP25. This mutation appears to 

have rendered Syntaxin able to directly bind to Synaptobrevin, which made it difficult to 

study using my assays (Appendix Fig. 3). Another residue of the complex interface I 

investigated was Munc18 Arg315 of domain 3a. Munc18 Arg315 is interacting with Syntaxin 

Arg142 and Glu166 (Figure 4.24.A).  Substitution of the arginine with an alanine 

(Munc18R315A) did not affect the inhibition, as no change in SNARE complex formation 

was observed in the presence of Munc18R315A using the fluorescence anisotropy assay, at 

either pH7.4 or pH5.7 (Figure 4.25.B-C). Interestingly, the mutations on Syntaxin E166 

and R142, that interact with Munc18 R315, both reduced the inhibition (Figure 4.4).  

 

 

Figure 4.24: Munc18R315A inhibits like Munc18wt. A. Munc18 Arg315 is in polar contacts with Glu166 
and Arg142 of Syntaxin-1a. SNARE complex formation is inhibited when Munc18R315A is in complex 
Syntaxinwt (grey trace) at the same degree as when Munc18wt is in complex Syntaxinwt (blue trace) as seen 
by the anisotropy increase of Syb*28 OG of Syb*28 OG in buffer at pH 7.4 (B) and pH 5.7 (C). 
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4.6 Dissociation rates of the Munc18-1/Syntaxin-1a complex 

4.6.1 Syntaxin linker mutations accelerate complex dissociation 

In the previous sections, I have investigated the inhibitory effect of the Munc18-1 

on Syntaxin-1a, i.e., how fast Syntaxin-1a can assemble into SNARE complex in the 

presence of Munc18-1. To assess the dissociation rates of the Munc18-1/Syntaxin-1a 

complex, I used another Fluorescence Anisotropy based assay. We created single cysteine 

variants of (i) Syntaxinwt and SyntaxinΔ161-182, at position 1 and position 186, and (ii) 

SyntaxinLE at position 186. Each variant was labelled with Oregon Green fluorescent dye. 

Mixing the labeled syntaxin variant with Munc18 led to an increase in fluorescence 

anisotropy. I then determined the dissociation rate for each variant from the Munc18-

1/Syntaxin-1a complex by measuring the anisotropy decay of the fluorescently labelled 

variant upon the addition of excess (200-fold) of label-free Syntaxinwt. The dissociation 

Figure 4.25: Dissociation rates of the Munc18wt/Syntaxin linker mutants. A. Firstly, fluorescence 
anisotropy of 100nM Syntaxinwt*1 is determined (red), and then after the addition of 250nM Munc18wt (blue). 
Off rate is determined by the rate of anisotropy decay after the addition of 5μΜ Syntaxinwt. Unless otherwise 
stated, all complex dissociation rates were determined likewise. B. Syntaxinwt dissociation rate determined 
from position 186 was almost the same as when determined from position 1. C-E. Dissociation rate values for 
SyntaxinΔLinker and SyntaxinLE determined from position 186 were similar, while it was ~5x faster when 
determined from position 1 for SyntaxinΔlinker. 
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rate for the Syntaxinwt/Munc18wt pair was comparable for both Syntaxin label positions 

(Syntaxinwt*1 rate: ≈ 0.005/s and Syntaxinwt*186: ≈ 0.005/s) (Figure 4.25.A-B). The off-

rates were ~5x faster for both SyntaxinΔ161-182 (SyxΔ161-182*186 rate: ≈ 0.021/s) and 

SyntaxinLE (SyxLE*186 rate: ≈ 0.027/s) than for Syntaxinwt, when determined from position 

186. Surprisingly, the off-rate for SyntaxinΔ161-182 (SyxΔ161-182*1 rate: ≈ 0.091/s) was ~18x 

faster than for Syntaxinwt when determined from position 1. It is possible that the faster 

rate determined using SyntaxinΔ161-182 labelled at position 1 does not reflect the off-rate 

of the complex with Munc18-1, but rather the local flexibility of the N-peptide region.  

4.6.2 Munc18W28A has the highest dissociation rate amongst the Munc18 

mutants 

Next, I sought to determine the dissociation rate changes caused by the mutations 

on Munc18. To do so, I measured Fluorescence Anisotropy decay of Syxwt*1 when in 

complex with different Munc18 variants. Of the mutants studied, complex dissociation 

was the fastest for Munc18W28A. In fact, it was difficult to determine the exact value for 

this reaction, as the anisotropy decayed too fast for the hand-mixing approach used. Thus, 

the rate determined for that mutant can only be approximated (Figure 4.26.A). The 

Figure 4.26: Munc18 mutants’ complexes dissociation rates. Dissociation rate for all Munc18 mutants 
was determined by the rate of Anisotropy decay of Syntaxinwt*1. A. Dissociation rate for Munc18W28A (grey) 
was progressing so fast that the data points could not be fit. Munc18W28A dissociation rate (0.13545/s) was 
determined using 50nM Syntaxinwt*1 instead for 100nM B. Off rates of Munc18 mutants’ complexes 
determined from the anisotropy decay of 100nM Syntaxinwt*1, except for Munc18W28A. The asterisk next to 
L348R rate is to mark that this mutant was often precipitating so the real value could be different.   
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dissociation rates of the other complexes were slower than for Munc18W28A but faster 

than for Munc18wt, except for Munc18Y473D, summarized in Figure 4.26.B.  

 

4.7 SNARE complex formation observed in the presence of Munc18 

 The anisotropy measurements for off-rate determination described above 

indicated differences in fluorescence anisotropy between Syntaxinwt*1 and Syntaxinwt*186. 

Figure 4.27: Sequential addition of proteins to follow complex incorporation of labelled Syntaxinwt. 
Fluorescence anisotropy of 50nM Syntaxin*1 (A-C) followed by the addition of 500nM Munc18wt (A) or 
Munc18P335A (B, C), then 750nM Synaptobrevin (A, C) or SNAP25 (B) and 750nM SNAP25 (A, C) or 
Synaptobrevin (B). Fluorescence anisotropy of 50nM Syntaxin*186 (D-G) followed by the addition of 500nM 
Munc18wt (D, E) or Munc18P335A (F, G), then 750nM Synaptobrevin (D, F) or SNAP25 (E, G) and 750nM SNAP25 
(D,F) or Synaptobrevin (E,G). 
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For this reason, I decided to use this as a property to monitor local changes of the 

Munc18/Syntaxin complex in the presence of other SNARE proteins. In addition to the 

Munc18wt complexes, I also tried to observe the changes caused by Munc18P335A, as it is 

the Munc18 mutant with least inhibitory effect on SNARE complex formation.  

To monitor these changes, I performed fluorescence anisotropy of labelled 

Syntaxins, while sequentially adding, Munc18wt, or Munc18P335A, Synaptobrevin and 

SNAP25. Addition of Munc18wt led to immediate increase in fluorescence anisotropy of 

Syntaxinwt*1 (Figure 4.27.A) that was higher than the one cause by the addition of 

Munc18P335A (Figure 4.27.B). However, addition of SNAP25 to those mixtures caused a 

similar change (decrease) in the slope of anisotropy. A similar effect was observed 

despite the order in which Synaptobrevin and SNAP25 were added.    

Fluorescence anisotropy profiles of Syntaxinwt*186 differed when Munc18P335A was 

added to the mixture when compared to Munc18wt, even though the absolute anisotropy 

value reached was the same for both variants (Figure 4.27D-G). Addition of 

Synaptobrevin to the Munc18P335A/ Syntaxinwt*186 did not seem to affect the fluorescence 

anisotropy, however subsequent addition of SNAP25 led to substantial increase of 

fluorescence anisotropy, which reached a plateau after ~30min (Figure 4.27.F). Though, 

a similar change was observed when SNAP25 first in the solution which was followed by 

a slope change when Synaptobrevin was added later (Figure 4.27.G). 
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4.8 Modelling Munc18 and Munc18/Syntaxin structures in “extended” 

conformation 

4.8.1 Munc18 and Munc18/Syntaxin modeling based on homologous 

structures 

Figure 4.28: Models of Munc18 and Munc18/Syntaxin based on available homologous structures. Crystal 
structure of Vps45/Tlg2 homologous complex (A) and crystal structure of Munc18-1K332E_K333E (B) used as 
templates to produce the models of Munc18-1/Syntaxin-1a (C) and Munc18-1a (D). The number of models could 
be further increased to increase the probability of a good model created. However, this also increases the 
computation time. Given the high sequence identity of Munc18-1 to Munc18-1K332E_K333E, 5 models were sufficient 
to find a good output model, however, as Vps45/Tlg2 had 19% sequence identity to Munc18/Syntaxin, multiple 
initial models (1000) were generated to improve the confidence for obtaining the best model.  
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The experimental data presented so far, suggest that SNARE complex formation 

takes place in the presence of Munc18, i.e., that Munc18 serves as a SNARE assembly 

platform that controls the conformation of the bound syntaxin. Mutations at the interface 

of either Munc18-1 domain 3a/Syntaxin-1a linker or of Munc18-1 domain 1/Syntaxin-1a 

N-terminus led to similar outcomes: the inhibition of the Munc18-bound syntaxin to 

engage in interaction with its partner SNAREs was removed to different extents. In 

addition, somewhat reduced quenching of Trp fluorescence was observed for several 

spatially distant Syntaxin mutations, suggesting that a small but functionally important 

conformational change is taking place. However, it remains elusive what this 

conformational change entails. 

In order to shed more light on this putative structural change of the Munc18/Syx 

complex, I scrutinized the available structures of SM proteins. As mentioned above, a 

conformational flexibility of Munc18 can be seen in the available structures of Munc18 

paralogs including, (i) Munc18-1/Syntaxin-1a (pdb:3c98), (ii) Munc18-2 (pdb:4cca), (iii) 

Munc18-3/Syntaxin-1a N-peptide (pdb:3puk), and orthologs i.e., squid Sec1 (pdb:1fvf), 

(iv) Monosiga brevicollis Unc18/Syntaxin-1a (pdb:2xhe), etc. Of key importance for an 

inbuilt conformational switch are the two recently published structures of a Munc18-1 

variant, Munc18-1K332E_K333E (pdb:6lpc) (Wang et al., 2020) and of a homologous complex, 

Vps45/Tlg2 (pdb:6xm1) (Eisemann et al., 2020, Wang et al., 2020). Munc18-1KEKE is in a 

slightly different conformation than the one observed for the Munc18-1/Syntaxin-1a 

complex (pdb:3c98) (citation), as its hairpin helices in domain 3a are in a somewhat 

“extended” conformation. The Vps45/Tlg2 structure provides a snapshot of an SM protein 

in complex with the Qa SNARE Tlg2, in a conformation that is not entirely closed. In 

contrast to the closed Syntaxin-1a in complex with Munc18, the SNARE domain of Tlg2 is 

extended and appears to be ready to engage with its SNARE partners. Is it possible that 

the Vps45/Tlg2 complex structure represents a conformational state that allows for 

SNARE complex formation, a state that the Munc18-1/Syntaxin-1a might go through but 

that is not stable enough to be isolated and characterized biochemically? 

Therefore, I sought to visually observe this transition state of the Munc18-

1/Syntaxin-1a complex by creating a 3D model of the intermediate conformation. To do 

so, I created homologous models using the Modeller 10.1 software (Šali and Blundell, 

1993) from the Vps45/Tlg2 (Figure 4.28.A) and Munc18K332E_K333E (Figure 4.28.B) 

structures as the templates, with the help of Justyna Iwaszkiewicz from the UniL Protein 
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Modeling Facility (PMF). First, pairwise sequence alignment of target sequences (Munc18 

or Munc18/Syntaxin) with the template sequences (Munc18K332E_K333E or Vps45/Tlg2 

respectively) were created. For individual Munc18-1 structure, I created 5 models with 

Munc18-1K332E_K333E as template.  

Of these, the one with the lowest DOPE score (Shen and Sali, 2006) was selected, 

referred to as modelMunc18-1 in the following figure (Figure 4.28.D). DOPE score is a 

pairwise atomistic statistical potential which is used to distinguish "good" from "bad" 

models. The lower the DOPE score the better the model is. Then the model was evaluated 

by calculating the energy profile for each residue.  

         

Figure 4.29: Homologous complexes’ assessment using PROCHECK. Example of the Ramachandran plots 
of the Munc18-1/Syntaxin-1a crystal structure (A) and modelMunc18-1/Syntaxin-1a (B). (C) Table 
summary of percentages of the residue distributions of the two crystal structures and the 3 models 
evaluated.  

 

https://www.unil.ch/pmf/en/home.html
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The sequence identity between Munc18/Syntaxin complex and Vsp45/Tlg2 

complex is only 19%. To ensure we obtain the best model despite the low sequence 

identity score, multiple initial models (1000) of Munc18/Syntaxin complex in the looser 

conformation were generated. The model with lowest DOPE SCORE was selected for 

further refinement of the flexible linker regions of Syntaxin (i.e., residues 1 to 20 and 151 

to 161).  Having selected the model with the lowest DOPE score, henceforth referred to 

as modelMunc18-1/Syntaxin-1a, I further assessed the stereochemical quality of the 

models using PROCHECK, a program which provides a detailed check on the 

stereochemistry of protein structures (Morris et al., 1992). This generated 

Ramachandran plots for each of the selected models, the template and the closed 

Munc18/Syntaxin complex structure. These plots provide information on the 

distribution of energetically favorable dihedral angles of the backbone (φ and ψ),  

(Ramachandran et al., 1963) (Figure 4.29.A-B).  In summary, the plots indicate an overall 

good percentage of residues occupying the favored and allowed angle regions (Figure 

4.29.C). Moreover, the validated three models only had ~1.5% of residues in the 

disallowed area (white). Post the refining process, there was an increase of only 0.6% in 

the presence of residues in the most favored area. However, the residues in the 

disallowed area did not reduce (1.6%). The optimization process was discontinued when 

the quality of the model complexes reached a relatively stable state.  

4.8.2 Predicted 3D structures of Munc18-1 and Syntaxin-1a 

After the optimization process, I compared the structural features of the models 

with that of the crystal structure of the Munc18/Syntaxin complex (3c98.pdb). The 

overall structure of both Munc18 models is similar to the experimentally determined 

Figure 4.30: Munc18 crystal and models’ structures. For all 3, domain 1 is colored in blue, domain 2 in 
green and domain 3 in yellow tones.  Domain 1 α1β1 and domain 3a α11α12 and β10β11 loops are indicated.  
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crystal structure of Munc18 (pdb: 3c98) (Figure 4.30). The most striking difference 

between the models and the crystal structure, is that the tip of the domain 3a helix 12 is 

extended in both modelMunc18-1 and modelMunc18-1/Syntaxin-1a, whereas it is furled 

in the crystal structure. In order to check the overall integrity of Munc18-1 at domain 3a, 

I took a closer look to one interaction example between them, i.e., the aromatic ring 

interactions, as this can provide distance and orientation information. In the crystal 

structure, Phe310 of helix 11 is in pi-pi stacking interactions with Tyr337 and Tyr344 of 

helix 12 (Fig.4.31). The distances between the aromatic rings of Phe310, Tyt 337 and Tyr 

340 are approximately the same in both the models as well as in the crystal structure, 

indicating that the interactions between the helices are not affected by the extension of 

helix 12.   

The β10β11 hairpin loop of domain 3a seems to adopt a less structured 

conformation in both modelMunc18-1 and modelMunc18-1/Syntaxin-1a. However, the 

β10β11 hairpin loop adopts a more bent conformation in the modelMunc18-1/Syntaxin-

1a compared to the other two structures; it bends closer towards Munc18 (Figure 4.31). 

Figure 4.31: Comparison between domain 3a structural features of models. Crystal structure (yellow), 
modelMunc18 (light yellow) and modelMunc18/Syntaxin (sand) superpositioned, with helices 11 and 12, 
and sheets 10 and 11 indicated on the crystal structure. Top right: close-up of the β10β11 hairpin loop. 
Bottom right: close-up of Phe310-Tyr337-Tyr340 side chains involved in aromatic stacking interaction. 
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The domain 1 backbone in the models is structurally similar to the crystal 

structure (Figure 4.30).  However, some of the helices of the model are partially more un-

structured, i.e., the loops between α helices and β sheets are longer. Also, the α1β1 loop of 

the inner cavity is bent in both models and extended in the crystal structure. Trp28, 

located at the end of this loop, was shown in the biochemical experiments to contribute 

to the interaction with Syntaxin. 

 

 

 

Figure 4.32: Comparison between domain 1 structural features of models. Crystal structure (blue), 
modelMunc18 (violet) and modelMunc18/Syntaxin (light blue) superpositioned, with Trp28 in sticks 
representation. Distances and angles between the Trp28 from the crystal structure and the 
modelMunc18/Syntaxin (bottom, middle) and modelMunc18 (bottom, right).  
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The superposition of the three structures (Figure 4.32), indicates small 

conformational differences between the models and the crystal structure in domain 1. To 

investigate these conformational changes, I took a closer look at Trp28. Domain 1 of 

modelMunc18-1/Syntaxin-1a and modelMunc18-1 is somewhat rotated in respect to the 

domain 1 seen at the crystal structure. The Cα of Trp28 of the modelMunc18-1/Syntaxin-

1a is located 5Å away from the Cα of Trp28 of the Munc18-1/Syntaxin-1a crystal structure, 

i.e., it has moved further towards the inner cavity of Munc18. While the Cα of Trp28 of 

modelMunc18-1 lays within ~6Å distance from Cα of Trp28 of the Munc18-1/Syntaxin-1a 

of the crystal structure. The orientation of the modelMunc18-1 Trp28 side chain seems to 

be tilted towards the inside of the molecule at an angle of ~8° in comparison to the crystal 

structure. Conversely, the Trp28 side chain of modelMunc18-1/Syntaxin-1a seems to 

orient towards the outside, with a twist of ~130° to the Trp of the crystal structure.  

Figure 4.33: Munc18-1/Syntaxin-1a crystal and model structures and their superposition. For both, 
Munc18-1 domain 1 is colored in blue, domain 2 in green and domain 3 in yellow tones, and Syntaxin-1a N-
peptide to Hc in orange tones and H3 (SNARE) in red tones. Bottom left: distances between H3 helices of 
Syntaxin-1a of the crystal and the modelMunc18/Syntaxin structures. Bottom right: Residues of SNARE layers 
in sticks representation on the crystal and model structures. 
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The clearest structural differences between the modeled Munc18/syx structure 

and the crystal structure can be seen in the linker and H3 (SNARE) region of syntaxin 

(Figure 4.33). The superposition of both complexes reveals that the extension of the 

Munc18 helical hairpin (of the model) does not support binding of a closed Syntaxin as 

the extended hairpin would clash with the N-terminal portion of the H3 helix. In the 

crystal structure, the N-terminal portion of the H3-helix interacts with a groove formed 

by the Hb and Hc helices of the Habc domain, whereas the remaining H3 helix bends away 

towards domain 3a of Munc18-1. In the modeled structure, N-terminal portion of H3 

moves away from Habc following the hairpin, which is now extended. The Syntaxin H3 

helix drifts ~30 Å outer from the complex’s cavity and ~4.5 Å “lower” in respect to the 

H3 of closed Syntaxin, as determined by the distance between Gln190 on the model and 

the crystal structure.  

This conformational change of the H3 is also accompanied by a rotational 

movement. Further investigations showed that the side chains of the SNARE core layer 

residues point towards the outer surface of the molecule, in contrast to the closed 

conformation which they face the Hc helix and the linker region. These residues face into 

the center of the four-helix bundle SNARE complex and appear to be ready to bind to 

other SNAREs in the modeled structure. 

Figure 4.34: Syntaxin N-peptide and linker region comparisons. Left: Syntaxin N-peptide of the 
modelMunc18-1/Syntaxin-1a adopts a less structured conformation than the one seen at the crystal 
structure. Right: Syntaxin linker region at the modelMunc18-1/Syntaxin-1a is unstructured and the 
important L165 and E166 residues are facing the outer surface, rather than interacting with the H3 and H3 
helices, as seen by the crystal structure. 
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The N-peptide of syntaxin is still bound to the outer side of domain 1 in the 

modeled structure, but I noticed that it seems to adopt a somewhat less structured 

conformation (Fig.4.34). It still needs to be determined how this affects its affinity. The 

Syntaxin linker region of modelMunc18-1/Syntaxin-1a adopts a more unstructured 

conformation with only a very small part of its helical (Figure 4.34). The L165 and E166 

residues point towards the surface and do not interact with either the H3, nor Hc or 

Munc18. Few additional changes seem to have occurred in the Habc domain region; they 

still need to be inspected in more detail. 

 

4.9 The Munc18-1/Syntaxin-1a complex is probably not regulated by 

nucleotides 
 Munc18 domain 1 adopts a Rossmann fold, which is found in proteins that bind 

nucleotides (Hanukoglu, 2015). As the previous experiments revealed the importance of 

domain 1 in regulating the interaction of Munc18-1/Syntaxin-1a complex, I sought to 

determine whether its effects could physiologically be exerted through a putative 

nucleotide cofactor interaction.  As in the previous sections, the SNARE-regulating 

activity of Munc18 was measured using the Synaptobrevin*28 fluorescence anisotropy 

Figure 4.35: SNARE complex formation in the presence of GTP or ATP. Syb*28 fluorescence anisotropy 
was measured in HEPES buffer (50mM HEPES pH 7.4, 150mM NaCl, 5mM MgCl2) in the presence of 2mM 
of respective nucleotide, when Syntaxinwt is in complex with Munc18wt (black and blue) or not (ochra and 
red). A. Presence of GTP in buffer seems to affect the actual amount anisotropy increase, however the rate 
of increase seems to follow the same trend in either the presence or absence of GTP. B. Syb*28 fluorescence 
anisotropy increase in ATP containing buffer was the same as no nucleotide containing buffer. 
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assay in buffers containing different nucleotides (GTP, ATP, NAD, NADH, NADP, NADPH, 

and FAD). No significant difference in rate of SNARE complex formation (in the presence 

of Munc18) was observed in buffers with or without ATP or GTP (Figure 4.35).   

SNARE complex formation rate seemed to be slightly affected, though, in 

nicotinamide (NAD, NADH, NADP and NADPH) containing buffers (Figure 4.36). 

However, as the maximal fluorescence anisotropy was somewhat higher, the experiments 

were not conclusive. Due to oxidation, FAD in solution turned yellow, which made the 

application Syb*28 OG fluorescence anisotropy assay not appropriate for this nucleotide 

(data not shown).  

Figure 4.36: SNARE complex formation in the presence of NADP (A), NADPH (B), NAD (C) and 
NADH(D). Experiments were performed as described at Fig.4.29. 
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4.10  SNARE complex forms at similar rates are not changed in the 

presence of the MUN domain.  
The MUN domain of Munc13-1 has been proposed to catalyze the transition of 

Syntaxin-1a from the Munc18-1/Syntaxin-1a to the SNARE complex (Ma et al., 2013, Yang 

et al., 2015). In order to characterize the effect of the MUN domain on SNARE complex 

formation, several approaches were followed by me. I expressed and purified MUN933, the 

construct proposed to be the minimal region needed for catalytic activity (Basu et al., 

2005).   

I first studied SNARE complex assembly of Syntaxin-1awt in the presence of 

Munc18wt and different concentrations of MUN933 (Figure 4.37.A). I noticed that the 

fluorescence anisotropy was slightly increased in the presence of MUN933 (20 or 40μΜ). 

Nevertheless, the increase occurred with comparable rates as when MUN933 was absent. 

The MUN domain has been proposed to bind to the Munc18-1/Syntaxin-1a 

complex at the Munc18-1domain 3a/Syntaxin-linker region  (Wang et al., 2017). The 

Figure 4.37: SNARE complex inhibition is not lifted in the presence of MUN domain. A. Syb*28 
fluorescence anisotropy was measured for Syntaxinwt (red) or SyntaxinR151A_I155A (orange), also in the 
presence of Munc18wt, and the presence of 20μΜ (green or grey) or 40μM (black) MUN domain. B. SDS 
glycine (top) and Native (bottom) gel electrophoreses of mixtures containing either 16μmole per lane 
Syntaxinwt or SyntaxinR151A_I155A, SNAP25 (82μmole per lane) and Synaptobrevin (82μmole per lane), and, 
apart from one per syntaxin variant, Munc18 (72.8μmol per lane). Mixtures also contained increasing 
concentrations of MUN (9μmol, 16μmol, 41μmol, 65μmol, 82μmol, 98μmol per lane). Bands corresponding 
to SDS resistant complexes overlap with the band corresponding to Munc18. The smear corresponding to 
the SNARE complex on the native gel overlaps with the smear corresponding to the MUN domain. The 
amounts of free SNAP25 are indicators of no increase in formed SNARE complex after the gradient of MUN. 
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binding region has been localized to the residues N1128 and F1131 on the so-called NF 

cavity of MUN domain and to R151 and I155 in the linker region of Syntaxin-1a (Wang et 

al., 2017, Yang et al., 2015). Based on that, one Syntaxin-1a mutant (SyxR151A_I155A, or 

SyxRI) and one MUN mutant (MUNN1128A_ F1131A, or MUNNF) were suggested to interfere 

with MUN binding to the Munc18-1/Syntaxin-1a complex.  I expressed and purified these 

mutants as well and studied SNARE complex assembly in the presence of Munc18wt. I 

observed that Syxwt and SyxRI assembled into SNARE complexes at the same rate in the 

presence of Munc18 whether or not 20μΜ MUN were added. 

 Following this, I investigated complex formation using either analytical SDS and 

native gel electrophoreses, as the SNARE complex is SDS resistant. It can also be detected 

in non-denaturing gel electrophoresis. I mixed Syntaxin-1awt or Syntaxin-1aR151A_I155A, 

with SNAP25, Synaptobrevin and Munc18wt, and added increasing amounts of MUN933. 

No apparent increase in SNARE complex formation was observed in the presence of 

increasing amounts of the MUN domain (Figure 4.37.B). Also, no apparent difference was 

observed for the Munc18/Syntaxin complex upon non-denaturing gel electrophoresis, 

for Syntaxin variants. Electrophoretic separation profiles were also indistinguishable 

between mixtures containing either MUN933 or MUNNF (data not shown).  

As the MUN domain is thought to interact with the Munc18-1/Syntaxin-1a 

complex at the Munc18-1domain 3a/Syntaxin-linker region, I also used the domain 3a 

Figure 4.38: Munc18 Δ317-333/Syntaxinwt complexes are stable also in the presence of MUN. SDS glycine 
(top) and Native (bottom) gel electrophoreses of mixtures containing either 16 μmol per lane Syntaxinwt or 
SyntaxinΔN, 82 μmol per lane SNAP25 and Synaptobrevin, 16 μmol per lane Munc18wt or Munc18Δ317-333, and 
248 μmol per lane MUN as indicated.  Bands corresponding to SDS resistant complexes overlap with the 
band corresponding to Munc18. Munc18 Δ317-333/Syntaxinwt is marked with a solid circle and the dashed oval 
the smear of the lane containing Munc18 Δ317-333 and SyntaxinΔΝ. 
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loop mutant, Munc18Δ317-333 as described above. Again, no apparent difference was 

observed (Figure 4.38). Residual amounts of uncomplexed proteins also support that no 

additional SNARE complex was formed.  

I also monitored the effect of MUN on SNARE complex formation at low pH 

conditions, as applied in previous sections to better resolve between small effects. In the 

presence of 5μΜ MUN domain, absolute fluorescence anisotropy was again, higher, 

however, the rate was similar in the absence or presence of the MUN domain (Appendix 

Fig. 5).  

Figure 4.39: MUN or Synaptobrevin gradients did not affect the Munc18/Syntaxin complex. SDS and 
Native gel electrophoreses of mixtures containing 4.45 μmol per lane Syntaxinwt, 9 μmol per lane SNAP25 and 
9 μmol per lane Munc18wt, Synaptobrevin gradient (9, 13, 22μmol per lane) and MUN (22 or 45 μmol per 
lane). After the electrophoresis, gels were exposed to UV to discriminate the bands containing the labelled 
Synaptobrevin (bottom) and then stained with Coomassie (top). Residual free Syntaxin on the native gel 
explains the appearance of SNARE complex in the presence of Munc18. Circled are the Synaptobrevin related 
bands that appeared at the native gels. 
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The fluorescence anisotropy experiments monitor SNARE complex formation by 

an increase of fluorescence anisotropy of labelled Synaptobrevin. Synaptobrevin is used 

at low concentrations. In order to look into the effect of MUN at ~equimolar ratio of 

SNARE proteins, I followed SNARE assembly using native gel and SDS gel electrophoresis. 

As the SDS-resistant SNARE complex runs at a similar size on the gel as Munc18, I added 

Syb*28 or Syntaxinwt*1 to the reactions so that under UV exposure only the complex 

containing the labelled variant would be visible. Again, no apparent MUN related increase 

in SNARE complex formation or decrease in Munc18/Syntaxin complex were observed 

Figure 4.40: SDS and Native gel electrophoreses of mixtures containing Syntaxin*1. 4 μmol per lane 
Syntaxin*1, mixed with 4 μmol per lane Munc18wt, and/or 9 μmol per lane SNAP25 and Synaptobrevin, 
and/or 22 μmol per lane MUN, or 44 μmol per lane MUN, or 66 μmol per lane MUN were loaded on SDS (top) 
and native gel. (bottom). After the electrophoresis, gels were exposed to UV (left) to visualize the bands 
containing Syntaxin*1 and then stained with Coomassie (right).  
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(Figure 4.39 & Figure 4.40). The appearance of an additional Syb*28 band in the presence 

is probably caused by an interaction of a Synaptobrevin degradation product with 

Munc18-1 (Appendix Fig. 5). 
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5. Discussion  
 

SNARE complex assembly between two membranes is the core mechanism driving 

fusion of transport vesicles with target membranes. SNARE complex assembly is fine-

tuned by other interacting proteins, among them the SM protein family members and 

tethering factors. SM proteins regulate SNARE complex formation by interacting with 

their cognate Qa-SNARE protein. At presynaptic terminals, the interaction of Munc18-1, 

the neuronal SM protein, and Syntaxin-1a, the presynaptic membrane Qa-SNARE, 

regulates neuronal vesicle exocytosis. Their mode of interaction, though, is still 

controversial. In vivo studies had demonstrated that this interaction is essential for 

synaptic vesicle secretion (Verhage et al., 2000). Biochemically, the tight interaction 

between the two proteins prevents Syntaxin from assembling into SNARE complex, the 

indispensable step to drive vesicle fusion (Pevsner et al., 1994b). After many years, the 

question of how Syntaxin-1a can escape this tight grip has not been answered 

satisfactorily. Does it first have to leave Munc18-1 or is it possible that it remains bound 

to Munc18-1 during this process? Which structural changes are involved in the 

transition? 

The purpose of this study was to shed more light on a putative conformational 

flexibility of the Munc18-1/Syntaxin-1a pair. Earlier studies had shown a mutant bearing 

double mutation in the linker helix of Syntaxin-1a (L165A & E166A, i.e. Syx1aLE) can 

largely overcome the block of SNARE complex formation exerted by Munc18-1. 

Originally, this mutation has been thought to produce a constitutively open conformation 

of Syntaxin (Dulubova et al., 1999). Later experiments showed that this mutant is able to 

bind strongly to Munc18-1, in a similar but not identical manner as wild-type Syntaxin-

1a (Burkhardt et al., 2008). The complex of Munc18-1 with Syx1aLE is still tight and in a 

similar overall configuration, but it is possible that a small conformational change has 

occurred (Colbert et al., 2013). Comparable effects were observed when Syntaxin-1a 

lacking the N-peptide (SyxΔΝ) is interacting with Munc18-1. SyxΔΝ, like Syx1aLE, binds 

strongly to Munc18-1, yet can escape the Munc18-1 inhibition. It seems likely that 

initiation of SNARE complex formation can occur when Syntaxin-1a is bound to Munc18-

1, possibly in a more relaxed or loose conformation at the linker and/or the N-peptide 

interaction sites.  
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The crystal structure of the Munc18-1/Syntaxin-1a complex depicts the tight 

interaction between the two proteins (Misura et al., 2000). Munc18-1 binds to Syntaxin-

1a through interactions of its inner cavity (formed between the inner surface of domains 

1, 2 and 3a) with the Habc domain of Syntaxin-1a, as well as interactions of Syntaxin-1a 

N peptide with the outer surface of Mun18-1 domain 1 (Burkhardt et al., 2008). This tight 

interaction with Munc18-1 locks Syntaxin-1a in a closed, autoinhibitory conformation, 

where its SNARE motif is forming a four-helical bundle with its Habc domain. It is 

therefore blocked from assembling into the SNARE complex. It was thought that 

Syntaxin-1 needs to leave Munc18-1 in order to open and to interact with the other 

SNAREs. It was later shown, however, that Syntaxin-1a variants can interact with 

Munc18-1, while they are not blocked from assembling into a SNARE complex (Burkhardt 

et al., 2008, Colbert et al., 2013). It is possible that the crystal structure of the complex 

only represents a snapshot of their lowest energy conformation. Indeed, there are 

structures of other SM/Qa pairs that exhibit other conformations and interaction modes 

(Zhang and Hughson, 2021, Baker and Hughson, 2016). Do these structures provide 

snapshots of alternative pathways towards SNARE complex formation, specific to a 

different vesicle trafficking step, or can they all be integrated into a pathway shared by 

all SM proteins?  

The SM protein Vps33 is involved in lysosomal trafficking. In contrast to Munc18-

1, it seems to guide SNARE complex formation by aligning the SNARE domains of Vam3 

(Qa-SNARE) and Nyv1 (R-SNARE) (Baker et al., 2015). Vam3, in contrast to Syntaxin-1a, 

is considered to be perpetually in the open conformation. Vam3 lacks a conserved N-

peptide and the N-peptide binding pocket of Vps33 is not conserved as well. It is possible 

that this binding mode of an SM/Qa SNARE pair occurs after the Qa SNARE is opened, 

while the R-SNARE Nyv1 is aligned already for the upcoming assembly into the SNARE 

complex.  

The structure of the Vps45/Tlg2 complex, which is involved in trans-Golgi 

network trafficking, shows the SM protein Vps45 interacting with a novel, more loose 

conformation of the Qa-SNARE Tlg2 (Eisemann et al., 2020). Note that Vps45/Tlg2 

complex structure was published only very recently (Eisemann et al., 2020), but appears 

to corroborate the initial aim of my study. Tlg2 binds to Vps45 with its Habc domain to 

the inner cavity of Vps45 as well as the N-peptide to the outer side of domain 1. In 
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contrast to the tight closed conformation of Syntaxin 1a in the Munc18/Syx structure, the 

SNARE motif of Tlg2 is not forming a four-helix structure with its Habc domain. The 

SNARE motif of Tlg2 appears to bear the SNARE motif free to initiate SNARE complex 

assembly.  

The Golgi-SNARE protein Sed5 adopts a tighter closed conformation than 

Syntaxin-1a, but its cognate SM protein Sly1 is able to accelerate SNARE complex 

formation (Demircioglu et al., 2014), possibly through opening Sed5 while still bound to 

Sly1. Possibly, Sed5 adopts a loose conformation similar to Tlg2 when bound to Sly1. 

Another major structural difference between Vps45/Tlg2 and Munc18/Syx can be 

seen in the conformation of the hairpin helices of domain 3a. This region is in an extended 

conformation, i.e., helix 12 is extended by adopting a helical conformation of the α11α12 

loop. The N-terminal region of the SNARE motif of Tlg2 appears to be steered away from 

the Habc domain by the hairpin extension. Obviously, such an extended conformation 

would clash with the closed binding mode found in the Munc18/Syx complex. 

Interestingly, extended hairpin configurations were observed in the structures of 

individual Munc18-2 and Munc18-3 (Hackmann et al., 2013, Hu et al., 2011). A Munc18-

1 conformational switch at domain 3a that accommodates a Syntaxin-1a in a loose 

conformation is therefore plausible.  

I sought to probe the conformational flexibility of the Munc18-1/Syx1a complex 

in order to understand better the presumed conformational changes taking place from a 

tight Munc18-1/Syx1a complex towards SNARE complex assembly. To do so, I 

systematically investigated the structural effects of additional mutations in the Syntaxin-

1a linker region, where, as mentioned above, the LE mutations proved to have a strong 

effect. Mutants carrying single and double amino acid substitutions still interacted with 

Munc18wt. Notably, even the variant, where the whole Syntaxin-1a had been taken out 

(SyxΔlinker), formed a stable complex with Munc18-1wt.  The lack of a strict requirement of 

the linker region for the Munc18-1/Syntaxin-1a interaction in vitro suggests that this 

region, in particular the linker helix, could mainly have a regulatory function. For 

instance, the linker helix could function as a a physical obstacle, a “lid”, precluding the 

binding of the SNARE partners close to the point where the SNARE complex zippering 

starts (Pobbati et al., 2006).  A potential withdrawal of the linker helix from that point 

could enable access to the SNARE motif.  
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I was able to observe reduced inhibition of SNARE complex assembly for all 

Syntaxin mutants studied. SyxLE and SyxL169A_E170A were the least inhibited amongst them. 

It is possible that these two mutants carry combinations of substitutions that destabilize 

the linker helix, allowing it to adopt a less fixed position. Strikingly, the mutant where the 

whole linker was removed (SyxΔ161-182) was not less inhibited than SyxLE, suggesting that 

the effect reached by SyxLE could be maximal.  

I noted that this putative conformational switch of the linker is not independent 

of the rest of the protein complex. Intrinsic tryptophan fluorescence emission of Munc18-

1 (Burkhardt et al., 2008) was affected when Munc18-1 was interacting with Syntaxin-1a 

linker mutants. I identified the primary source of increase of emitted fluorescence to be 

the pi-pi stacking interaction of Munc18-1 Trp28 with Syntaxin-1a Phe34, as the 

fluorescence increase was abolished when I mutated either Munc18-1 Trp28 or Syntaxin-

1a Phe34 to alanine. Additionally, mutation of these residues to alanines also impacted 

the inhibition.  

Munc18-1 Trp28 serving as another interaction site was an important finding. It 

confirmed that the spatially distinct interaction sites (Munc18-1 domain 3a/Syntaxin-1a 

linker and Munc18-1 domain 1/Syntaxin-1a N-peptide (Burkhardt et al., 2008, Colbert et 

al., 2013, Vardar et al., 2021) are connected somehow. During my experiments, Syntaxin-

1a linker mutations led to a similar tryptophan emission change as observed for the 

Syntaxin-1aLE. This suggests that each of the mutations lead to a similar structural change 

in the complex. The identification of the pi-pi stacking interaction of the Munc18-1 Trp28 

and Syntaxin-1a Phe34 pair to be the source of the fluorescence change allowed me to 

localize the readout. While the entire structural change is unknown, it became evident 

that this region is affected and is changing slightly. As a similar effect is seen for other 

mutations, it is safe to assume that they all lead to a similar structural change of the 

complex and that this change makes SNARE complex formation for the bound Syx easier. 

The N-peptide of Syntaxin is connected to the Ha-helix by a short stretch, which has not 

been studied so far. This includes residues 11 to 26, which are conserved in residue 

composition and length (unpublished observations).  I studied two mutants of this 

stretch; i. one where residues 11 to 26 were removed, Syntaxin-1aΔ11-26, and ii. Syntaxin-

1a3x(11-26)  where residues 11 to 26 were inserted two more times to extend the linker. 

Deletion or extension of residues 11 to 26 eased SNARE complex assembly in the 

presence of Munc18-1. The mutations were introduced in a region that spatially distant 
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from Syntaxin-1a yet lead to a similar change. How do these spatially distant regions 

communicate? 

Colbert et al., 2013 proposed that the displacement of N-peptide binding promotes 

the extension of Munc18-1 domain 3a. According to this idea, these two distant sites 

communicate through an electrostatic network of interactions at the domain 1-domain 2 

interface (at the outer surface of Munc18-1), transferring the changes from the N-peptide 

binding site to domain 3a. As outlined before, the available structures of SM protein 

isoforms and homologs indicate that the tip of domain 3a of Munc18 (the so-called helical 

hairpin) adopts a different, extended conformation (Hackmann et al., 2013) . This region 

appears to undergo a conformational change upon binding and unbinding of the closed 

conformation, as it has been found in different conformations when bound or not bound 

to Syntaxin. Notably, the helical hairpin region is very close to the small linker helix of 

Syntaxin-1a and is involved in an extended network of interactions with Syntaxin-1a Hc, 

linker and H3 regions.  

I extensively studied the involvement of Munc18-1 domain 3a by testing the effect 

of established and novel mutations in Munc18 that could interfere with either the 

conformational change or the binding to Syntaxin-1a. The diversity of the observed 

changes made it difficult to elucidate whether the observed effect was a result of 

conformational change, or disruption of important interactions, or both.  

Brocken down, I tested several point mutations on Munc18-1 domain 3a that 

probably affect the domain 3a interface with Syntaxin-1a. These included R315A and 

Y337A substitutions. Y337 is involved in polar interactions with the conserved Syntaxin 

N135 of Hc helix, and R315 is in polar contacts with R142 and E166 of Syntaxin Hc and 

linker helices. Both Munc18-1 mutants (Munc18R315A and Munc18Y337A) retained 

Syntaxin-1a inhibition. Notably, Syntaxin-1aN135D, Syntaxin-1aR142A, Syntaxin-1aE166A and 

Syntaxin-1aE166R exhibited reduced Munc18-1wt exerted inhibition.  

Deletion of the residues of Munc18-1 domain 3a helical hairpin loop (Munc18-

1Δ317-333) caused only a subtle reduction of inhibition. Residues 317-322 are non-resolved 

at the Munc18-1/Syntaxin-1a structure and residues 322-333 are folded into the 

unfurled loop. At the Munc18-1K332E_K333E structure, residues 322-333 fold into a helix 

leading to an extension of helix 12. This subtle reduction of inhibition suggested that this 

region, in either unfurled or extended conformation, might confer mildly to the inhibition, 

or remove it. 
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A similar subtle reduction was also observed when another domain 3a hairpin 

loop (β10β11) was deleted (Munc18-1Δ269-275). Munc18-3 lacks this short loop, while the 

loop in Munc18-1 is involved in a network of interactions with the H3 helix of Syntaxin-

1a. This subtle change probably disrupted its interactions with Syntaxin-1a.  

The mutation Munc18-1 P335A exhibited the stronger effects on SNARE complex 

formation. Substitution of P335 with alanine is believed to induce the extension of the 

helical hairpin of domain 3a of Munc18-1. An extended hairpin structure would clash 

with the binding mode of the closed Syntaxin-1a. If the mutation extended the helix, 

Munc18-1 should be unable to inhibit SNARE complex formation (Han et al., 2014, 

Parisotto et al., 2014, Park et al., 2016, Munch et al., 2016). Indeed, corroborating 

previous studies, Syntaxin-1a assembled into a SNARE complex despite the presence of 

Munc18-1P335A. The dissociation rate of the Munc18-1P335A/Syntaxin-1a complex 

(0.061/s), however, is ~12x faster than that of the Munc18-1wt/Syntaxin-1a complex 

(0.005/s). In agreement with the previous results, this finding indicated that while the 

mutation has some effect on the Munc18-1 affinity to Syntaxin-1a, Munc18-1P335A was 

still able to bind Syntaxin-1a tightly. It is possible that P335A weakens the binding of the 

hairpin helices to Syntaxin-1a through disruption of the extensive interaction network of 

Proline with the residues. It is as well possible, the weakened interaction is a result of the 

predicted extension of the hairpin helices that would result to binding of Syntaxin-1a in 

a different conformation than the closed, which in the case of extension would be 

sterically hindered.  

Another published Munc18 variant bears mutations at the conserved lysines 332 

and 333 at the tip domain 3a (Munc18-1K332E_K333E). Initially designed to abolish binding 

to Syntaxin-1a, it was shown to act much like Munc18-1wt in vivo (Han et al., 2013, Han et 

al., 2014). Biochemically, Munc18-1K332E_K333E bound to Syntaxin-1a and inhibited SNARE 

complex formation like Munc18-1wt, in accordance with the published in vivo 

observations. The structure of Munc18-1K332E_K333E was solved recently as a homodimer 

(Wang et al., 2020). However, in contrast to Munc18-1P335A which oligomerizes, Munc18-

1K332E_K333E in solution is a monomer. In this structure, helix 12 of domain 3a is indeed 

extended. It is possible that the P335A mutation also induces a similar extended 

conformation at lower concentrations than Munc18-1K332E_K333E, which might cause it to 

oligomerize.  In combination with the biochemically observed similarity between 
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Munc18-1wt and Munc18-1K332E_K333E, it became more and more evident that Munc18-1wt, 

could undergo a conformational change, especially at domain 3a.  

SNARE complex inhibition mechanism relies on two factors: i. the electrostatic 

interactions at the Munc18-1/Syntaxin-1a interface, and ii. through structural preclusion 

of the H3 motif when Syntaxin-1a is in closed conformation. According to my 

observations, SNARE complex formation was achieved when either, or both, of these 

factors was overthrown. This was suggested by the dissociation rates from Munc18-

1P335A and Munc18-1 W28A complexes. The off-rate for Munc18-1 W28A was at least 30x 

faster than Munc18-1wt, while the off-rate for Munc18-1P335A (0.061/s) was ~12x faster 

than Munc18-1wt. Intriguingly, Munc18-1 W28A was much more inhibitory than Munc18-

1P335A, which was the least inhibitory mutant. Taken together, these two mutants 

highlight the fact that the observed loss of inhibition does not always correlate with 

reduction of the Munc18-1 affinity for Syntaxin-1a.  

While baffling, this outcome made me speculate that the connecting point is the 

conformational flexibility of the Munc18-1/Syntaxin-1a pair. It is likely that the 

mutations at the tip of α11α12 of domain 3a allow for SNARE complex assembly by subtly 

destabilizing the Syntaxin-1a closed conformation. In this case, a looser conformation of 

Syntaxin-1a, while still tightly bound to Munc18-1, could set the SNARE N-terminus 

accessible to the interacting SNAREs. On the contrary, the N-peptide and Habc domain 

interactions of Syntaxin-1a are more crucial to sustain a tight binding to Munc18-1.  

Evidently, the aforesaid idea is supported by the differences between the 

determined Syntaxin-1a off rates, when measured from position 1 (N-peptide) or 

position 186 (H3). This difference could also reflect local flexibility changes of the 

fluorophore at the different positions, which could proceed faster at the N-peptide region 

– after unbinding of the N-peptide, for example – than the H3 helix. Given that the 

differences were only observed for Syntaxin-1aΔ161-182, and not for Syntaxin-1awt, the 

findings suggest that the conformation by which Syntaxin-1aΔ161-182 is bound to Munc18-

1 could be causing flexibility differences between positions 1 and 186. The off rate for 

Syntaxin-1aLE (~0.026/s), determined as well from position 186, was the same as for 

Syntaxin-1aΔ161-182. Since the linker region is missing from Syntaxin-1aΔ161-182, it is 

conceivable that it binds to Munc18-1 with a somewhat “open”, or looser, conformation. 

Binding of Syntaxin-1aΔ161-182 to Munc18-1, therefore, could reflect the “open” 

conformation binding. Thus, it seems that when Syntaxin-1a is bound to Munc18-1 in a 
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less closed conformation, the Syntaxin-1a N-peptide region is more flexible than H3. The 

flexibility caused at the N-peptide by the Δ161-182, or the LE mutations showed, once 

again, that the changes at the linker region are communicated to the N-peptide. Thence, 

how are these changes communicated?  

I sought to understand how the two spatially distinct interaction sites are 

contribute to the tight interaction. My idea was to first test how depended on the 

interactions from both sites is the Munc18-1/Syntaxin-1a complex. To do this, I exploited 

my diverse collection of Munc18-1 and Syntaxin-1a mutants. I combined Munc18-1 

mutants that carried mutations at domain 1, or domain 3a, with Syntaxin-1a linker, or N-

terminus, mutants, respectively, and observed their stability. In most cases, these 

complexes were falling apart, suggesting that both sites are needed for the tight 

interaction. However, I observed an unstable complex when I combined two mutants of 

the same interacting site, e.g. Syntaxin-1a3x(11-26) and Munc18-1W28A. Nevertheless, this 

finding highlighted, once again, the importance of Munc18-1 domain 1/Syntaxin-1a N-

terminus for sustaining the tight complex’s interaction. It is likely that Syntaxin-1a 

remains bound to Munc18-1 after it Syntaxin-1a loosened.   

As mentioned earlier, during the course of this study, two new SM structures 

(Vps45/Tlg2 and Munc18-1K332E_K333E) became available (Eisenman 2020, Wang 2020). I 

gladly observed that these structures corroborated my experimental findings, which 

suggested conformational changes in domains 1 and 3a when Munc18 loosens its tight 

grip on Syntaxin. Probably, these switches in Munc18-1 are interconnected. Even more 

exciting was the observation of a loose Tlg2 while bound to Vps45. My working 

hypothesis during the course of my work was that the Munc18-1/Syntaxin-1a closed 

conformation structure was a snapshot of the most energetically favorable conformation 

and that the complex must somehow undego a conformational change that enables the 

bound Syntaxin to engage in SNARE complex formation. In the Vps45/Tlg2 structure, the 

Tlg2 N-peptide remains bound to Vps45 domain 1 while its H3 loosens. In the structure, 

the N-terminal of H3 helix engages in limited interactions with the fully extended helical 

hairpin of domain 3a and does not interact with the Habc helices as observed for syntaxin 

in complex with Munc18. As a result, the N-terminus of H3 helix is rotated ~120° around 

the long axis, relative to the Munc18-1/Syntaxin-1a complex. The structure of the linker 

connecting the Tlg2 N-peptide to Habc was not resolved, probably because it is 

disordered like the corresponding region in the Munc18-1/Syntaxin-1a complex.  
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As outlined above, my biochemical observations suggested that the 

Munc18/syntaxin complex undergoes a conformational change that allows syntaxin to 

start engaging with its partner SNAREs while it is still bound by Munc18-1. A precise 

structural model of that state could not be gleaned from these observations, however. 

Fortunately, the newly available structures gave me the opportunity to model this elusive 

conformational state of the Munc18/syntaxin complex. 

For homology modeling of the loose conformation of the Munc18-1/Syntaxin-a 

complex, the Vps45/Tlg2 structure was used as template. Although the sequence 

similarity of the two pairs is low, the models were created with high confidence. Future 

structural investigations are needed to corroborate the modeled structure. The 

conformational changes can be seen when comparing the crystal structure of the complex 

to the model. In the model, Syntaxin-1a is bound through N-peptide and Habc interactions 

to Munc18-1, with the H3 in an extended conformation. The H3 domain follows the helical 

extended hairpin region of domain 3a.  

However, further investigations to evaluate the complex’s stability are needed, 

thought. As such a state in not possible to be observed biochemically, the stability should 

be assessed in silico, i.e., through predictions of stability changes (ΔΔG) between the 

model and the crystal structure and/or Molecular Dynamics simulations of the model. 

Vps45/Tlg2 complex structure and the model of the Munc18-1/Syntaxin-1a in loose 

conformation, show that the clasping of domain 1 persists while Syntaxin-1a is partly 

opening.  

Munc18-1 is suggested to function as template of SNARE complex assembly 

(Baker et al., 2015, Sitarska et al., 2017, Lai et al., 2017, Jiao et al., 2018). The proposed 

mechanisms, however, by which the templating could occur differ. Baker et al., 2015 

solved the structure of the R-SNARE Nyv1 interacting with the domain 3a of Vps33. Vps33 

domain 3a binds the Qa-SNARE of Vam3 as well. Based on this observation, they 

suggested that Munc18-1 domain 3a could function as a template to align of R- and Qa- 

SNAREs. Sitarska et al., in 2017 suggested that Munc18-1 domain 3a could also interact 

with Synaptobrevin at the homologous position as observed for Vps33 and Nyv1. In their 

study, they suggested that two mutants at domain 3a, L348R (Parisotto et al., 2014) and 

D326K (designed to destabilize the α11α12 hairpin loop) impacted Synaptobrevin 

binding at opposite ways. L348R was suggested to interfere and D326K to promote 

putative Synaptobrevin binding (Sitarska et al., 2017). Surprisingly, my results did not 
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confirm their findings. In my experiments, both mutants behaved like wt Munc18. It is 

worth noting, though, that Munc18-1L348R had an increased propensity to precipitate. 

Therefore, the observations using this mutant could be influenced somewhat by this. 

Furthermore, I did not observe Synaptobrevin binding to Munc18-1wt, despite multiple 

efforts using different approaches. Consequently, I was unable to probe for changes in the 

strength of synaptobrevin binding. the affinity of Munc18-1 for Synaptobrevin. The 

affinity between the two proteins is estimated to be in the μΜ range (Parisotto et al., 2014, 

Sitarska et al., 2017). This could explain why I did not Munc18-1/Synaptobrevin binding 

in my assays. Noteworthy, in some native gels, where I used Syb*28, some degradation 

products appeared as non-specific smears after UV exposure (data not shown). It is 

possible that an unknown synaptobrevin degradation product could interact with 

Munc18-1. As the fluorescence label is attached to residues 28, a fluorescent 

synaptobrevin fragment could be shortened C-terminally, possibly missing the residues 

from 87 to 96, which are positively charged. Interestingly, this synaptobrevin region has 

been proposed to be interacting with the domain 3a of Munc18-1 (Parisotto et al., 2014). 

Therefore, I did not investigate this further as we thought that this might be an artifact. 

Newer studies, however, using liposome fusion assays (André et al., 2020) and single 

molecule force spectroscopy of (Jiao et al., 2018) indicated that Munc18-1 domain 3a 

interacts with Synaptobrevin from layers -4 to to +6 (residues 42-77).  In my 

experiments, I mostly used Synaptobrevin 1-96. Indeed, several studies have shown that 

synaptobrevin residues 89 to 92 form a flexible hinge between the soluble and 

hydrophobic segments of the protein (Lindau et al., 2012, Ellena et al., 2009, Hu et al., 

2021). Earlier studies in our lab demonstrated the importance of residues 77 to 90 for 

liposome fusion and the constitutive activity of Synaptobrevin in proteoliposomes and 

purified synaptic vesicles (Siddiqui et al., 2007). With this protein being intrinsically 

disordered, it is conceivable that in solution, C-terminus somehow autoinhibited the 

weak interaction with Munc18-1. It is possible that Synaptobrevin binding requires the 

MUN domain of Munc13 as suggested (Shu et al., 2020, Jiao et al., 2018, Wang et al., 2019). 

Additional experiments with shorter Synaptobrevin fragments and in higher 

concentrations, or in the presence of MUN domain, should thus be carried out to shed 

light on this apparent discrepancy. 

Munc13 is an important regulator of synaptic release (Varoqueaux et al., 2002, 

Augustin et al., 1999b). Munc13-1 has been suggested to facilitate opening of Syntaxin-
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1a through interactions of its MUN domain with the Munc18-1a/Syntaxin-1a complex at 

the domain 3a/linker region (Wang et al., 2017, Ma et al., 2013). The MUN domain is 

thought to act together with Munc18-1 in templating SNARE complex assembly (Lai et al., 

2017, Jiao et al., 2018, Wang et al., 2019, Shu et al., 2020). Surprisingly, the MUN domain 

did not exhibit catalytic activity in my assays. Previous experiments suggested that MUN 

domain displays lower efficiency in catalyzing SNARE complex assembly in 

concentrations lower than 30μΜ (Wang et al., 2020, Wang et al., 2017, Yang et al., 2015). 

But even when used higher concentrations (40μΜ), I did not observe increase in the rate 

of SNARE complex formation. It is possible that the disagreement of my observations with 

the previously published studies constitutes a physiological feature of the interaction. As 

the affinity of MUN for the Munc18-1/Syntaxin-1 complex is supposed to be low (at the 

μΜ range), it is possible that the high affinity interaction of Munc18-1/Syntaxin-1a 

prevented me from seeing a clear effect. On the other hand, it should not be ruled out that 

the effect does not exist or is produced indirectly through the interaction of the MUN 

domain with the C-terminal region of synaptobrevin as discussed above. 

The affinity of the MUN domain for the Munc18-1/Syntaxin-1a complex is thought 

to be strengthened when membrane-anchored, as the C-terminal region of the MUN 

domain (subdomains C and D) is a possible membrane interaction site (Yang et al., 2015). 

The MUN catalytic activity observed at aforementioned studies was in most cases 

observed in reconstituted liposome-based assays. It is plausible that the lack of the lipids, 

hence membrane interaction, from my assays contributed to the absence of the proposed 

MUN activity. 

My mutational scan showed a conformational switch of the Munc18-1/Syntaxin-

1a complex can take place. This switch allows Syntaxin-1a to form a SNARE complex in 

the presence of Munc18-1, possible while still bound. The minor differences at the 

structures of other SM proteins indicate the existence of other conformations (Baker et 

al., 2015, Baker and Hughson, 2016). It has been discussed that the Munc18-1/Syntaxin-

1a complex interaction is divergent from the rest(Eisemann et al., 2020), something 

special “at the pinnacle of the evolutionary path” (Shin, 2013). My findings suggest that 

the conformational transitions of the SM/Qa complex could explain the minor difference 

between the SM structures. It is possible that the minor differences between the other SM 

structures are a result of crystallization at different energetic minima. Therefore, the 

conformational transitions are rather conserved mode of the SM/Qa pairs, and not 
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divergent. At the Munc18-1/Syntaxin-1a complex, the tight interaction with Syntaxin-1a 

must be more energetically favorable, possibly to hold Syntaxin-1a blocked. The block 

could be lifted through a conformational transition of the complex could be triggered 

when Syntaxin-1a is needed to interact. pathway is conserved in other sm proteins but 

that different stages have been crystalized shows that for different sm proteins, the 

energy landscape of the pathway is changed a bit. For M18, the control (block) over syx 

is more important. 

Whether the switch trigger would be a cofactor, or another interacting protein, 

was not identified in this study. The most extensively studied interacting partner is 

Munc13. It is possible that within the crowded cellular environment, Munc13 affinity to 

the complex might be higher due to the spatial confinement and limited diffusion. 

Increasing evidence suggest that liquid-liquid phase separation systems can regulate 

synapse organization (Milovanovic et al., 2018, Hayashi et al., 2021). In such systems, 

biomolecules (proteins and/or nucleic acids) condense into membraneless droplets. The 

concentration of a specific biomolecule this condensate/droplet is enriched, resulting in 

the lowering of the energetic barrier needed for the reactions to occur. Synapsin, a 

synaptic vesicle associated protein, was shown to organize the vesicle clusters through 

liquid liquid phase separation (Milovanovic et al., 2018). It is thus possible, that Munc18-

1/Syntaxin-1a are regulated through interactions involving phase separation events, by 

Munc13 or other interacting partners.  

For instance, Munc18-1 has been shown to interact with another protein, Mint. 

Mint interacts with Munc18-1 and CASK forming a tripartite complex (Zhang et al., 2020, 

Butz et al., 1998). Mint carries a Munc18-1 interacting domain, a CASK interacting domain 

and two PDZ domains. PDZ domains are often found in multi-domain scaffolding proteins 

of the synapse (Kim and Sheng, 2004), including RIM, a Munc13 interacting partner 

(Kaeser et al., 2011). PDZ domain containing proteins are components of membraneless 

condensates at the postsynaptic density assemblies and presynaptic active zone 

assemblies, which are now believed to form through phase separation mechanisms (Chen 

et al., 2020b). Hence, it is likely that the interaction of Munc18-1 with Mint interacts with 

Munc18-1 by organizing its spatiotemporal localization, by bridging interactions with 

other active zone proteins through scaffolding. However, the knowledge over the 

interaction of Munc18-1 with Mint is sadly limited. 
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 Lastly, an example of a scarcely studied interaction is the one of Syntaxin-1a with 

the Kv2.1 potassium channel. (Yeh et al., 2019) showed that Syntaxin-1a N-terminus 

interacts with the intrinsically disordered C-terminus of Kv2.1 potassium channel. In fact, 

their molecular docking approaches suggest that the Kv2.1 potassium channel interacting 

region with Syntaxin-1a (Ha helix) is shared with Munc18-1. Of these, they identified that 

the Trp28/Phe34 interaction is competed by the interaction of Syntaxin-1a with this 9-

residue long stretch of the potassium channel. Eventually, the interaction of the Kv2.1 

channel with Syntaxin-1a Ha leads to cell death cascade, however, it serves a paradigm 

that Syntaxin-1a Ha can physiologically be accessible by other interactors. It is possible 

that this interaction is physiologically blocked by constitutive binding of Munc18-1 

domain 1 to Syntaxin-1a Ha and only becomes accessible in non-physiological conditions.  

 The vagueness around the Munc18-1/Syntaxin-1 complex’s interactors highlights 

the difficulty to recognize the trigger. Nevertheless, a conformational change involving 

the whole complex takes place allowing SNARE complex formation to occur while 

Syntaxin-1a is bound to Munc18-1. I did not manage to find upon what, but I did manage 

to see how.  
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6. Conclusion and Future directions 
Soluble N-ethylmaleimide-sensitive factor Attachment protein Receptor (SNARE) 

proteins and Sec1/Munc18-1 (SM) proteins are important regulators of vesicular fusion. 

SNARE proteins are the core machinery driving fusion, which they exert by zippering into 

a 4-helical bundle, the SNARE complex. Neuronal SNARE proteins (Syntaxin-1a, SNAP25 

and Synaptobrevin) facilitate fusion of neurotransmitter-loaded synaptic vesicles with 

the presynaptic plasma membrane. Interaction of the neuronal SM homologue, Munc18-

1, with Syntaxin-1a is a crucial step for neurotransmitter release. Biochemically, Munc18-

1/Syntaxin-1a interaction inhibits the latter from assembling into the SNARE complex. At 

the crystal structure of the complex Munc18-1 is bound to Syntaxin-1a, through 

interactions of the Syntaxin-1a N-peptide with the outer Munc18-1 domain 1, and the 

binding cavity formed by the inner surface of domains 1, 2 and 3a. Interaction of Munc18-

1 with Syntaxin-1a is believed to lock the latter in closed conformation. In this 

conformation, the SNARE motif is bundling with the Habc domain, preventing it from 

assembling into the SNARE complex. Earlier studies have identified two Syntaxin-1a 

mutants that can escape the tight grip of Munc18-1; one lacking the N-peptide (Syntaxin-

1aΔN) and one bearing mutations at two residues of Syntaxin-1a linker helix (Syntaxin-

1aLE). Syntaxin-1aΔN and Syntaxin-1aLE can both bind to Munc18-1, in a somewhat similar 

conformation to Munc18-1/Syntaxin-1a. However, they are both able to form SNARE 

complex in the presence of Munc18-1. Considering these findings, I sought to understand 

how Syntaxin-1a can escape the tight Munc18-1 grip and assembled into SNARE complex. 

My mutational scan of the Munc18-1/Syntaxin-1a complex showed a conformational 

transition is possible and involves the synchronous transition of both proteins. I 

identified the Syntaxin-1a linker to be indispensable for the inhibition, yet, not necessary 

for the interaction with Munc18-1. All Syntaxin-1a linker mutants I studied maintained 

binding to Munc18-1. However, mutations at Syntaxin-1a linker impacted the inhibition 

to a different degree. Syntaxin-1aLE and Syntaxin-1aL169A_E170A impacted the inhibition at 

the maximum. I identified Pi-pi stacking interaction of Tryptophan 28 in the domain 1 of 

Munc18-1 domain 1 with Syntaxin-1a Phenylalanine 34 as the source of the observed 

increase of fluorescence emission upon Syntaxin-1a binding. Munc18-1 Tryptophan 28 is 

an important interaction contributor in the inner surface of domain 1. Mutation of this 

residue affected the inhibition and impacted greatly the dissociation rate of the complex.  
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I also found that the short stretch that connect the N-peptide to the Habc domain of 

Syntaxin-1a is very important for interactions with Munc18-1 domain 1. Removal of this 

region also impacted the inhibition. An even greater effect was observed when this region 

was extended. Their effects on the inhibition probably result in a slight destabilization of 

Munc18-1/Syntaxin-1 complex.  

Munc18-1 domain 3a is another important interaction hub. Munc18-1 domain 3a 

interacts with Syntaxin-1a through the α11α12 helical hairpin as well the β10β11 beta 

hairpin. Interactions of the β10β11 beta hairpin with the Syntaxin-1a H3 have a subtle 

contribution to the inhibition. α11α12 helical hairpin interactions with Hc, linker, and H3 

helices are important for the Munc18-1/Syntaxin-1a interaction and the inhibition.  

All Munc18-1 domain 3a mutants formed a stable complex with Syntaxin-1a. Mutation 

P335A had the greatest impact of all Munc18-1 mutations on the inhibition. The 

dissociation rate for the Munc18-1P335A/Syntaxin-1a complex, though, was found to be 

slower than the Munc18-1W28A/Syntaxin-1a complex. Some other mutations at domain 

3a residues had lesser or no effect. Interestingly, mutations at their Syntaxin-1a counter 

interacting residues (on Hc) affected at some degree the inhibition.  

Mutations at the Syntaxin-1a linker increased the flexibility of its N-terminus. 

Dissociation rates of Syntaxin-1aΔlinker   and Syntaxin-1aLE were somewhat higher when 

determined from position 1 than when determined from position 186. This was not 

observed for Syntaxin-1awt as the dissociation rates, when determined from both 

positions, were found the same. As these were determined by measuring fluorescence 

anisotropy decay, it is possible they reflect local flexibility changes of the tagged residues. 

My biochemical and biophysical approaches showed that the mutations at two 

spatially distinct sites led to similar effects. This suggested that the Munc18-1/Syntaxin-

1a complex is conformationally flexible, allowing for the changes to be communicated 

from one site to the second.  Probably through conformational transitions when the two 

are in complex.  

During my study, the structure of the homologous Vps45/Tlg2 complex was 

published. The syntaxin homologue Tlg2 was found in a more open conformation in the 

complex compared to Syntaxin 1a in complex with Munc18. The structural features of the 

Vps45/Tlg2 complex corroborated my biochemically investigations on the Munc18/syx 

complex, which had put forward the idea that a transition from a locked towards a more 

open syntaxin occurs while it is bound by Munc18. 
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Together with the Protein Modelling Unit of UNIL, I created a model of the Munc18-

1/Syntaxin-1a complex in a more loose conformation based on the Vps45/Tlg2 structure. 

In the model, the Munc18-1/Syntaxin-1a complex has undergone a larger conformational 

change in both proteins. Munc18-1 domain 1 and domain 3 have rotated to accommodate 

the less closed Syntaxin-1a. Syntaxin-1a H3 rotated and swung away from the Habc, 

following the extension of Munc18-1 domain 3a hairpin helices. This new model of the 

Munc18-1 bound Syntaxin-1a in a less closed conformation probably represents a 

snapshot of an intermediate, less stable conformation between the locked conformation 

observed in the Munc18-1/Syntaxin-1a and the SNARE crystal structures.  

Altogether, my data suggest the Munc18-1/Syntaxin-1a undergo a conformational 

transition while bound to each other. Munc18-1 can remain bound while Syntaxin-1a is 

opening. It is likely that Munc18-1 does not have to leave Syntaxin-1a for the later to 

assemble into SNARE complex. SNARE complex assembly could initiate while Syntaxin-

1a is bound to Munc18-1. By extending the hairpin structure of domain 3a, Munc18-1 can 

serve a template for SNARE complex assembly (Fig.6). The in vitro observed inhibition 

probably reflects an energetic minimum that cannot be crossed easily and thus 

constitutes a perfect target for external controlling factors.   

Whether lowering of the energetic barrier is exerted through interactions with 

tethering proteins, or local changes of the cellular environment at the active zone needs 

to be further assessed. Munc13, and other scaffolding proteins, could facilitate the 

initiation of the transitioning events by bridging the necessary interacting partners. The 

model created during this study depicts a possible snapshot of the conformational 

transitions. Further biophysical investigations are needed to address what are the 

Figure 6: Syntaxin-1a and Munc18-1 undergo a conformational transition in complex. Upon trigger 
activation Munc18-1 and Syntaxin-1a undergo a conformational transition together as a complex. The 
transition might be depended on protein protein interactions (PPI) or local changes at the cell environment 
that lower the energetic barrier. The conformational transition can set Syntaxin-1a ready to interact with 
its SNARE partners. 
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energetic differences between the model and the crystal structure. Moreover, in vivo 

investigations of the novel mutants described in this study can provide further insights 

on how Munc18-1/Syntaxin-1a conformational transitions affect exocytosis. With the 

recent advances in cryo-electron tomography, it is worth attempting to observe the 

SNARE, SM, and tethering interactions in vivo, in different synapses. This can give us the 

additional spatiotemporal information to elucidate the steps governing synaptic release, 

and, in the long term, design targeted therapies for the neurodevelopmental disorders 

associated with these factors.  
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Modeller Script 1: align2d.py 

 

Modeller Script 2: model-single.py 

Modeller Script 3: evaluate_model.py 

 



  Appendix 
 

 II 

Modeller Script 4: model-loop-define.py 

 

 

AFigure 1: Screenshots of Modeller scripts. 
Screehnshots of selected scripts for each method described (align2d.py, model-single.py, 
evaluate_model.py, model-loop-define.py) at the modeller protocol for the production of the 
homologous complexes.   
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AFigure 2: Weblogo representations for Syntaxin conservation from vertebrates. 
The weblogos were constructed from the multiple sequence alignments of ~600 Syntaxin sequences 
from vertebrates. The weblogo for the total Syntaxin homologs (top) and Syntaxin-1a (bottom) are 
annotated with the domains - N-peptide, Habc and SNARE domains. Conserved aminoacids (F34, 
N135m L165, E166, M168, F177, and H213 and region 11-25 mentioned in this study are indicated. 
Alignment result by Dr. Nickias Kienle.  
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AFigure 3: SyntaxinE234A forms a binary complex with Synaptobrevin. A. Syb*28 fluorescence anisotropy 
increases immediately when SyntaxinE234A is added to the cuvette (red traces). Presence of Munc18wt is 
affecting the rate of increase (blue trace). Addition of SNAP25 causes a sudden change in the Synaptobrevin 
increase rate. B. Like (A), SyntaxinE234A/Syb*28 anisotropy rate changed when SNAP25 was added to the 
cuvette C-D. Native gel electrophoresis of Syb*28/SyntaxinE234A and Syb*28/Syntaxinwt mixtures’ gradients. 
After the electrophoresis, the gel was exposed to blue light (C) and stained with Coomassie (D).  A band 
corresponding to the Syb*28/SyntaxinE234A complex appeared, confirming the anisotropy measurements.  

AFigure 4: A. Synaptobrevin*28 fluorescence anisotropy at pH5.7 in the presence of 5μΜ MUN (blue), and 
Munc18wt/Syntaxinwt (red), and after the addition of SNAP25 (grey).  
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